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Abstract 

Cartilage plays the unique role of creating an interface between bones, being able to minimize 

friction, bearing and transferring load, and also allowing for rotational and translational movements. 

Due to the fact of being an aneural, avascular and non-lymphatic tissue, cartilage has almost no ability 

of self-regeneration after being damaged. 

Although some studies on chondrogenic differentiation from stem cells have been published 

along the years, the existing ones are fastidious, inefficient and show little success. Moreover, the 

majority of them use adult populations of cells, and only a minority describes chondrogenic 

differentiation from human induced pluripotent stem cells (hiPSCs). 

Throughout this work, different protocols were evaluated to perform chondrogenic 

differentiation of hiPSCs: one via paraxial mesoderm differentiation, and the other via trophoblast-like 

stage. During the studies, many conditions were tested mainly in terms of adhesion substrates and 

medium formulations. The obtained populations were characterized by Flow Cytometric analysis and 

Immunofluorescence staining. In the end, Mesenchymal Stem Cell-like (MSC-like) populations were 

obtained with relative success; and more importantly, the differentiation into chondrocytes was 

successfully accomplished. 

Overall, while the results obtained were promising, there is a need to perform further 

experiments in order to sustain and validate the obtained data, in which the protocols should be 

carefully tuned for each cell line. 
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Resumo 

A cartilagem é responsável por criar uma interface entre os ossos, diminuindo o atrito entre 

eles, permitindo a transferência de peso/carga e, a existência de movimentos rotacionais e 

translacionais. Devido ao facto de ser um tecido aneural, avascular e não linfático, quando danificado, 

quase não possui capacidade para se regenerar. 

Embora tenham sido publicados ao longo dos anos vários estudos sobre a temática da 

diferenciação condrogénica a partir de células estaminais, a verdade é que as metodologias 

existentes são morosas, pouco eficientes e demonstram pouco sucesso. Além disso, a maioria das 

mesmas utiliza populações de células estaminais adultas, e apenas uma minoria se debruça sobre a 

diferenciação de condrócitos a partir de células estaminais pluripotentes induzidas de origem humana 

(hiPSCs). 

Ao longo deste projecto, diferentes protocolos foram usados para potenciar a diferenciação 

condrogénica a partir de hiPSCs: um através da formação de células da mesoderme paraxial, e outro 

através da formação de células do trofoblasto. Diversas condições foram testadas nomeadamente em 

termos de substractos de adesão e de formulação de meios. As populações obtidas foram 

caracterizadas por meio de análises de citometria de fluxo e de imunofluorescência. No final, 

populações de células semelhantes a mesenquimais foram obtidas com relativo sucesso; e mais 

importante, a diferenciação em condrócitos foi conseguida com êxito. 

Embora os resultados sejam promissores, estudos adicionais necessitam de ser realizados de 

modo a sustentar e validar os dados obtidos, nos quais uma cuidada afinação/adaptação deverá ser 

realizada para cada linha celular. 
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Chapter 1. Introduction 

1.1. Articular Cartilage 

Hyaline articular cartilage, hyaline cartilage or simply articular cartilage, is crucial for 

mammalian skeletal movements. This tissue, found in synovial joints (e.g. shoulder, knee and hip), 

reduces the friction and supports, at the same time, the load applied between two bones, allowing for 

rotation and translational movements [1]. 

The intrinsic characteristics of the cartilaginous tissue (avascular, aneural, non-lymphatic) 

allied to a low cell density, lead to a very low proliferative capacity, which is a nightmare from the 

clinical point of view. Therefore, hyaline cartilage usually requires surgical intervention after being 

damaged [1-3]. 

However, those same characteristics turn this tissue into a very attractive candidate for tissue 

engineering development [1, 2, 4]. 

1.1.1. Cartilage in the Human Body 

1.1.1.1. Composition of Adult Articular Cartilage 

Cartilage can be distinguished in three different forms: fibrocartilage, elastic cartilage and, 

finally, hyaline cartilage. These three different types of cartilage have different biochemical 

compositions and, consequently, different mechanical and structural properties [1],
 
as can be seen in 

Figure 1. 

 

Figure 1 – Different types of cartilage. (adapted from www2.highlands.edu/academics/divisions/scipe/biology/ 

faculty/harnden/2121/images/cartilage.jpg; 12
th

 Oct, 2017; Keywords: cartilage tissue) 

 Fibrocartilage is the hardest and strongest type of cartilage found in vertebrates (it can be 

found in e.g. intervertebral disks, meniscus, ligaments and tendons), and it is composed by a large 

amount of collagen type I. In turn, elastic cartilage (e.g. present in the ear and nose) maintains the 

shape and flexibility of the organs through the presence of elastin fibres in the tissue. Finally, hyaline 
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cartilage, also known as articular cartilage (due to its presence in e.g. the elbow, shoulder, hip and 

knee), provides a low-friction, load-supporting and load-transferring interface [1]. Articular cartilage will 

be the main object of study during the present work, since it is known to exist in larger quantities in the 

human body and when damaged gives origin to serious health problems. 

Articular cartilage is composed, mainly, by a mixture of water and extracellular matrix (ECM) 

components [1, 2]. The large amount of water, together with the synovial fluid (the encapsulated liquid 

of the joint), is responsible for nutrient diffusion and for the mechanical response of the cartilaginous 

tissue. The solid fraction of cartilage is essentially composed by collagens, proteoglycans and non-

collagenous proteins. Collagen fibrils provide strength to the tissue; whilst the proteoglycans play an 

important role in water entrapment being responsible for the resilience properties, typical stiffness to 

compression and overall durability [1, 2]. 

The only type of cells found in cartilage are chondrocytes. Although adult hyaline cartilage has 

almost no proliferative activity, these chondrocytes are responsible for the homeostasis of this tissue, 

by maintaining and regulating the synthesis of ECM molecules [1, 2]. 

Collagen II is the most abundant type of collagen present in hyaline cartilage. It is responsible 

for the stiffness and serves as a barrier to high pressures. Collagen I can also be found in articular 

cartilage, although it is mainly found on the surface and it can be used to distinguish between hyaline 

and fibrocartilage. Collagen X can be found, mainly, in deep zones of the cartilage tissue and it is 

thought to play an important role in its mineralization. Other types of collagens (e.g. VI, IX and XI) can 

also be found in cartilaginous tissue, although in very small concentrations, which is why they are 

commonly neglected [1]. 

Regarding the proteoglycans, aggrecan is the main proteoglycan produced in cartilage. These 

large macromolecules are composed of a core protein with several covalently attached 

glycosaminoglycans (GAGs). The most common GAGs produced by chondrocytes are chondroitin 

sulphate and hyaluronan [1]. 

Superficial zone protein (SZP) – also known as PRG4 or lubricin – is another molecule critical 

for cartilage function since it plays a major role in lubrication; this protein can be found in the 

superficial layer of cartilage, and also in the synovial fluid [1]. 

1.1.1.2. Formation and Growth of Articular Cartilage 

During the embryonic development, three germ cell layers arise from the blastocyst: 

endoderm, mesoderm and ectoderm. Mesenchymal Stem Cells (MSCs) are derived from mesoderm 

and constitute the components that will give rise to the appendicular skeleton (later the limbs). Later 

on, cells will differentiate into two different lineages – persistent and proliferating chondrocytes. The 

former ones are characterized by producing large amounts of collagens and other ECM molecules and 

will form the hyaline cartilage; while the latter ones will give origin to the growth plate. Thus, 

chondrocytes (as well as bone) are derived from mesoderm [1]. 

Up to the stage of maturation of cartilage (18-21 years in the human species) several changes 

take place in cell activity, phenotypic state, ECM production, composition and structure. In early 

stages, chondrocytes proliferate and produce ECM molecules resulting in the formation of a dense 
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tissue. Later, upon maturation, and as a response to the applied mechanical forces, cartilage 

composition changes and, consequently, the structure suffers a remodelling – the initially thick 

cartilage layer becomes thinner as chondrocytes undergo hypertrophy and bone is formed [1, 5]. 

The main changes in cartilage are related with both collagen and proteoglycan content and 

orientation. During cartilage development large amounts of collagens are produced; over the time 

these collagen fibres align as a response to the mechanical loads applied. On the other hand, 

cartilage maturation leads to a production of lower amounts of ECM and to a lower response to growth 

factors; at the same time, cell density also decreases. Combining this with both low proliferative rate 

and low metabolic activity, it is not surprising that the healing response of cartilage also decreases. At 

this point, the proliferation rate of chondrocytes is almost zero [1]. 

1.1.1.3. Structure of Adult Articular Cartilage 

Composition of ECM molecules as well as the shape and localization of the chondrocytes vary 

along the cartilaginous tissue, reason why articular cartilage exhibits different morphologies and 

orientation along the depth of the tissue, expressing different markers that are characteristic of each 

zone [1]. 

This stratified structure, as explained before, arises from the hydrostatic forces applied to the 

tissue. Thus, we can divide cartilage in four different zones: (i) superficial zone, (ii) middle zone (iii) 

deep zone and (iv) calcified zone, as illustrated in Figure 2 [1]. 

 

Figure 2 – Schematic representation of the multi-zonal structure of articular cartilage showing the collagen and 

cell orientation. (adapted from [1]) 

In the superficial zone of articular cartilage, chondrocytes secrete lubricating proteins such as 

superficial zone protein (SZP) and collagen I, both not present in any other layer. The chondrocytes 

from middle zone secrete high quantities of collagen II and proteoglycans, reason why this zone is 

highly enriched in these two molecules. The two deepest zones – deep zone and calcified zone – 

show an arrangement of cells and collagen fibres that is perpendicular to the subchondral bone, as 

can be seen in Figure 2. Here the cell density is lower and the few existing chondrocytes are 

elongated. Additionally, the calcified zone also takes an important role by serving as an interface 

between the hard bone and the soft cartilage [1]. 
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1.1.2. Articular Cartilage – Injuries and Diseases 

Despite the numerous injuries and diseases related with damaged cartilage, osteoarthritis is 

probably the most severe one; consequently, it must receive a special care. Nowadays, osteoarthritis 

(OA) is considered an important public health issue, affecting approximately 27 million Americans. In 

such debilitating injury, degeneration of articular cartilage leads to an inappropriate activation of 

signalling pathways that may result in a hypertrophic phenotype or even in the apoptosis of articular 

chondrocytes. When an advanced stage of osteoarthritis is reached, chondrocytes undergo several 

adverse stages that pass through proliferation, catabolism and, finally, cell death. In the last stage, 

cells start to die, releasing necrotic factors that induce further apoptosis in the neighbouring cells [1, 

6]. Whereas damaged bone typically regenerates successfully, natural regeneration of articular 

cartilage is quite limited, as explained before. Therefore, after cartilage is damaged as a result of 

trauma or degenerative causes, the lesion healing process often results in an abnormal remodelling of 

the cartilage. This abnormal healing is driven by the associated inflammatory process, and results in a 

fibrocartilaginous repaired tissue that lacks structure and the characteristic properties, and which 

degrades over time [1, 2]. Moreover, cartilage damage alters load distribution. As cartilage is an 

aneural tissue, there is no feeling of pain, and thus the continued loading of the joint leads to further 

damage without the patients realizing it [1, 3]. 

Replacement therapies seem to be the best solution for OA until now [6]. Despite past and 

ongoing research and clinical trials (more information in clinicaltrials.gov), a treatment for this disease 

was not found yet. Consequently, some of the procedures that are currently being used involve 

surgical interventions, autologous transplantations and often, in the case of severe lesions, total joint 

replacement with implants. None of them is ideal since they do not allow for the regeneration of 

hyaline cartilage, and therefore the problem persists [7, 8]. In fact, in 2010, it was estimated that more 

than 7.2 million people were living with total hip or knee replacement, only in the US [9]. Moreover, the 

prevalence rates in the adult Portuguese population are: knee OA 12.4%, hand OA 8.7% and hip OA 

2.9% [10]; similar rates are also found in the Dutch population [11]. 

Stem cell-based therapies emerged recently as possible alternative for cartilage replacement. 

However, some evidence shows that the cartilage generated in vitro (for example the one that is 

derived from mesenchymal stem cells) undergoes premature hypertrophy after transplantation in vivo, 

showing a similar behaviour to growth plate chondrocytes [6, 7, 12-14]. Possible reasons for that to 

happen may be related to the existence of donor-to-donor variability and age dependent decline [7]. 

As a consequence, the challenge is to find an alternative way to produce healthy hyaline 

cartilage. One possible way of achieving that is by using human pluripotent stem cells (hPSCs) and 

trying to mimic the embryonic development till achieving the desired population of chondrocytes – 

hyaline cartilage [6].
 
This represents the rationale behind the later developments in this field. 
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1.2. Cartilage Regeneration 

Though articular cartilage damage is not a life-threatening disease, it strongly affects patients’ 

life quality since it causes severe pain and substantial decrease in their mobility, when in an advanced 

stage [2]. Because of that, research has been focused on repairing the damaged cartilage and, 

nowadays, the used approaches include cartilage regeneration, i.e. “in vivo methods that pursue the 

regeneration of the tissue in situ” [1]. 

Among others, microfracture, autologous chondrocyte implantation (ACI), and osteochondral 

auto- and allo-grafts are the three most common surgical procedures performed [1]. 

Briefly, microfracture is a regenerative technique in which mesenchymal stem cells (MSCs) 

are recruited from subchondral bone – a region right below the articular cartilage, present in long 

bones such as femur. For that, during an arthroscopy surgery, the damaged cartilage is firstly 

removed and then tiny fractures are created in the bone; then the marrow material will migrate into the 

created space, forming later a fibrocartilaginous tissue. However, as previously explained, 

fibrocartilage has not the desired mechanical properties to support the load required in the joins; in 

order to solve this problem a very long post-operatory treatment (till 16 months) is required to promote 

the remodelling of the fibrocartilage into hyaline-like tissue. Despite some patients affirming having felt 

improvements at the beginning, studies have reported that the functionality of the joint is not improved 

for a long-term duration (more than a year). Not to mention problems related to patient’s age, severity 

and location of the initial damage and others that compromise the efficacy of this treatment [1, 15, 16]. 

In regard of the autologous chondrocyte implantation (ACI), it is a two-stage procedure (first 

an arthroscopic and then a surgical step). In the first stage, a biopsy of healthy cartilage is performed 

and the removed tissue is then expanded in vitro. The surgical step takes place till 18 months later, 

and starts with the debridement of the damaged area, followed by the injection of the in vitro expanded 

cells [1, 17]. Similarly to the previous procedure, this technique also requires a very long post-

operatory treatment and cell proliferation monitoring [1, 18]. However, this is probably the most 

developed articular cartilage repair technique currently used.  

Finally, in osteochondral auto and allo-grafts, a deep biopsy is performed either from the 

patient (autograft) or from a cadaver (allograft). The damaged area is treated before the graft’s 

implantation, and the graft is then fitted to align to the native and healthy cartilage. One advantage of 

this procedure is the fact that the post-operatory treatment is shorter (comparing with both 

microfracture and ACI). However, studies have revealed that there is a decay of the chondrocytes’ 

viability. On the other hand, the most serious drawbacks are related with immunogenicity and disease 

transmission (in the case of allografts), and in some situations it was observed the development of 

symptoms in the donor’s area (in the case of autografts) [1]. 

Another applied therapy consists on the delivery of cartilage particles from donor patients into 

cartilage defects. One of the main disadvantages of this technique is the lack of cohesion of the 

implanted material [1]. 
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Summing up, all the regenerative techniques here discussed exhibit a lot of disadvantages, 

mainly with respect to post-operatory treatment time and with the lack of improvement of patients’ life 

quality in a long-term duration. Therefore, a better solution needs to be found. 

1.3. Cartilage Tissue Engineering 

Nowadays, almost every disease affecting our society comes, on its roots, from the absence 

of crucial populations of cells that our body is unable to replace, or even heal. Some examples of 

those diseases are heart and kidney failures, diabetes, neurodegenerative disorders, the majority of 

blindness and deafness cases, and osteoarthritis [19]. An obvious solution to those injuries passes 

through the creation of those missing, or damaged, populations of cells. 

Thus, while cartilage regeneration is an attempt to produce new tissue in situ by using in vivo 

methods; cartilage engineering is based on in vitro techniques having as end objective the 

transplantation of the produced neocartilage [1]. 

This engineered cartilage can be derived from several cell types, including: chondrocytes, 

mesenchymal stem cells or pluripotent stem cells [15, 20]. 

Although different types of chondrocytes share common features – with respect to gene and 

protein expression, surface markers and metabolic activity –, differences can be identified regarding 

the specific region in which they are located (specially in depth). Thus, when cultured in monolayer in 

vitro, these cells tend to lose their phenotypic state [1, 15], rendering them useless for the 

regeneration of hyaline cartilage [8, 20]. 

More viable chondrocyte origins are neonatal or fetal chondrocytes. Those cells grow 

significantly faster than adult ones and more closely resemble the cells from native cartilage. The 

major drawback of using these juvenile chondrocyte origins is related to their limited availability. For 

this reason, pluripotent stem cells, as well as mesenchymal stem cells, could be used as a more 

practical alternative [20]. 

1.3.1. Stem cells – a brief overview 

Generally, stem cells, besides the capacity to give rise to a wide range of different cells 

(potency), also possess the capacity to proliferate almost indefinitely (self-renewal) [21]. Rendering 

them ideal to be use in a wide range of applications. 

In a historical perspective, the term “stem cell” was for the first time proposed by Ernst 

Haeckel in 1868 to describe the unicellular ancestor of all multicellular organisms, and later in 1877 to 

name the fertilized egg that gives rise to all cells of the organism [22]. Thirty years later, in 1908, 

Alexander Maksimov hypothesized the existence of blood stem cells [23]. But only, in the 1960s, the 

existence of hematopoietic stem cells was demonstrated, and the term “stem cell” started to be used 

according to the current definition: cells capable of proliferating almost indefinitely (self-renewal) and 

differentiate into specialized cells [22]. Later, in 1981, Martin Evans and Gail Martin, and respective 

co-workers, conducted separate studies and derived, for the first time, mouse embryonic stem cells 
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(ESCs) from the inner cell mass [24, 25]. Some years later, in 1998, James Thomson and co-workers 

derived the first human ESC line [23]. 

Nowadays, stem cells are classified according to their potential or according to their origin, as 

illustrated in Figure 3 and Figure 4. Thus, according to their ability to differentiate, stem cells can be 

divided into: totipotent, pluripotent, multipotent and unipotent [26]; whereas according to their origin, 

stem cells can be classified as: embryonic, fetal, neonatal or adult stem cells [27]. 

 

Figure 3 – Classification of human stem cells according to their differentiation potential. 

 

Figure 4 – Classification of human stem cells according to their origin. (adapted from [27]) 

1.3.2. Mesenchymal Stem Cells – Focusing on Chondrogenesis 

Mesenchymal stem cells (MSCs) possess minimal tumorigenic capacity and are multipotent, 

meaning that they have the ability to give rise to cells from different lineages (see Figure 5) including: 

chondrocytes, adipocytes, osteoblasts, myocytes [1, 20, 21]. 



8 
 

        

Figure 5 – MSCs multillineage differentiation capacity. (One of the many modernized versions of the original 

figure presented in [28]) 

Although MSCs can be derived from several types of tissues (bone marrow, adipose tissue, 

synovial fluid or membrane), not all of these sources have the same potential to be differentiated into 

the chondrocytic lineage. Therefore, while the isolation of MSCs from adipose tissue would be the 

most attractive source of these cells since, besides other reasons, it is the least harmful process, their 

chondrogenic potential is very low in comparison with bone-derived MSCs [1]. 

On the other hand, deriving cartilage from mesenchymal stem cells has resulted into tissues 

with lower and undesirable mechanical properties [1, 15, 29]. One possible reason for this is the fact 

that MSCs continuously produce collagen I and X, even when chondrogenic lineage is established, 

suggesting that they will continue to differentiate towards osteogenic phenotypes [1, 5, 30]. 

Another cell source for tissue engineering strategies, alternative to the mesenchymal stem 

cells, are the pluripotent stem cells. 

1.3.3. Pluripotent Stem Cells – Focusing on Chondrogenesis 

Because of their (theoretically) unlimited proliferative capacity and pluripotency characteristics, 

human pluripotent stem cells (hPSCs) have become an attractive source of cells with a wide range of 

applications [1, 15, 20]. 

Within the scope of this thesis, the differentiation of cells into the chondrogenic lineage is of 

particular interest since the establishment of populations of chondrocytes would enable the 

development of new cell based therapies for the treatment of cartilage injuries, the development of 

new platforms for drug discovery and toxicology testing, and the development of in vitro models of 

both diseased and healthy cartilage [31]. This would surely offer new insights on this topic. 



9 
 

1.3.3.1. Embryonic Stem Cells 

Embryonic stem cells (ESCs) were isolated for the first time from the inner cell mass of mouse 

embryos in 1981 by Martin Evans and co-workers [24], and by Gail Martin and co-workers [25]. Some 

years later, in 1998, James Thomson and co-workers have isolated and grown successfully human 

ESCs [23, 32]. 

This type of cells has the potential to be differentiated into all cell types that compose the adult 

body [33]. Because of this capacity, these cells provide an unprecedented mean to study mechanisms 

of human lineage commitment and cell specification. However, because ESCs are derived from the 

inner cell mass of the blastocyst during the embryonic development, the use of this source of cells 

brings both some strong ethical and immunogenic issues [7, 20, 34]. As a consequence, their use in 

both research and clinical applications is limited. 

In order to confirm the pluripotency of these cells, specific pluripotency markers must be 

expressed – intracellular OCT-3/4, SOX2 and NANOG and cell surface markers such as tumour 

rejection antigens (TRA-1-60, TRA-1-81), and stage specific embryonic antigens (SSEA-3 and SSEA-

4) [35]. Furthermore, potency characterization can be made through in vitro differentiation protocols or, 

by testing the formation of teratomas in vivo (when injected in immunodeficient mice). 

1.3.3.2. Induced Pluripotent Stem Cells 

An alternative source of pluripotent stem cells are the induced pluripotent stem cells (iPSCs). 

With the discovery in 2006 (in mouse [36], and in 2007 in human [37]), by Takahashi and co-workers, 

that virtually any somatic cell could be induced to revert into a pluripotent stem cell state, the 

revolution began. After this important breakthrough, people realized that this discovery would allow the 

development of a personalized regenerative medicine and human disease modelling. Although 

nowadays this is not a reality, it is still a promise to the nearest future [7]. 

Since the initial cocktail for reprogramming used by Takahashi and Yamanaka (in 2006) that 

consisted in the retroviral transfection with four transcription factors (OCT3/4, SOX2, c-MYC and 

KLF4) in mouse fibroblasts [15, 36]; several methods of reprogramming somatic cells into iPSCs have 

been studied over the past years – including retrovirus, lentivirus, adenovirus (a non-integrating virus), 

Sendai virus (a RNA virus that does not enter the nucleus), mRNA transfection, miRNA 

infection/transfection, to PiggyBac (transposon), Plasmids and Minicircle Vectors [38, 39]. In Figure 6 

are illustrated some of these systems.  

However, all of these reprogramming systems are slow and inefficient (generally protocols 

take 3-4 weeks and only less than 1% of the target cells get reprogrammed). Additionally, its utilization 

presents a lot of concerns regarding the risk of mutations due to genomic insertion of the used 

transcription factors into the target cells, tumorigenicity and incomplete reprogramming [38, 39]. 
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Figure 6 – Schematic representation of the reprogramming process of fibroblasts into iPSCs, and further 

differentiation. (adapted from [40] and Mirus Transfectopedia
®
 (https://www.mirusbio.com/transfectopedia/ 

applications; 2
nd

 Oct, 2017; Keywords: entry points transfection)). 

Despite that, induced pluripotent stem cells (iPSCs) offer both an ethical and an almost 

unlimited source of patient specific cells. This type of cells also possesses an unlimited self-renewal 

capacity and the ability to give rise to each cell type of the three germ layers (ectoderm, mesoderm 

and endoderm). iPSC-derived cells may also provide more accurate prediction of drug responses, 

since unlike animal models, they do not lack human disease relevance, allowing a better 

understanding of the whole complexity and physiology of the human body [7]. 

Although these pluripotent cells have multiple capabilities, their undifferentiated nature and 

tendency to grow without restrains, may lead to tumour formation [20]. 

Taking into account the previously stated, human iPSCs may provide an unique source of 

progenitors to model articular cartilage development, since we are now theoretically able to 

recapitulate the embryonic development which was earlier inaccessible (unless we use ESCs, 

considering all the consequent ethical issues associated) [7]. 

1.3.4. Culture of hPSCs 

1.3.4.1. Towards xeno-free, feeder-free and chemically defined culture 

systems 

Over the last years, significant progress has been made towards the development of scalable 

and robust culture systems for hPSCs expansion. Since the aim is to use these cells for disease 

modelling, drug screening and clinical applications, it is mandatory to develop fully defined systems, 

under good manufacturing practices (GMP), free from contaminants and without batch-to-batch 

variability. 
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For instance, some years ago, feeder layers of mouse embryonic fibroblasts (MEFs) were 

used to support self-renewal and proliferation of hPSCs cultures, because these feeder layers provide 

a source of proteins and growth factors (e.g. transforming growth factor β and others). However, 

nowadays, it is known that the use of molecules from non-human origin  represents a potential source 

of pathogens and immunological problems. Additionally, the use of substances that come from an 

undefined origin can cause inconsistent results, due to the lack of reproducibility. Thus, currently, with 

the goal of producing safer and more useful hPSCs, feeder-free culture systems, as well as xeno-free 

and chemically defined formulations have been developed and adopted whenever possible [41, 42]. 

Consequently, fetal bovine serum (FBS) and conditioned medium have been replaced whenever it is 

possible, and mouse embryonic fibroblast (MEF) feeder layers have been avoided. 

1.3.4.2. Scaling up stem cell culture systems 

Basically there are two configurations for culturing cells in vitro: in monolayer (two-

dimensional, 2D) or in spheroids/aggregates (three-dimensional, 3D). 

In 2D configuration, only proliferating cells constitute the adherent monolayer (since necrotic 

cells are usually detached from the surface, being easily removed during medium changes), allowing 

the cells to receive a homogenous amount of nutrients and physical stimulation during their growth. 

Notwithstanding, studies have revealed that cells growing in 2D cultures are usually more flat and 

stretched than in vivo. This abnormal cell morphology may influence many cellular processes – 

including cell proliferation, differentiation, apoptosis, and gene and protein expression – and is often 

pointed as being the reason why 2D cell culture tests sometimes provide misleading and non-

predictive data for in vivo responses [43, 44]. 

On the other hand, when growing cells in 3D culture systems, they form aggregates or 

spheroids. Those aggregates/spheroids potentiate cell-cell and cell-ECM interactions that more 

closely mimic the natural environment found in vivo. Since the morphology and the interactions of cells 

grown in 3D culture is more similar to what occurs in vivo, the cellular processes of these cells also 

closely mimic the in vivo environment.  Additionally, the 3D culture systems provide an opportunity for 

the co-culture of multiple types of cells, simulating what occurs in vivo [43]. 

Although 3D culture systems provide a model that better mimic cell-cell and cell-ECM 

interactions when compared to the traditional 2D monolayer, the current 3D systems still lack the 

complex vascular systems that support oxygenation, nutrients and waste removal processes that take 

place in vivo [43]. 

Taking into consideration the information here exposed, it would be expectable that 3D 

configuration was the preferential one and the most widely used. However, because the maturity of 

the technology and the cost of maintaining 3D cell cultures are still challenging, monolayer cultures 

are the most used ones [43, 45]. 

Nevertheless, it is easy to understand that the use of hPSCs for clinical applications requires 

the generation and storage of a large quantity of cells [44]. Multiwell culture plates and Petri dishes, or 

even Spinner Flasks, are not reasonable ways of obtaining them. In order to scale up those cultures, 

different bioreactors configurations can be used: roller bottles, wave, air-lift and stirred tank 
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bioreactors, are just some of the available configurations [46]. From the existing alternatives, the 

spinner flask, in spite of its many disadvantages, is the most used configuration for stem cell 

expansion due to its simplicity (but it cannot be considered as being a bioreactor). 

1.3.5. Strategies for the in vitro recapitulation of the process of 

chondrogenesis in the human body 

Chondrogenesis – the differentiation process through which occurs the generation of cartilage 

– is induced and controlled in vivo by multiple signals. 

In order to efficiently and reproducibly generate chondrocytes, or any other cell type, 

differentiation protocols have to be established mimicking the process of in vivo differentiation. For 

that, it is crucial to understand the lineage commitments that occur in the embryo, as well as the 

signalling pathways and the molecules that take role in them [31, 33]. 

Therefore, the full understanding of the main signalling cascades that control differentiation, 

reprogramming and homeostasis processes not only allows shedding a light on the early stages of 

human development but also leads to improvements in differentiation protocols needed for future 

applications [47]. 

Besides establishing culture conditions, it is also important to take into consideration the 

temporal changes that take place in vivo when constructing new protocols, since during 

embryogenesis, cells migrate and face different signalling environments in every corner of the 

process. Hence, it is important to establish concentrations of crucial molecules but also the temporal 

gate of their uses, and comparison studies, for efficient differentiation of cells in vitro [33]. 

1.3.5.1. Signalling Pathways 

Although the whole processes of lineage commitment and gastrulation in the human embryo 

development are not fully understood yet, recent studies have shown that the embryos’ development 

is processed in very different ways in mouse (the main mammal’s model used for research) and in 

humans [21, 48-52]. 

From what is known until the moment, in brief, a fertilized egg undergoes a series of divisions, 

giving rise to a structure called blastocyst [49]; after blastocyst implantation in the uterus, this structure 

undergoes through a process of differentiation called gastrulation, in which three germ layers 

(endoderm, mesoderm and ectoderm) are formed in an ordered spatiotemporal sequence [53, 54]. 

Each of them will later give rise to specific tissues and organs that will compose the adult body. 

At the onset of gastrulation a transient structure is formed: the primitive streak (PS) [19, 47, 

49, 54]. Studies have proved that different regions of this primitive streak produce different signals 

which are responsible for the specific lineage commitment. These stimuli are not random but rather 

seem to be controlled both spatially and temporally [19, 47]. 

Therefore, germ layer development is a dynamic process that is controlled, in part, by the 

specific activation and inhibition of molecules from the Wnt, Nodal, and BMP-signalling pathways; and 
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also molecules from the TGF-β superfamily that will play key roles during these developmental steps 

[19, 47, 55, 56]. 

Additionally, these three main signalling pathways – TGF-β/Activin/Nodal, Wnt and BMP – will 

be crucial for the maintenance, or not, of pluripotency and self-renewal capacities in hiPSCs [21], as 

can be observed in Figure 7. 

 

Figure 7 – Signalling pathways of interest that control pluripotency and self-renewal capacities of hPSCs. 

adapted from Cell Signaling Technology
® 

(https://www.cellsignal.com; 2
nd

 Oct 2017; Keywords: ESC Pluripotency 

and Differentiation Signaling Pathway). 

Wnt 

Wnt (Wingless-Type MMTV Integration Site Family Members) signalling pathways are 

responsible for cell proliferation, cell polarity and cell fate determination during embryonic 

developmental and tissue homeostasis [57, 58]. 

A critical Wnt pathway, and also the most studied one, is the canonical Wnt signalling pathway 

which is responsible for the regulation of the transcriptional co-activator β-catenin that in turn controls 
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key developmental gene expression programs. It should be noted that Wnt also activates several 

pathways independent of β-catenin [58, 59]. 

Briefly, in the canonical Wnt pathway, in the absence of Wnt, the cytoplasmic β-catenin 

protein is constantly degraded by the Axin complex, composed by: the scaffolding protein Axin; the 

tumour suppressor adenomatous polyposis coli gene product, APC; casein kinase 1, CK1; and 

glycogen synthase kinase 3, GSK3. This continuous degradation prevents β-catenin protein from 

reaching the nucleus of the cell. This canonical pathway gets activated when a Wnt ligand binds to a 

transmembrane Frizzed receptor and to its co-receptors LRP6 or LRP5, as shown in Figure 7. The 

formation of this complex results in LRP6 phosphorylation and activation, and in the recruitment of the 

Axin complex of receptors. These events lead to the stabilization and translocation of β-catenin to the 

nucleus where it binds with TCF/LEF, activating Wnt target genes expression [33, 58]. 

Studies have shown that Wnt signalling is crucial not only for the germ layer formation but also 

for the PS formation and for the inhibition of the neuroectoderm development [33]. 

TGF-β/Activin/Nodal 

TGF-β superfamily comprises bone morphogenetic proteins (BMPs), growth and 

differentiation factors (GDFs), activins (ACTs), inhibins (INHs), and glial-derived neurotrophic factors 

(GDNFs), as well as some proteins such as Mϋllerian inhibiting substance (MIS, also known as AMH), 

left-right determination factor (Lefty), and nodal growth differentiation factor (Nodal) [60, 61]. On the 

TGF-β family three isoforms are included: TGF-β1, TGF-β2, and TGF-β3; each of them is coded by 

genes that exist in different locations in several chromosomes [60]. 

Besides regulating processes such as cell proliferation, differentiation and migration, a number 

of molecules from the TGF-β superfamily have crucial roles in immunological response and healing 

processes [60, 62]. 

In this pathway, intracellular signal transduction is conducted through cytoplasmic proteins 

from the Smad family. Currently, eight Smads, divided by three classes, can be distinguished: 

receptor-regulated Smads (R-Smad) including SMAD1, SMAD2, SMAD3, SMAD5, and SMAD8; 

common-mediator Smad (Co-Smad) including SMAD4; and inhibitory Smads (I-Smad) including 

SMAD6 and SMAD7 [60]. 

Besides that, there are two different branches that arise from this TGF-β signalling pathway 

that antagonize each other – on one hand we have TGF-β/Activin/Nodal (where SMAD2/3 are 

activated by TGF-β and Activin receptors) and on the other we have TGF-β/BMP (where SMAD1/5/8 

are activated by ALK1, ALK2, ALK3 and ALK6) – competing both for SMAD4, which is crucial for the 

activation of the two branches, as can be seen in Figure 7 [34, 61]. 

Nowadays, it is known that Activin/Nodal signalling pathway is responsible for the 

maintenance of pluripotency in hESCs and hiPSCs [34, 63]. Nodal has also an important role in 

gastrulation and germ layer formation. In fact, in the absence of this molecule, PS formation does not 

occur [33]. 
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Nodal binds to ALK4 or ALK7 (type I activin receptors) and to ActRIIA or ActRIIB (type II 

activin receptors), resulting in the phosphorylation, and activation, of SMAD2 or SMAD3 [33, 62]. 

When in their active form, SMAD2/3 translocates into the nucleus and activates gene expression. 

In summary, the functional complex of TGF-β family receptors at the cell surface consists of 

two ‘type II’ and two ‘type I’ kinase receptors [60, 62]. 

BMP 

BMP4, a member of the TGF-β family of growth factors, binds to receptors of type I (ALK2, 

ALK3, ALK6) and type II (BMPRII). After this binding, the type II receptor phosphorylates the type I 

receptor which becomes active, and in turn will phosphorylate the downstream target proteins. One of 

the key targets will be SMAD1, 5 and 8 – specific to the BMP signalling pathway – that once 

phosphorylated, oligomerize with SMAD4, being then able to enter into the cell nucleus and function 

as a transcription factor [33, 64]. 

Unlike Wnt and Activin/Nodal, BMP4 signalling is dispensable for PS generation [19]. 

1.3.5.2. Different Approaches for Chondrogenic Differentiation from 

hPSCs – a brief overview 

Generally, the majority of the developed protocols for chondrogenic differentiation of hPSCs 

uses an aggregate differentiation strategy involving the following steps: 1) aggregates formation from 

a suspension culture, 2) plating of aggregates directly or dissociated into single cells, and 3) 

supplementation with growth factors and/or differentiation factors [3]. 

This high-density 3D culture system – the aggregates – facilitates cell-to-cell and cell-to-matrix 

interactions, better mimicking the in vivo development where there is mesenchymal condensation prior 

to induction of chondrogenesis [3, 5, 15, 56]. 

Exogenous growth factors or even cytokines are crucial to trigger the chondrogenic 

differentiation of hPSCs. Among the most potent inducers of chondrogenesis are members of the 

TGF-β superfamily [3]. Because of that, several protocols for chondrogenic differentiation have been 

exploring the action of some main molecules such as bone morphogenetic protein 4 (BMP4) and 

Activin A. 

While BMP family alone promotes the differentiation into trophoblast-like cells, together with 

the inhibition of Activin/Nodal signalling pathway [34, 65, 66]; mesendodermal induction is carried out 

by molecules such as Activin A, bFGF, BMP4, and by the small molecule inhibitors CHIR, Y-27632, 

SB-431542 or A83-01. 

Both SB-431542 and A83-01 small molecules can be used to inhibit the Activin/Nodal 

signalling pathway, inducing the cells to differentiate into mesoderm-like progenitor cells (paraxial 

mesoderm). This occurs because they block the phosphorylation of the ALK4, ALK5 and ALK7 

receptors, inhibiting the SMAD2/3 phosphorylation, and consequently inhibiting their action [67]. 

On the other hand, CHIR (a GSK3 inhibitor) activates the canonical Wnt signalling pathway, 

by allowing β-catenin accumulation, and thus inducing mesendodermal specification of cells. 
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Y-27632 (also known as ROCK inhibitor) is widely applied to single-cell cultures of PSCs, 

where it is able to improve cell survival through the inhibition of apoptosis pathways. 

Finally, the addition of dorsomorphin (DM) together with bFGF, and later the addition of TGF-β 

molecules, has been explored to drive mesoderm-like cells to differentiate into chondrocyte-

progenitors through the inhibition of the BMP signalling pathway. 

Briefly, this is the rationale behind the two main protocols that were studied in this project: 

differentiation via paraxial mesoderm ([6]) and differentiation via trophoblast-like stage ([63]). 

1.3.6. Matrices for Cartilage Tissue Engineering 

Cartilage is not only composed by chondrocytes. Although they represent a crucial role in the 

homeostasis of cartilaginous tissue, several other molecules are also important. For that reason, the 

development of a structure able to mimic the cartilaginous tissue with all the characteristic properties 

of the in vivo tissue would represent a breakthrough in this field. 

Numerous different approaches and scaffolds have been studied with this aim. Because this 

topic is not under the scope of this project, the general idea behind any tissue engineered scaffold is 

related to its biocompatibility and biodegradability (in a time span compatible with the formation rate of 

the new tissue) at the same time that it offers support and mechanical stability. Additionally, this 

constructed structure must be porous to allow the flow of nutrients and waste within the scaffold [1, 3]. 

Over the past two decades, many different types of scaffolds for cartilage tissue engineering 

have been developed, including hydrogels, porous and fibrous structures and combinations thereof, 

based on a broad range of polymeric materials (alginate, agarose, gellan gum, gelatin). Despite the 

efforts very few of these approaches have reached the stage of clinical trial [1, 3]. 

The main challenge resides in creating a biomimetic scaffold resembling the native mature 

cartilage (chemically, structurally, biologically) able to withstand the loads applied after implantation 

and capable of potentiating a fast and efficient restoration of a chondral defect [1, 3]. 

1.3.7. Challenges and Future Perspectives for Tissue Engineering 

Applications 

Human pluripotent stem cells have presented possibilities in a wide range of applications, from 

regenerative medicine to drug screening [41]. 

In the future, for biomedical applications to be realized, scalable culture systems will be 

required to produce the billions of hPSCs needed to meet the demands of regenerative-medicine 

interventions. The long-term expansion and self-renewal of hPSCs in xeno-free and defined culture 

conditions are a prerequisite to achieve this goal [41, 42]. Furthermore, robust and universal 

differentiation protocols need to be established as well. 

Until now, cartilage regeneration strategies are the only approaches to repair damaged 

cartilage that have reached clinical exploitation. Although they seem advantageous, these techniques 
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show important limitations, perhaps the most important of all is the degeneration into fibrocartilaginous 

or growth plate tissues [1]. 

Cartilage tissue engineering might have the potential to be the next generation of cartilage 

repair strategy, but the success of such strategies will strongly depend on the development of 

appropriate protocols, scaffolds and the use of adequate cell sources [1]. The use of stem cells stands 

as the most promising cell source due to the less invasive techniques required to be obtained and the 

high differentiation potential they possess. 

Although much progress has been made over the last decade in this field, the truth is that it is 

still lacking a complete understanding of the processes involved in the chondrogenic lineage 

commitment from hPSCs. It is easy to understand that a detailed understanding of the sequence of 

events is critical, as well as the identification of the main pathways involved in this differentiation 

process for future protocol developments [3]. 

Nevertheless, a lot of work still needs to be done to achieve the desired cartilage tissue 

engineering strategies (in scaffold, cell source and culture conditions fields). 
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Chapter 2. Aim of the Studies 

Due to their unique characteristics, hiPSCs seem to be the ideal source of cells for cartilage 

tissue engineering applications, drug testing devices and disease modelling. Nevertheless, the 

optimization of chondrogenic differentiation of hiPSCs lines is essential; demanding the need to 

establish robust and improved protocols. 

Although chondrogenic differentiation is nowadays performed in vitro, the existing protocols 

require a long time until cartilage is reached, the obtained cartilage is of poor quality and only small 

quantities can be obtained. This represents the reason why engineered cartilage is not used as a daily 

practice on patients.  

Additionally, chondrogenic differentiation from hiPSCs is not within the most used forms to 

potentiate chondrogenic differentiation given that it currently passes through the use of mesenchymal 

stem cells or through the use of protocols using high-density cell cultures in the form of pellet or 

micromass. 

In this context, this project aims at the establishment and optimization of a robust and 

homogeneous culture conditions for chondrogenic differentiation of hiPSCs. 

Another strategy to be developed within the scope of this thesis is the differentiation of iPSCs 

into chondrocytes via the production of Mesenchymal-like (MSC-like) progenitors, that will in turn be 

differentiated into chondrocytes. With that purpose, several media formulations will be evaluated. 

Along this project, a characterization of the cell populations obtained in the different evaluated 

methodologies will be addressed. This characterization will be performed by using different techniques 

such as immunofluorescence staining and flow cytometric analysis. 

The main goal of this project regards on the development of a robust, simple and efficient 

protocol for chondrogenic differentiation from hiPSCs.  
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Chapter 3. Materials and Methods 

3.1. Equipment and Material 

An extensive list of all the reagents, materials, equipment and software used along this thesis 

is enumerated in Annex A (on page 69). 

3.2. Cell culture 

3.2.1. Cell lines 

Three different cell lines were used throughout this work – WT-F002.1A.13 (TCLab, by 

Tecnologias Celulares para Aplicação Médica, Unipessoal, Lda.), Gibco™ Episomal hiPSC line 

(Gibco, by Gibco
®
) and DF6-9-9T.B (DF6, by WiCell

®
 Bank). 

Cells with passages between p35 and p57 were used for the presented results. 

3.2.2. Cell Culture Protocols 

3.2.2.1. Culture plate coating with cell adhesion substrates 

Cell-adhesion molecules play a crucial role in the long-term maintenance and self-renewal of 

adhered hPSCs [41] as well as in cell differentiation. For this reason, throughout this study, different 

coatings were used and their efficiency was compared in terms of cell morphology and cell viability 

(observation under the microscope). 

Matrigel
®
 was used as adhesion substrate for hiPSC expansion and also in every 

differentiation protocols studied. Gelatin was used in Craft and Wang protocol, while CELLstart™ 

CTS™ and MesenCult™-ACF Attachment Substrate were used in Wang protocol. 

3.2.2.1.1. Matrigel® 

The protein mixture Matrigel
®
 (Corning

®
) is extracted from Engelbreth-Holm-Swarm mouse 

sarcomas and is rich in ECM molecules and growth factors, reason why is widely used as an adhesion 

substrate for in vitro cell cultures. 

For routine use, aliquots of Matrigel
®
 were prepared and stored at -20°C. Therefore, original 

10mL Matrigel
®
 was thawed on ice overnight, in the refrigerator (4°C), and aliquots were then 

prepared as needed. 
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Whenever necessary, an aliquot was thawed on ice and then diluted 1:100 (v/v) in DMEM/F12 

(Gibco
®
). Because Matrigel

®
 jellifies quickly, the whole process was performed on ice. The coated 

culture plate was left at room temperature for 1h prior to use, or stored in the refrigerator (4°C) for later 

use. Coated culture plates, were not used after being for more than 3-4 weeks in the refrigerator. 

3.2.2.1.2. Gelatin 

Gelatin from animal (bovine) origin can also be used for coating. 

For routine use, gelatin 1% (Sigma-Aldrich
®
) was stored in a glass bottle in the refrigerator 

(4°C). When necessary, the gelatin 1% bottle was placed in the water bath (37°C) until it dissolved 

(20min) and then the necessary amount of gelatin 1% was diluted in Phosphate Buffer Saline (PBS) till 

obtaining gelatin 0.1% solution. The coated culture plates were left at room temperature for 1h prior to 

use, or stored in the refrigerator (4°C) for later use. As in the case of Matrigel
®
 coating, gelatin-coated 

culture plates, were not used after being for more than 3-4 weeks in the refrigerator. 

3.2.2.1.3. CELLstart™ CTS™ 

CELLstart™ CTS™ (Thermo Fisher Scientific) is a fully defined and xeno-free substrate for 

attachment and expansion of human MSCs (also neural and embryonic stem cells). 

For routine use, CELLstart™ was diluted at 1:200 (v/v) in PBS. The coated culture plate was 

left at room temperature for 2h prior to use, or stored in the refrigerator (4°C) for later use. Coated 

culture plates, were not used after being stored for more than 3-4 weeks in the refrigerator. 

3.2.2.1.4. MesenCult™-ACF Attachment Substrate 

MesenCult™-ACF Attachment Substrate (STEMCELL Technologies) is a serum-free 

attachment substrate for the in vitro culture of human mesenchymal stem and progenitor cells (MSCs). 

For routine use, MesenCult™-ACF Attachment Substrate was diluted at 1:300 (v/v) in PBS. 

The coated culture plate was left at room temperature for 2h prior to use, or stored in the refrigerator 

(4°C) for later use. Before proceeding to the replating of cells, stored culture plate was placed at room 

temperature for 30min and washed once with PBS solution. Coated culture plates, were not used after 

being stored for more than 3-4 weeks in the refrigerator.  

3.2.2.2. Cell harvesting – EDTA passaging treatment 

The utilization of enzymatic methods (such as the use of trypsin, accutase or TrypLE) for cell 

passaging leads to single-cell dissociation, which causes reduced cell survival after passaging due to 

the lack of cell-to-cell contact. For this reason, ethylenediamine tetraacetic acid (EDTA) is a gentler 

alternative as a dissociation method for cell passaging, since it allows the detachment of hiPSCs 

colonies into small aggregates [68]. 

When performing a cell passage, the spent culture medium was aspirated from the culture 

plate; the culture plate was washed once with EDTA (Invitrogen™), and then incubated with EDTA for 

5min at room temperature. After the incubation step, EDTA was removed and the cells were detached 
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by rinsing with medium using a micropipette. Finally, the obtained cell suspension was transferred to a 

Falcon
®
 tube. To increase the efficiency of the process, the culture plate was turned, and cells 

detached once again with medium. The resulting cell suspension was then transferred to the previous 

Falcon
®
 tube. The necessary volume of medium for re-plating was pipetted and added to the cell 

suspension. When re-plating cells, the cell suspension was homogenized very well and the desired 

volume transferred to each new Matrigel
®
-coated well. If necessary, a cell counting was performed 

and the cells required for the desired cell density were plated. 

3.2.2.3. Cell counting 

In order to perform a cell counting and, at the same time, to check for cell viability, Trypan 

Blue stain (Gibco
®
) is widely used. This particular stain only penetrates into dead cells’ membranes, 

colouring them blue, rendering the live cells intact.  

The processing of the cell sample to be analysed, can be distinguished at least in two different 

ways: 1) cells from the cell sample were detached using accutase (Sigma-Aldrich
®
) or other enzymatic 

method, 2) cells from the cell sample were detached with EDTA. 

In the first case, in which cells were detached with accutase (or similar), a representative 

sample of 10μL was pipetted and placed with another 10μL of Trypan Blue dye in a round bottom 96-

well plate, and homogenized. From this mixture, 10μL were pipetted and placed in a haemocytometer 

(Marienfeld-Superior) for cell counting, under an optical microscope (CKX31, Olympus). 

In the second case, in which cells were detached with EDTA, a 1:5 (v/v) dilution was 

performed; so that, a sample of 100μL of cell suspension was taken from the Falcon
®
 tube containing 

the cell suspension and placed in a new 15mL Falcon
®
 tube or Eppendorf

®
 tube, together with 400μL 

of accutase. This tube was placed in the bath (37°C) for 7min. A representative sample of 10μL was 

pipetted and placed with another 10μL of Trypan Blue dye in a round bottom 96-well plate, and 

homogenized. From this mixture, 10μL were pipetted and placed in a haemocytometer for cell 

counting, under an optical microscope. 

In both cases, at least, two independent counting were always performed. Concentrated cell 

samples were diluted at higher ratios in Trypan Blue, in order to facilitate the counting.  

Once the total cell counting was obtained, cell concentration was calculated taking into 

account: the number of squares of the haemocytometer in which cells were counted, the performed 

dilutions, the volume of each square in the haemocytometer and the total volume of the original cell 

suspension; as indicated in Equation (1). 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠 =
∑ 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

# 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑐𝑜𝑢𝑛𝑡𝑠 
×

1

# 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×  

1

10−4
× 𝑉𝑜𝑙𝑢𝑚𝑒 (1) 

3.2.2.4. Cell thawing 

hiPSCs were stored in cryovials (Thermo Scientific™) and cryopreserved in liquid/vapour 

phase nitrogen tanks. When cells needed to be thawed, a 15mL Falcon
®
 tube was placed in the bath 
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(37°C) with 4mL of expansion medium. Then cryovials were collected from the liquid nitrogen tank and 

covered with a gaze steeped in ethanol. The cryovial was then partially immersed in the bath (37°C) 

for periods of 10-15s, continuously mixing. Before the vial content was completely thawed, with the 

help of a pipette, the pre-warmed medium was added drop-by-drop into the vial and mixed until the 

entire vial got fully thawed and the total volume of cells got aspirated. The obtained cell solution was 

transferred to the 15mL Falcon
®
 tube and placed in a centrifuge (Z 400 K, HERMLE Labortechnik 

GmbH) for 5min at 1,000rpm (alternatively, 3min at 1,500rpm). The supernatant was then removed 

and the pellet resuspended in 1.5mL of the desired culture medium. This cell suspension was then 

uniformly distributed on a Matrigel
®
-coated well of a 6-well culture plate. Finally, the culture plate was 

placed in a humidified incubator (Memmert GmbH), at 37ºC with 5% of CO2, and the culture medium 

was daily changed. 

3.2.2.5. Cell cryopreservation 

In order to cryopreserve cells, cells were washed with EDTA, incubated with EDTA for 5min at 

room temperature and detached from the culture plates with culture medium. The obtained cell 

suspension was then transferred to a Falcon
®
 tube and centrifuged for 5min at 1,000rpm. The 

supernatant was discarded; and the pellet, of each two wells, resuspended in 250μL of freezing 

medium consisting in 10% (v/v) dimethylsulfoxide (DMSO, Gibco
®
) in KnockOut-Serum Replacement 

(KO-SR, Gibco
®
). Generally, for each two wells of cultured cells, a single cryovial was used. 

The cryovial was then placed in the freezer (-80°C), for at least 24h, before being transferred 

to the liquid/vapour phase nitrogen tanks (-196°C) until further usage. 

3.2.3. Maintenance of hiPSCs 

3.2.3.1. Medium Composition and Solutions  

hiPSCs require daily medium changes for optimal growth and in order to maintain their 

pluripotency throughout their expansion. The provided medium must include some soluble factors, 

carbohydrates, vitamins, amino acids, proteins, trace elements and inorganic salts, among other 

molecules [69]. 

Currently, the most used medium formulations for cell expansion are mTeSR™1 (STEMCELL 

Technologies™), TeSR™2 (STEMCELL Technologies™) and Essential 8™ (E8™, Gibco
®
). 

While TeSR™2 and E8™ (and also E6™) are chemically defined and xeno-free media, 

mTeSR™1 possesses bovine serum albumin (BSA), an animal-origin protein, not being considered a 

fully-defined medium since BSA might vary from lot-to-lot. 

As can be seen in Table 1, mTeSR™1 contains a total of 18 components including bFGF, 

TGF-β, BSA; while E8™ is a xeno-free medium, containing only eight essential components that 

possesses a similar cell expression pattern when compared to mTeSR™1 [70]. 

In addition to the medium used, penicillin/streptomycin (PenStrep, Gibco
®
) was added (dilution 

of 1:200 v/v) in order to prevent bacterial contamination on cell cultures. 
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Table 1 – Composition of some of the most used culture media. 

 mTeSR™1 
mTeSR™1 

Minus Factors 
TeSR™2 Essential 8™ Essential 6™ 

DMEM/F12 X X X X X 

L-ascorbic acid X X X X X 

Selenium X X X X X 

Transferrin X X X X X 

NaHCO3 X X X X X 

Glutathione X X X   

L-Glutamine X X X   

Defined lipids X X X   

Thiamine X X X   

Trace elements B X X X   

Trace Elements C X X X   

β-Mercaptoethanol X X X   

Albumin bovine origin bovine origin human origin   

Insulin X X X X X 

bFGF X  X X  

TGF-β1 X  X X  

Pipecolic acid X X X   

LiCl X  X   

GABA X X X   

H2O X X X X X 

As can be observed, both E6™ and mTeSR™1 Minus Selected Factors differentiation media 

are simpler formulations from E8™ and mTeSR™1 expansion media, respectively. In fact, both the 

referred differentiation media lack the pluripotent maintenance signalling factors bFGF and TGF-β1 in 

their composition. Additionally, mTeSR™1 Minus Selected Factors also lacks LiCl, which leads to the 

activation of the canonical Wnt signalling pathway [71]. 

3.2.3.1.1. mTeSR™1 

mTeSR™1 (STEMCELL Technologies
TM

) was used for human iPSCs maintenance. 

The preparation of this medium was performed according to the guidelines provided by the 

manufacturer. Briefly, mTeSR™1 supplement (5x) was thawed overnight at 4°C and mixed with 

mTeSR™1 basal medium, to generate complete medium. mTeSR™1 complete medium was stored in 

40mL aliquots at -20°C. Whenever necessary, mTeSR™1 aliquots were thawed, supplemented with 

PenStrep (1:200,Gibco
®
) and stored at 4°C. mTeSR™1 was pre-warmed at room temperature before 

being used. 

3.2.3.1.2. PBS 

PBS was prepared using a pre-prepared 10x solution. 

Briefly, 900mL/L of milli-Q water were transferred to a beaker, 100mL/L of PBS 10x solution 

were pipetted and added to the beaker. A filtration step (with a 1,000mL filter upper-cup 0.2μm PES 

membrane by VWR
®
) was performed to the previous solution, and the filtered solution was stored in a 

glass bottle at room temperature. 

To prepare the PBS 10x solution, a dilution of a sachet of PBS (Gibco
®
) in 100mL of milli-Q 

water was performed. 
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3.2.3.1.3. EDTA 

A final concentration of 0.5mM EDTA solution was prepared by diluting UltraPure™ 0.5M 

EDTA (Invitrogen™) and adding 1.80g of NaCl (Sigma-Aldrich
®
) to 1L of PBS solution. A filtration step 

was then performed to the solution, and the filtered solution was stored in a glass bottle at 4°C. 

3.2.4. Chondrogenic Differentiation protocols 

Two main differentiation protocols were evaluated to perform hiPSCs chondrogenic 

differentiation: differentiation of hiPSC first in MSC-like cells followed by chondrogenic (based on [63]; 

from now on  designated as “Wang protocol”) and a rational multi-step protocol which mimics cartilage 

formation during embryonic development (based on [6]; henceforward denominated “Craft protocol”). 

On Annex B (on page 72) are shown, side-by-side, the studied protocols. 

3.2.4.1. hiPSC differentiation into MSC-like cells 

3.2.4.1.1. Differentiation via trophoblast-like stage (Wang protocol) 

In this protocol a trophoblast-like intermediate stage is reached by induction with BMP4 and 

A83-01 (a potent inhibitor of ALK4, ALK5 and ALK7; more potent than SB-431542) in mTeSR™1 

Minus Selected Factors medium during the first 5 days. After this step, mesendoderm-like progenitors 

are generated in MSC medium, and mesenchymal-like (MSC-like) cells start to emerge until day 16. 

On day 16, the differentiation into the chondrogenic lineage takes place by using StemPro
®
 

Chondrogenesis Differentiation Kit, as can be seen on Figure 8. 

 

Figure 8 – Protocol for chondrogenic differentiation of hiPSCs via trophoblast-like formation. Units for Y-

27632 and A83-01 are in μM, all the other units are in ng/mL. Based on [63]. 
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3.2.4.1.1.1. Medium Composition and Solutions 

3.2.4.1.1.1.1. Essential 8™ (E8) 

Essential 8™ (STEMCELL Technologies
TM

) was used for human iPSCs maintenance, and as 

a substitute of mTeSR™1 in Wang protocol. 

The preparation of this medium was performed as indicated in the manufacturer’s guidelines. 

Briefly, E8™ Supplement (50x) was thawed overnight at 4°C. Before adding the Supplement, 10mL of 

Basal Medium were removed, then the Supplement was added and mixed with E8™ Basal Medium, to 

generate complete medium. E8™ Complete Medium was stored at 4°C, and protected from light. 

When needed, E8™ was supplemented with 1:200 (v/v) PenStrep. Similarly to mTeSR™1, E8™ was 

pre-warmed at room temperature whenever it was used. 

3.2.4.1.1.1.2. Essential 6™ (E6) 

Essential 6™ (STEMCELL Technologies
TM

) was used for human iPSCs differentiation as a 

substitute of mTeSR™1 Minus Selected Factors in Wang protocol. 

The preparation of this medium was performed as indicated in the manufacturer’s guidelines. 

Briefly, E6™ medium was stored in the refrigerator at 4°C. When needed, E6™ was pre-warmed at 

room temperature and supplemented with 1:200 (v/v) PenStrep. 

3.2.4.1.1.1.3. mTeSR™1 

mTeSR™1 was used for hiPSCs maintenance. 

The preparation of this medium was performed as indicated in the manufacturer’s guidelines. 

Briefly, mTeSR™1 supplement (5x) was thawed overnight at 4°C and mixed with mTeSR™1 Basal 

Medium, to generate complete medium. mTeSR™1 Complete Medium was stored in 40mL aliquots at 

-20°C. When necessary, mTeSR™1 aliquots were thawed, supplemented with 1:200 (v/v) PenStrep 

and stored at 4°C. mTeSR™1 was pre-warmed at room temperature whenever it was used. 

3.2.4.1.1.1.4. mTeSR™1 Minus Selected Factors 

mTeSR™1 Minus Selected Factors (STEMCELL Technologies
TM

) was used for human iPSCs 

differentiation medium in Wang protocol. 

The preparation of this medium was performed as indicated in the manufacturer’s guidelines. 

Briefly, mTeSR™1 Minus Selected Factors was aliquoted and stored in the freezer (-20°C). When 

necessary, mTeSR™1 Minus Selected Factors aliquots were thawed, supplemented with 1:200 (v/v) 

PenStrep and used. 

3.2.4.1.1.1.5. MSC medium 

MSC medium was used in Wang protocol to generate MSC-like cells. This medium was 

prepared with αMEM or DMEM basal media supplemented with Fetal Bovine Serum (FBS); its usage 

is indicated in detail in the Results section. 
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First, 10.2g of αMEM (Sigma-Aldrich
®
) powder (or 10g of DMEM powder, Gibco

®
) and 2.2g/L 

(or 3.72g) of NaHCO3 were diluted in 1L of milli-Q water. Then the obtained solution was 

supplemented with 1:200 (v/v) PenStrep and with the desired amount of ESQ-FBS (Gibco
®
). The 

prepared solution was then sterilized by performing a filtration step and stored in a glass bottle at 4°C. 

3.2.4.1.1.1.6. MesenCult™-ACF medium 

MesenCult™-ACF medium was used in Wang protocol to generate MSC-like cells, since it is 

used for hMSC culture.  

First, 1:4 (v/v) of MesenCult™-ACF Supplement (STEMCELL Technologies) was diluted in 

MesenCult™-ACF Basal Medium (STEMCELL Technologies). Then, 1:100 (v/v) of Glutamax™ 

(Gibco
®
) and 1:200 (v/v) PenStrep were supplement to the medium obtained. 

3.2.4.1.1.1.7. Commercial Chondrogenic Differentiation Kit 

StemPro
®
 Chondrogenesis Differentiation Kit (Gibco

®
) is commercially available to perform the 

differentiation of MSCs into both osteogenic and chondrogenic lineages, in tissue culture vessels. 

For the medium preparation, a StemPro
®
 Chondrogenesis Supplement (Gibco

®
) aliquot 

(stored at -20ºC) of 1mL was thawed  and diluted in 1:10 (v/v) of StemPro
®
 Osteocyte/Chondrocyte 

Differentiation Basal Medium (Gibco
®
), supplement with 1:100 (v/v) of PenStrep. The prepared 

solution was kept at 4ºC, for a maximum of 3-6 months. 

3.2.4.1.1.1.8. Chondrogenesis staining – Alcian Blue 

Alcian blue has been used for the staining of proteoglycans and glycosaminoglycans, in 

cartilage tissues. 

This dye was prepared in the following way: 1% (p/v) of Alcian Blue powder (Sigma-Aldrich
®
) 

was diluted in 0.1N HCl (Fisher Chemical) in milli-Q water, then the obtained solution was sterilized by 

performing a filtration step (using a 50mL syringe from PIC solution with a 0.2μm filter by Millex
®
). The 

prepared solution was kept at 4ºC, for a maximum of 6 months. 

For the staining procedure, the spent medium of the culture was removed, and a washing step 

with PBS solution was performed; 300μL of PFA 4% (v/v) (Sigma-Aldrich
®
) were added to the 24-well 

culture well and left to incubate for 20min at room temperature. Then, the PFA solution was removed, 

the cultured well washed once with PBS solution and left to incubate with the prepared Alcian Blue 

solution for 30min, at room temperature. A washing step was then performed with distilled water or 

with already filtered milli-Q water. Finally the cultured well was left in PBS solution. 

3.2.4.1.1.2. Detailed Protocol 

Please note that some modifications to the original protocol (described in the paper) were 

made and that the protocol that will be explained in detail in this subchapter is the final one, the one 

with which the best results, out of all the studied conditions, were obtained. 
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hiPSCs were split on a Matrigel
®
-coated culture plate (Corning

®
) with a cell density of 

approximately 6,000 cells/cm
2
 in mTeSR™1 complete medium (STEMCELL Technologies) and 

incubated overnight at 37°C and 5% CO2 (Memmert GmbH). For trophoblast-like differentiation, the 

spent medium was removed, each well washed with PBS (Gibco
®
) twice, and mTeSR™1 Minus Select 

Factors medium (STEMCELL Technologies) was added together with 1:200 (v/v) PenStrep (Gibco
®
), 

10 ng/ml BMP4 (Stemgent) and 1 μM A83-01 (Stemgent). Cells were cultured at 37°C and 5% CO2 for 

5 days and monitored under the microscope (Leica DMI 3000 B) every day, without medium 

exchange.  

On day 5, cells were washed once with PBS, treated with accutase (Sigma-Aldrich
®
) and 

incubated for 5-10min at 37°C to detach cells. To confirm cell detachment, cells were always 

observed, after the incubation time was finished, under the microscope and sometimes a pipette flush 

was performed just in case of doubt. MSC medium was then added (in the same volume than 

accutase) to stop accutase effects and the resulting medium was used to detach the cells. Cell 

suspension was then transferred to a Falcon
®
 tube, together with residual cells that were washed 

away from the well with MSC medium. The cell suspension was centrifuged for 5min at 1,000rpm (Z 

400 K by HERMLE Labortechnik GmbH), at room temperature. The supernatant was removed, and 

the obtained pellet resuspended in MSC medium. Cells were replated in coated culture plates with a 

cell density of 5,000 cells/cm
2
 in MSC medium supplemented with 1:200 (v/v) PenStrep (Gibco

®
), and 

cultured at 37°C and 5% CO2 overnight.  

The spent medium was removed from each well in the next day, and fresh MSC medium was 

added.  

In about 10 days (day 16), the resultant MSCs start to appear. These cells were passaged 

whenever it was needed until they reached the amount of cells needed to perform the Flow Cytometric 

analysis. Those passages were performed with accutase, and a counting step was always performed 

so that 4,000-5,000 cells/cm
2 
were replated. 

3.2.4.1.2. Direct differentiation into MSC-like cells (Nejadnik 

protocol) 

This protocol arose as an alternative way of obtaining mesenchymal-like cells, based on [72]. 

Briefly, in this protocol hiPSCs are expanded in mTeSR™1 until they reached nearly 50% confluence. 

Then, cells start to be stimulated by a MSC medium that causes them to differentiate, as can be seen 

on Figure 9. 

Because the used Media and Solutions were the same than those used in Wang protocol, it 

was decided not to exhaustively repeat the referred information in the next subchapters. 



30 
 

 

Figure 9 – Protocol for chondrogenic differentiation of hiPSCs. Based on [72]. 

3.2.4.1.2.1. Detailed protocol 

Please note that this protocol was only performed once. 

hiPSCs were split on a Matrigel
®
-coated culture plate (Corning

®
) with a cell density of 

approximately 6,000 cells/cm
2
 in mTeSR™1 complete medium (STEMCELL Technologies) and 

incubated at 37°C and 5% CO2 (Memmert GmbH). Culture medium was changed every day until 50% 

confluence was achieved (on day 6). 

On day 6, cells were washed once with PBS, and incubated with MSC medium (αMEM 

supplemented with 10% ESQ-FBS), at 37°C and 5% CO2. Every 3-4 days spent medium was removed 

and fresh MSC medium was added. Cells were passaged whenever it was needed until they reached 

the amount of cells needed to perform the Flow Cytometric analysis. Those passages were performed 

with accutase, and a counting step was performed so that 4,000-5,000 cells/cm
2 
were replated. 

3.2.4.2. Differentiation via paraxial mesoderm (Craft protocol) 

In this protocol a cell aggregation stage is performed in the presence of BMP4 in StemPro
®
-34 

medium from day 0 until day 1. After this, a primitive streak stage is induced until day 4. From day 4 to 

day 6, the differentiation into paraxial mesoderm occurs and mesoderm progenitors arise. On day 6, 

chondrogenic progenitors start to being generated with TGF-β3 induction. After day 15, differentiation 

into chondrogenic lineage takes place. 
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Figure 10 – Protocol for chondrogenic differentiation of hiPSCs via paraxial mesoderm. Units for Y-27632, 

CHIR and DM are in μM, all the other units are in ng/mL. Based on [6]. 

3.2.4.2.1. Medium Composition and Solutions 

3.2.4.2.1.1. RPMI medium 

RPMI 1640 medium (Gibco
®
), or simply RPMI, was used as a basal medium for differentiation 

of human iPSCs into chondrogenic progenitors, as an alternative of StemPro
®
-34 in the Craft protocol. 

For that, B-27 minus insulin (Gibco
®
) was used as a supplement.  

Whenever it was necessary, B-27 minus insulin was thawed at room temperature, and 

protected from light, and added 1:50 (v/v) to RPMI medium, along with 1:200 (v/v) PenStrep. 

3.2.4.2.1.2. StemPro®-34 

StemPro
®
-34 SFM Complete Medium (Gibco

®
) is a serum-free medium specifically formulated 

to support the growth of human hematopoietic progenitor cells in culture. However, recently, studies 

confirmed that this formulation shows good results when applied to chondrogenic differentiation. 

For this reason, StemPro
®
-34 medium was used for differentiation of human iPSCs into 

chondrogenic progenitors in Craft protocol. 

The preparation of this medium was performed as indicated in the manufacturer’ instructions. 

Briefly, StemPro
®
-34 Nutrient Supplement (40x) was aliquoted (1mL aliquots) and stored in the freezer 

(-20°C). When necessary, the necessary amount of StemPro
®
-34 Nutrient Supplement aliquots was 

thawed and added to StemPro
®
-34 SFM medium to generate StemPro

®
-34 SFM Complete Medium.  

This StemPro
®
-34 SFM Complete Medium was then supplemented with L-glutamine till a final 

concentration of 2mM and 1:200 (v/v) PenStrep and used or stored at 4°C, protected from light, for a 

maximum of a month. StemPro
®
-34 SFM Complete Medium solution was pre-warmed at room 

temperature whenever was used. 
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3.2.4.2.2. Detailed Protocol 

Please note that some modifications to the original protocol (described in the paper) were 

made and that the protocol that will be explained in detail in this subchapter is the one with which the 

best results, out of all the studied conditions, were obtained. 

hiPSC aggregates were generated from single-cell suspension by culture in StemPro
®
-34 

medium (Gibco
®
) containing 1:200 (v/v) PenStrep (Gibco

®
), 0.5 ng/mL BMP4 (Stemgent) and 10 μM 

Y-27632 (MACS Miltenyi Biotec), in Ultra-Low Attachment 6-well culture plates (Corning
®
).  

On day 1, cell aggregates were harvested and resuspended in StemPro
®
-34 supplemented 

with 5 ng/mL bFGF (PeproTech), 3 ng/mL Activin A (R&D Systems), 3 ng/mL BMP4 and 1 μM CHIR 

(Stemgent). Cells were cultured at 37°C and 5% O2 for 4 days and monitored under microscope (Leica 

DMI 3000 B) every day, without medium exchange. 

On day 4, the cell aggregates were washed once with PBS solution, and incubated for 5-

10min at 37°C with accutase (Sigma-Aldrich
®
) to dissociate cells. To confirm cell dissociation, cells 

were always observed, after the incubation time was finished, under the microscope and sometimes a 

pipette flush was performed. StemPro
®
-34 medium was then added (in the same volume than 

accutase) to stop accutase effects. Cell suspension was then transferred to a Falcon
®
 tube, together 

with residual cells that were washed away from the well with StemPro
®
-34. The cell suspension was 

centrifuged for 5min at 1,000rpm (Z 400 K by Hermle Labortechnik GmbH). The supernatant was 

removed, and the obtained pellet resuspended in StemPro
®
-34 and counted. Samples were then 

prepared to perform a Flow Cytometric analysis. 

Cultures were incubated in 5% CO2, 5% O2 and 90% N2 environment in the majority of the 

performed experiments. 

3.3. Characterization of hiPSCs and their derivatives 

In order to understand if the different stages of differentiation were being reached by the cells, 

a characterization of those populations of cells is needed. For that purpose, Flow Cytometric analysis 

and Immunofluorescence Staining analysis were the two techniques performed. 

3.3.1. Solutions 

3.3.1.1. PFA 4% 

4% (v/v) paraformaldehyde (PFA) is a very toxic solution that is used to fix cells. 

This solution was prepared in the hood, by measuring 40g/L of PFA (Sigma-Aldrich
®
) and 

dissolving it into 900mL/L of milli-Q water, using a beaker. The solution was then warmed in a hot 

stirring plate until it became cloudy (60-70°C). At 60°C, some drops of NaOH were added to the 

solution (3-5 drops were enough) until it became totally clear. The pH was verified (should be around 

pH 7.4), and corrected with some drops of HCl whenever needed. Then, 100mL/L of PBS 10x were 
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added to the prepared solution. A filtration step was performed, and the obtained solution stored in a 

glass bottle at 4°C. 

3.3.1.2. FACS buffer 

FACS buffer solution was used to prepare samples to Flow Cytometric Analysis. 

A dilution using PBS was made to obtain a FBS 10% (v/v) solution. 

3.3.2. Flow Cytometric analysis 

For staining, approximately 500,000 cells per condition and per intracellular marker were 

needed, or 100,000-200,000 cells per condition and per surface marker. 

Cell samples were collected in different time points from both protocols. In order to prepare 

these samples to Flow Cytometric analysis (FC analysis), cells already in Falcon
®
 tubes were 

centrifuged for 5min at 1,000rpm. The supernatant was then removed and the pellet resuspended in 2-

3mL of PFA 2% (v/v) in PBS. These samples were then stored at 4ºC for a maximum of one month. 

3.3.2.1. Intracellular Staining 

Eppendorf
®
 tubes were coated with 1% (v/v) bovine serum albumin (BSA, by Invitrogen) 

solution in PBS for 15min. Samples, previously stored in 2% (v/v) PFA, were centrifuged at 1,000 rpm 

for 5min. and washed twice with 1% (v/v) of normal goat serum (NGS, by Sigma-Aldrich
®
). Cells were 

resuspended in 3% (v/v) NGS. After removing BSA solution from the Eppendorf
®
 tubes, the cell 

suspension was distributed in each tube, centrifuged at 1,000rpm for 3min. Cell membranes get 

permeated by incubating the cell suspension with 1:1 (v/v) solution of 3% (v/v) NGS and 1% (v/v) 

saponin (Sigma-Aldrich
®
) for 15min, at room temperature. Cells were then washed with 3% (v/v) NGS, 

resuspended with the primary antibody solution (in 3% (v/v) NGS) and incubated for 1.5h at room 

temperature. Cells were washed twice with 1% (v/v) NGS, and incubated for more 45min in the dark 

with the secondary antibody (also in 3% (v/v) NGS). Finally, after another washing step, cells were 

resuspended in PBS solution and analysed in a FACSCalibur™ flow cytometer (Becton Dickinson 

Biosciences
®
), using CellQuest™ software (Becton Dickinson Biosciences

®
) for data acquisition. 

The results obtained were analysed in Flowing Software 2.5.1 (Turku Centre for 

Biotechnology). 

3.3.2.2. Surface Staining 

After performing a cell counting, the cell suspension was centrifuged for 3min at 1,500rpm, the 

supernatant was removed and the cell pellet washed with PBS. Then, cell suspension was centrifuge 

again for 3min. at 1,500rpm. The supernatant was removed, the pellet was resuspended in PBS and 

the desired amount of cells distributed in FACS tubes. The FACS tubes were centrifuged for 3min at 

1,500rpm (HERMLE, Z300 K), and the supernatant removed. Then, the pellet of each FACS tube was 

resuspended in 100μL of FACS buffer.  
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The isotype or the primary antibody was then added to each FACS tube, as indicated in Table 

2. In the majority of times, a double staining was performed. 

All the samples were then incubated for 15min at room temperature, in the dark. After that 

period of incubation, cells were washed with 2mL of PBS solution. Cells were then centrifuged for 

3min at 1,500rpm, the supernatant removed, and the pellet resuspended in 300μL of 2% (v/v) PFA. 

Samples were stored in the refrigerator (4ºC) for a maximum of 5-6 days. 

Cell samples were analysed in a FACSCalibur™ flow cytometer and CellQuest™ software 

was used for data acquisition. The results obtained were analysed in Flowing Software 2.5.1. 

3.3.2.3. Antibodies 

In Table 2 a list of the antibodies used in this work are presented. The antibodies can be divided in: 

Intracellular markers for pluripotency analysis: OCT4 and SOX2. 

Surface markers for pluripotency analysis: TRA-1-60 and SSEA-4. 

Surface markers for Primitive Streak analysis: CD56, CD140a and CD309. 

Surface markers for MSC analysis: CD14, CD19, CD34, CD45, CD73, CD80, CD90, CD105, 

HLA-DR. 

Table 2 – List of antibodies that were used for Flow Cytometric Analysis along the studies. 

Marker Antigen Clone Host Reactivity 
Catalogue 

Identity, Supplier 
Conjugated 
Fluorophore 

Dilution 

OCT4 hOCT4 7F9.2 Mouse 
Human, 
Mouse 

MAB4419, Millipore Alexa 488* 1:300 

SOX2 hSOX2 245610 Mouse 
Human, 
Mouse, 
Rat 

MAB2018, R&D 
Systems

®
 

Alexa 488* 1:250 

SSEA-4 hSSEA4 
MC-813-
70 

Mouse Human 09-0006, Stemgent PE 1:20 

TRA-1-60 Podocalyxin   Mouse Human 09-0010, Stemgent PE 1:20 

CD14 
Monocytes and 
Macrophages 
(hematopoietic cells) 

MφP9 Mouse Human 
345785, 
BD Biosciences 

PE 1:20 

CD19 B cells HIB19 Mouse Human 302208, BioLegend PE 1:20 

CD34 

Primitive 
Hematopoietic 
Progenitor and 
Endothelial cells 

581 Mouse Human 343506, BioLegend PE 1:20 

CD45 LCA H130 Mouse Human 304008, BioLegend PE 1:20 

CD56 NCAM B156 Mouse Human 
555516,  
BD Pharmingen 

PE 1:20 

CD73 5’ nucleotidase AD2 Mouse Human 344004, BioLegend PE 1:20 

CD80 
B7-1, Monocytes and 
B cells 

2D10 Mouse Human 305208, BioLegend  PE 1:20 

CD90 Thy-1 5E10 Mouse Human 328110, BioLegend PE 1:20 

CD105 Endoglin 43A3 Mouse Human 323206, BioLegend PE 1:20 

CD140a PDGFRα  Mouse Human  FITC 1:20 

CD309 KDR HKDR-1 Mouse Human 338915, BioLegend PerCP 1:20 

HLA-DR 
Major 
Histocompatibility 
Class II 

LN3 Mouse Human 327008, BioLegend PE 1:20 

PerCP/Cy5.5 
Mouse IgG1 

 HP6017 Mouse Human 409312, BioLegend PerCP/Cy5.5 1:20 

Γ1γ1 
Keyhole Limpet 
Hemocyanin 

X40 Mouse Human 
349526, 
BD Simultest™ 

FITC/PE 1:20 

Γ2a (Unknown) MφPC-173 Mouse Human 400214, BioLegend PE 1:20 

Γ2b 
Keyhole Limpet 
Hemocyanin 

133303 Mouse Human 
iC0041P, 
R&D Systems 

PE 1:20 

* Alexa 488 is the secondary antibody, OCT4 and SOX2 are not conjugated antibodies.  
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3.3.3. Immunofluorescence staining and analysis 

Immunofluorescence staining was performed as previously described [73, 74]. Briefly, in order 

to prepare cell samples to immunofluorescence staining, the cells previously cultured in 12-well tissue 

culture plates were washed with PBS solution and fixated for 20min. in 300μL/well of 4% (v/v) PFA. 

Cells were left in PBS for a maximum of 2-3 weeks at 4°C.  

3.3.3.1. Intracellular Staining 

Cells were washed twice with PBS solution. Blocking solution (10% (v/v) NGS and 0.1% (v/v) 

Triton X-100, in PBS) was added and left to incubate with the cells for 30-60min at room temperature, 

to reduce background staining [60]. The primary antibodies were diluted in Staining solution (5% (v/v) 

NGS and 0.1% (v/v) Triton X-100, in PBS) and incubated with the cells, overnight at 4°C.  

Two washing steps with PBS solution were performed. The secondary antibodies were also 

diluted in Staining solution and left to incubate with the cells for 1h at room temperature, in the dark. 

Then, cells were washed three times with PBS to remove the excess of secondary antibody [60]. DAPI 

(4’,6-diamidino-2-phenylindole) was used to counterstain cell nuclei. For that, cells were incubated for 

2-5min with 400μL/well of DAPI solution (1:10,000, DAPI in NaH2CO3 both by Sigma-Aldrich
®
), at 

room temperature, in the dark.  

Finally, a PBS wash was performed to remove any exceeding DAPI and cells were left in PBS 

for further observation under fluorescence optical microscope (Nikon Digital camera DXM 1200 F and 

a Leica Kubler CODIX fluorescence illuminator, associated to a Leica DMI 3000 B microscope). The 

obtained images were treated in ImageJ software (Fiji
®
) whenever needed. 

Primary antibodies: OCT4 (1:400, Millipore) and SOX2 (1:100, R&D Systems) for hiPSCs 

characterization, and NESTIN (1:400, Millipore), PAX6 (1:400, BioLegend), SOX2 (1:100, R&D 

Systems
®
) and ZO-1 (1:100, Life Technologies) for Neural Rosettes characterization in Wang protocol. 

3.3.3.2. Surface Staining 

Cells were washed twice with PBS solution. 3% (v/v) BSA solution was added and this step 

lasted for 30-60min at room temperature. Primary antibody solution was prepared in 3% (v/v) BSA 

solution and cells were left overnight at 4°C to incubate with it. Secondary antibody solution was 

prepared in 3% (v/v) BSA solution and left to incubate with the cells for 1h at room temperature. Cells 

were then washed with PBS to remove the excess of secondary antibody. 

Cells were incubated for 2-5min with 400μL/well of DAPI solution (1:10,000), at room 

temperature.  

Finally, a PBS wash was performed to remove any exceeding DAPI and cells were left in PBS 

for further observation under fluorescence optical microscope. The obtained images were treated in 

ImageJ software whenever needed. 

Primary antibodies used: TRA-1-60 (1:100, Stemgent) and SSEA-4 (1:100, Stemgent) for 

hiPSCs characterization. 
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3.3.3.3. Antibodies 

Table 3 – List of antibodies, respective isotypes and their dilutions, used for Immunofluorescence Staining along 

the studies. 

 Primary Antibody Dilution Secondary Antibody  Dilution 

Intracellular 

OCT4 1:400 Goat anti-mouse IgG Alexa fluor
®
 546 1:400 

SOX2 1:100 Goat anti-mouse IgG Alexa fluor
®
 488 1:400 

NESTIN 1:400 Goat anti-mouse IgG Alexa fluor
®
 488 1:400 

PAX6 1:400 Goat anti-rabbit IgG Alexa fluor
®
 546 1:400 

ZO-1 1:100 Goat anti-rabbit IgG Alexa fluor
®
 546 1:400 

Surface 
SSEA-4 1:100 Goat anti-mouse IgG Alexa fluor

®
 546 1:400 

TRA-1-60 1:100 Goat anti-mouse IgM Alexa fluor
®
 546 1:400 

3.3.4. Aggregates’ size measurement and analysis 

In order to better monitor cell aggregates’ size throughout the experiment, several 

photographs were taken daily (Leica DMI 3000 B microscope, with a Nikon DXM 1200 F Digital 

camera). Using ImageJ software, each photograph was processed to determine the area of each of 

the aggregates. 

Considering the aggregates as a spheroid, the diameter was calculated according to the 

Equation (2): 

𝑑 = 2 × √
𝐴

𝜋
 (2) 

in which d represents the aggregate diameter and A represents the aggregate area. 

3.3.5. Fold Increase and Population Doublings 

The Fold Increase (FI) in total cell number and the number of Population Doublings (PD) at 

each passage were calculated according to the Equation (3) and Equation (4), respectively. 

𝐹𝐼 =
(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠)𝑑𝑖

 

(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠)𝑑0

 (3) 

𝑃𝐷 = log(𝐹𝐼) log(2)⁄  (4) 

3.3.6. Coefficient of Variation 

The Coefficient of Variation was calculated according to the Equation (5). 

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 =
(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛)𝑠𝑎𝑚𝑝𝑙𝑒

(𝑀𝑒𝑎𝑛)𝑠𝑎𝑚𝑝𝑙𝑒

 (5) 
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3.3.7. Statistical analysis 

Because experiments were only performed once, statistical analysis was not calculated. Only 

aggregates’ sizes are presented as mean standard deviation – mean (SD). 
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Chapter 4. Results and Discussion 

4.1. Pluripotency evaluation of hiPSCs 

The quality of the starting hiPSCs directly influences the yield and the quality of the 

differentiated cells obtained [42, 75]. Therefore, the maintenance of hiPSCs in culture can be 

assessed by analysing the expression of pluripotency makers, such as the cell surface markers 

SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, and the transcription factors OCT4, NANOG and SOX2 [76]. 

Since anti-TRA-1-60 and anti-TRA-1-81 antibodies recognize distinct and unique antigens on 

the same large glycoprotein Podocalyxin [77]; the study of only one of them can be used to test the 

pluripotency of cells. 

Taking that into consideration, cultured cells were characterized in terms of pluripotency by 

immunofluorescence staining for the expression of both intracellular (OCT4 and SOX2, Figure 11 A-B) 

and surface (SSEA-4 and TRA-1-60, Figure 11 C-D) pluripotency markers. The results were merged 

with 4',6-diamidino-2-phenylindole (DAPI), a nuclei counterstaining that binds strongly to Adenine-

Thymine rich regions of DNA [78], as represented in Figure 11. 

 

Figure 11 – Pluripotency evaluation of DF6 hiPSCs by immunofluorescence staining procedures. These 

cells (DF6, passage number 50 (p50)) were previously expanded on Matrigel
®
-coated culture plates in mTeSR™1 medium. 

Immunofluorescence staining with DAPI counterstain demonstrating positive expression of pluripotency markers (A) OCT4, (B) 

SOX2, (C) SSEA-4 and (D) TRA-1-60. Images at100x magnification (scale bars: 100μm). 

Although the presence of pluripotency markers has been confirmed throughout the entire area 

of the colonies by immunostaining, flow cytometric analysis was also performed to quantify the 
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expression of those same pluripotency markers (OCT4 and SOX2 for intracellular markers, and 

SSEA-4 and TRA-1-60 for surface markers). Results are presented in Figure 12 (and in Annex C on 

page 73 for TCLab cell line). 

       

Figure 12 – Flow cytometric analysis showing the expression of the pluripotency markers OCT4, SOX2, 

SSEA-4 and TRA-1-60, on DF6 hiPSCs. Cells from DF6 cell line, p50, previously expanded on Matrigel
®
-coated 

culture plates in mTeSR™1 medium. Representative histograms demonstrating the expression of different 

antigens (dark) are plotted against isotype controls (white) for non-specific staining. (n=1) 

4.2. Chondrogenic Differentiation of hiPSCs 

Chondrogenic differentiation of hiPSCs was studied for the first time, in the SCERG during this 

project. Furthermore, the main existing protocols, from which this work was developed (Craft and 

Wang), were not optimized for the available cell lines. 

The aforementioned reasons led to the need for testing several different culture conditions 

(mainly in terms of adhesion substrates and differentiation media), during this project. As a 

consequence, the tested conditions were mainly executed once, meaning that the performed studies 

have limited statistic relevance. In order to try to overcome this shortcoming, each studied experiment 

was performed, at least, with two different replicates, at the same time, in the same medium 

conditions, in the same culture plates, with the same identical cells. In order to have enough cells to 

perform Flow Cytometric analysis, all the samples were merged together, giving information about the 

whole population of the cells obtained. 

The objective of using Wang protocol (differentiation via trophoblast-like stage) was, in a first 

phase, to validate that the protocol could be followed from hiPSCs-derived cells and that the 

commercial kit for chondrogenic differentiation also allowed for good results. In a second stage of this 

work, this protocol was meant to be used as a control to validate the protocol (based on Craft) that is 

going to be developed and adapted to the cell lines used on SCERG’s Laboratory (hereafter Lab). To 

achieve that, a scrutinizing study of the Craft protocol (differentiation via paraxial mesoderm) was 

essential. 

Taking the previous information into consideration, in the next subchapters the results 

obtained will be presented and discussed. 

  

OCT4 

98.8% 

SOX2 

99.9% 

SSEA-4 

95.8% 

TRA-1-60 

63.7% 
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4.2.1. hiPSCs differentiation into MSC-like cells 

4.2.1.1. Wang differentiation protocol 

Studies with Wang protocol were performed with the TCLab and with the DF6 cell lines. 

The Wang protocol – in which cells are initially induced to differentiate into a trophoblast-like 

stage – was performed using two combinations of culture media: E8™/E6™ and 

mTeSR™1/mTeSR™1 Minus Selected Factors. Different adhesion substrates were tested as well as 

MSC medium formulations until MSC-like populations were finally obtained. 

Annex D (on page 74) provides an experimental scheme of all the experimental conditions 

tested with Wang protocol. 

4.2.1.1.1. Effect of different seeding densities 

The first experiment, Wang attempt number 1 (WA1), was performed by expanding the cells in 

E8™ and inducing differentiation with E6™ supplemented with BMP4 and A83-01. The composition of 

these two media (E8™ and E6™) is simpler than the one from mTeSR™1 and mTeSR™1 Minus 

Selected Factors (as can be observed in Table 1 on page 25), which was thought to be helpful to 

understand the main biological processes that were occurring during that first differentiation stage. 

In order to study the relevance, or not, of the seeding density, three different densities were 

studied. The choice of these three values fell in the range of values used in the original paper – 2,000 

to 6,000 cells per cm
2 

[63]. Taking that into consideration, the studied seeding conditions were: 2,000, 

4,000 and 6,000 cells/cm
2
. 

Based on the results, the colony morphology was identical, independently of the initial cell 

density, as can be seen on Figure 13. The only obvious difference was in the number of cells obtained 

on day 5 of the protocol (Table 4).  

      

Figure 13 – Cells from day 5, with (A) 2,000, (B) 4,000 and (C) 6,000 cells/cm
2
 of Wang protocol. In this study 

cells from TCLab cell line were used, WA1. Images at 100x magnification (scale bars: 100μm). 

Table 4 – Fold-increase in cell number (FI) values and population doublings (PD) values on day 5 of the 

protocol for different seeding densities. 

Seeding – Day -1 

(cells/cm
2
) 

Day 5 

FI PD 

2,000 43.8 5.5 

4,000 48.1 5.6 

6,000 50.7 5.7 

A B C 
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For that reason, for the following experiments, the highest cell density (6,000 cells/cm
2
) was 

used to obtain the highest number of cells for the following steps. 

In all the previous experiments ROCK inhibitor (Y-27632) was supplemented to the medium in 

the seeding day. 

It was also tested for 6,000cells/cm
2
 condition to plate the cells on day -1 without ROCKi 

addition and the cells did not survived until day 0 (results not shown). This phenomenon happened 

when using EDTA for cell dissociation, which generally does not require ROCKi addition. As the 

referred density was much lower than the usual one (~50,000cells/cm
2
), this observation suggests that 

Y-27632 must be added to the culture medium in order to control the apoptosis phenomena in the cell 

population. 

4.2.1.1.2. Optimization of MSC media formulations with adhesion 

substrates  

On day 5 of Wang protocol, cells are detached, counted and replated in MSC medium in order 

to stimulate trophoblast-like cells to differentiate into MSC-like populations. From WA1 until WA8, 

several MSC media formulations were tested in order to obtain a MSC-like enriched population, or at 

least a confluent population, with the final objective of assessing the expression of MSC markers by 

Flow Cytometry. 

After testing the condition referred in the original paper (gelatin-coated plates and MSC 

medium – DMEM supplemented with 10% FBS) without success in Wang attempt number 1, WA1, 

other alternatives were explored in the following experiments. 

Therefore, in WA3 cells were first induced with E8™/E6™ and on day 5 were dissociated with 

either accutase or EDTA and plated on either Matrigel
®
- or gelatin-coated culture plates (leading to a 

four conditions study). The results suggested that the cell survival increased when using EDTA as 

dissociation agent and the survival rate was even higher in the Matrigel
®
-coated condition. So, this last 

condition was repeated in the following experiment (WA4) but very few cells reached day 16, where 

the chondrogenic induction is supposed to begin. 

The initial studies were performed with the TCLab cell line. However, the DF6 cell line is 

known to efficiently differentiate from hiPSCs into cardiomyocyte (previous results from SCERG, not 

shown). Since cardiomyocytes are also generated from the mesoderm germ layer, like chondrocytes, 

the Wang protocol was also tested with this cell line. 

Consequently, in WA5, cells (from the DF6 cell line) were first induced with 

mTeSR™1/mTeSR™1 Minus Selected Factors, but the dissociation with EDTA and the plating on 

Matrigel
®
-coated culture plates were kept. However, cells did not reached day 16, once again. Besides 

that, the surviving cells presented a round morphology instead of the characteristic spindle shape of 

the MSCs. 

Since it is known that the way by which cells are detached from culture plates can influence 

cells’ viability, cells’ morphology and even their maturation [79], the following hypothesis arose: the 

choice of the dissociation agent to be used might be dramatically influencing cell differentiation. 
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So, in WA6 the dissociation steps were both performed with TrypLE solution (in the seeding 

and on day 5). However, even keeping the Matrigel
®
 as coating, cells did not survived until day 16. 

In Figure 14 is shown a comparation between day 13-populations from two different conditions 

(WA4 and WA6). As can be observed, very few cells exist in either the tested experiments and the 

morphology of both populations is not the typical fibroblastic MSC morphology. 

   

Figure 14 – Cells morphology of day 13-populations on (A) WA4 and (B) WA6, in Wang protocol. In this 

study cells from (A) TCLab and (B) DF6 cell lines were used. Cells were plated on day -1 of the protocol with a seeding density 

of 6,000 cells/cm
2
. (A) Cells were cultured in E6™ from day 0 until day 5 and dissociated with EDTA. (B) Cells were cultured in 

mTeSR™1 Minus Selected Factors from day 0 until day 5 and dissociated with TrypLE solution. In both experiments, on day 5, 

cells were replated on Matrigel
®
-coated culture plates in DMEM supplemented with 10%FBS. Images at 100x magnification 

(scale bars: 100μm). 

4.2.1.1.3. Analysing the expression of fibroblastic markers in MSC-

like populations 

In order to try to draw conclusions, once again, on the cell type in which cells were 

differentiating in, an immunofluorescence staining was performed with α-smooth muscle actin (αSMA) 

intracellular marker. αSMA is commonly used as a myofibroblast formation marker; in this particular 

case it was thought that cells were differentiating in smooth muscle cells due to their morphology. 

Consequently, it was thought that αSMA could be expressed in these particular populations. 

The results from Figure 15 suggest that actin fibers were present in the cells, but it does not 

seem to be a “truly” αSMA expression. These results can be explained by the fact that αSMA 

expression is not specific for myofibroblast formation since it can also be found in MSCs stress fibres 

[80, 81], osteo-chondro progenitor cells [82], MSC derived cells [83, 84], or even in fibroblasts [85, 86]. 

  

Figure 15 – Immunofluorescence staining with αSMA. Cells from DF6 cell line, on day 56 of WA8, previously cultured 

for 40 days in MSC medium composed by aMEM supplemented with 10% FBS, after trophoblast-like stage had been reached. 

Images at 200x magnification (scale bars: 50μm). 
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4.2.1.1.4. Towards chondrogenic differentiation 

Since the Lab has previous expertise on working with MSCs, the logic step was to take this 

knowledge and start testing different MSC media formulations and MSC adhesion substrates. For that 

reason, MesenCult™-ACF Complete Medium, one of the available medium formulations, was used; 

and CELLstart™ and MesenCult™-ACF Attachment Substrate were tested as adhesion substrates in 

WA7 and WA8. 

Despite during the different experiments performed, in which cells were cultivated until at least 

day 16, cells with a fibroblastic appearance were always obtained; in the majority of those experiments 

the amount of the obtained cells was not enough to perform a Flow Cytometric Analysis with a panel 

of nine MSC markers and respective isotypes – γ1/γ1-isotype, CD73, CD90, CD105, CD34, CD45, 

CD80, CD19, γ2b-isotype, CD14, γ2a-isotype and HLA-DR. As a consequence, cells were cultivated 

for more 30 days in some conditions in order to obtain an enriched fibroblastic population with a 

reasonable number of cells (near 600,000 cells). 

From the results obtained along the experiments, it became clear that from each time that 

cells were passaged, several cells died, which could be explained due to the fact that MSCs are 

passaged with Accutase or TrypLE solution (more aggressive dissociation agents). Additionally, 

because in the majority of the tested conditions, FBS was supplemented to the MSC medium, 

whenever the culture medium needed to be changed (each 3-4 days), the factors secreted by the cells 

were removed, leading to the entrance of some cells in apoptosis.  

Thus, the most promising, and also the most successful, experiments were performed, from 

day 5 until day 30-50, in the following conditions: 

a. CELLstart™ (adhesion substrate) and MesenCult™-ACF complete medium 

b. CELLstart™ (adhesion substrate) and αMEM medium supplemented with 5% FBS 

The results from those experiments are shown in Table 5Table 8. 

Table 5 – Key information about Flow Cytometric Analysis of the three MSCs-like populations obtained, 

using Wang protocol. Cells from DF6 cell line; conditions a. from WA7, b. from WA8. (n=1). CELLstart™ was 

used as a coating substrate in all these experiments. 

 Tested Conditions 

 a. a. b.* 

Medium MesenCult™ MesenCult™ 
αMEM + 5% 

FBS 

Basis Protocol  Wang Wang Wang 

Protocol Day 16 48 40 

 “MSC-like” passage number p0 p4 p2 

Positive 

CD73 (%) 86.44 98.19 98.98 

CD90 (%) 44.80 69.74 97.53 

CD105 (%) 0.20 86.91 85.88 

Negative 

CD34 (%) - 5.23 2.37 

CD45 (%) - 2.21 2.98 

CD80 (%) - 19.70 16.87 

CD19 (%) - 17.97 41.38 

CD14 (%) - 0.65 0.57 

HLA-DR (%) - ** ** 

* These Flow Cytometric Analysis was performed with very little amount of cells. Number of total events between: 248 (for CD90 marker) 
and 3,263 (for CD45 marker). 

** Inconclusive result; the HLA-DR expression gives more negative values than the isotype control.  
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According to the International Society for Cellular Therapy (ISCT) a human MSC population of 

cells must obey to the criteria listed in Table 6. 

Table 6 – Summary of ISCT criteria to identify hMSCs. (from [87]) 

1. Adherent to plastic in standard culture conditions 

2. Phenotype Positive (≥95%+) Negative (≤2%+) 
 CD73 CD45 
 CD90 CD34 
 CD105 CD14 or CD11b 
  CD79α or CD19 
  HLA-DR 

3. In vitro differentiation: osteoblasts, adipocytes, chondroblasts 
(demonstrated by staining of in vitro cell culture) 

From the results in Table 5, it is conclusive that, according to ISCT (Table 6), none of the three 

populations of cells obtained meets at least the second criteria – the phenotype criteria, both 

concerning the positive and the negative markers. That being the case, they could not be classified as 

being 100% MSCs.  

In fact, observing the results from Table 5, it is possible to infer that the three obtained 

populations were very heterogeneous. 

Nevertheless, a major difference in the percentage of cells expressing the antigen markers in 

experiment a. (MesenCult™) from day 16 to day 48 of differentiation was observed, as illustrated in 

Table 5. The major difference is concerning the percentage of cells expressing CD105 that reached 

more than 85% in 30 days. However, it is not reasonable to conclude that by extending the time of 

differentiation to near 50 days an improvement in the results would be obtained; in part because this 

experiment was performed only once, but also because in experiment a. on day 16 the negative 

markers were not analysed as there wasn’t enough cells, leading their expression (on day 16) to an 

open question. 

Additionally, the experiments performed by the MSC group of the Lab have shown a lower 

expression of CD105 but under dynamic culture conditions [88-90]. This phenomenon has been 

attributed to the dissociation agent exposure time, as well as to the type and concentration of the 

dissociation agent [79, 91]. Even though the performed experiments have been executed under static 

conditions, it is reasonable to affirm that this phenomenon can also be justified by the same reasons.  

Comparing the results obtained with the ones present in the original paper [63], it is 

reasonable to conclude that the differentiation protocol based on Wang did not have the reproducibility 

that was expected and still needs further optimization. Nevertheless, experiment a. revealed to have a 

similar behaviour to the published results [63]: passage number four of MSC-like populations was 

obtained in the same time lapse (about 40 days) and cells between each passage took about 10 days 

to become confluent. However, the resultant cell number was not comparable. The obtained results 

were also not comparable to those of the MSC group of the Lab (e.g. population doublings, total cell 

number obtained, FC marker expression) [88-90, 92, 93]. 

Despite the aforementioned, cells from experiment b. (αMEM supplemented with 5% FBS) 

were subjected to chondrogenic medium (StemPro
®
 Chondrogenesis Differentiation Kit) for 14 days 
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after which Alcian Blue was used to identify the presence of glycosaminoglycans (GAGs) and 

proteoglycans within cell cultured aggregates. The results obtained, shown in Figure 16, suggest that 

chondrocytes were present in the culture. Even a more profound conclusion can be taken from here: a 

MSC-like population was obtained in the earlier stage, at least in this tested condition. 

     

Figure 16 – Alcian Blue staining results after 14 days in chondrogenic differentiation medium. Cells from 

DF6 cell line, on day 62 of WA7. After trophoblast-like stage had been reached on day 5, cells were cultured for 32 days (until 

day 48) in αMEM supplemented with 5% FBS. Chondrogenic differentiation was then induced for 14 days and was assessed by 

staining with Alcian Blue. Images at 200x magnification (scale bars: 50μm) for A-C, and at 100x magnification (scale bar: 

100μm) for D. 

Even though interesting and enlightening answers were obtained with the performed 

experiments, the truth is that this is not an efficient process. For example, in the experiment b. (αMEM 

supplemented with 5% FBS), only one well (from a total of four) gave origin to MSC-like cells. There is 

no obvious reason for this to happen, because cells were processed at the same time, in the same 

conditions, from the same original cell sample. 

4.2.1.1.5. Validating results 

Finally, in order to confirm some of the results obtained, cells from DF6 cell line were cultured 

in E8™ and E6™ in parallel with the same identical cells but cultured in mTeSR™1 and mTeSR™1 

Minus Selected Factors, from day -1 until day 5. 

Comparing the time points from the two experiments (Figure 17), we are able to conclude that 

the use of E8™ and E6™ as substitutes of mTeSR™1 and mTeSR™1 Minus Selected Factors, 

respectively, seem to behave similarly in the first days of the protocol, because cell morphology seems 

to be comparable between the two conditions. 

In fact, when observing the results from Figure 17, colonies from day 5-populations seem to 

be neural rosettes. Actually, as can be observed, this morphology was already present on day 3-

populations. Thus, in order to confirm the suspicions about the culture morphology obtained, 

progenitor and neural rosette markers (NESTIN, PAX6, SOX2, ZO-1) were tested in colonies from 

mTeSR™1/mTeSR™1 Minus Selected Factors by immunofluorescence staining, on day 5 of Wang 

protocol. The obtained results are present on Figure 18. 

A B C D 
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Figure 17 – Cell morphology evolution from day 0 to day 5, in Wang protocol, WA7 and WA9. In this study 

cells from DF6 cell line were used, plated on day -1 of the protocol with a seeding density of 6,000 cells/cm
2
. (A) Cells cultured 

in mTeSR™1 Minus Selected Factors, from day 0 (A0) until day 5 (A5). (B) Cells cultivated in E6, from day 0 (B0) until day 5 

(B5). Images at 100x magnification (scale bars: 100μm). 

 

Figure 18 – Neural rosette formation at day 5 of Wang protocol. Cells were stained by immunofluorescence 

procedures after 5 days of trophoectoderm induction from DF6 hiPSCs, by using mTeSR™1 minus factors, BMP4 (10ng/mL) 

and A83-01 (1μM). (A) Immunofluorescence staining with PAX6, NESTIN, DAPI (left), and their overlay (right). (B) 

Immunofluorescence staining with ZO-1, SOX2 and DAPI (left), and their overlay (right). Images at 100x magnification (scale 

bars: 100μm). 

With the objective of confirming the presence of neural rosettes also in E8™/E6™ condition, 

on day 5-populations, an immunofluorescence was performed with both ZO-1 and SOX2 antibodies 

(Figure 19). 
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Figure 19 – Neural rosette formation on day 5 of Wang protocol. Cells were stained by immunofluorescence 

procedures with ZO-1, SOX2 and DAPI, after 5 days of trophoectoderm induction in medium with BMP4 (10ng/mL) and A83-01 

(1μM). Cells from DF6 hiPS cell line. (Above) Immunofluorescence staining of cells from WA7, previously cultured in mTeSR™1 

Minus Selected Factors. (Bellow) Immunofluorescence staining of cells from WA9, previously cultivated in E6™. Images at 100x 

magnification (scale bars: 100μm). 

After some research, it was realized that neural rosettes (neural progenitor cells) were being 

obtained in a short period of time in comparison with the existing methods. Moreover, with this 

protocol there is no need of EB formation nor manual isolation, rendering it very simple and 

straightforward, as can be confirm in a summary table present in the literature [94]. 

However, it is not reasonable to conclude that this phenomenon might happen with every cell 

line. For instance, despite this phenomena has been tested for the available cell lines in the Lab 

(TCLab, DF6 and Gibco), it was only demonstrated that neural rosettes arise in the DF6 and in the 

Gibco cell lines. This might mean that some cell lines are more prone to differentiate into specific germ 

layers faster than others. 

4.2.1.1.6. Wang Protocol – concluding remarks 

Summing up, the overall results obtained suggest that the adhesion substrates play an 

important role in cell viability and differentiation, as previously reported in the literature [69, 95]. From 

the studied substrates, Matrigel
®
 and CELLstart™ offered the best results, at least regarding cell 

survival. Matrigel
®
 showed to play a key role in the expansion and during the first days of 

differentiation, whereas CELLstart™ was important to promote MSC differentiation and MSC 

enrichment. 

Throughout the experiments, from day 5 onwards, it became apparent that the higher cell 

survival results were obtained when using Matrigel
®
-coated culture plates, when compared with the 

gelatin-coated ones, and even better results were obtained with CELLstart™. This result can be 

explained by the complexity of the former one, or by other words, by the simplicity of gelatin that is 

essentially composed by denatured collagen [56], while CELLstart™ is formulated specifically for 

MSCs proliferation and population enrichment, being therefore expected to give better results. 

In conclusion, Table 7 summarises the tested conditions. 

ZO-1 DAPI SOX2 

ZO-1 DAPI SOX2 

ZO-1 DAPI SOX2 

ZO-1 DAPI SOX2 
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Table 7 – Overview of the conditions that were tested in Wang protocol. 

Adhesion Substrate MSC medium formulation Cell Survival* 

Gelatin DMEM + FBS Low 
Matrigel

®
 DMEM + FBS Low 

Matrigel
®
 αMEM + FBS Low 

MesenCult™-ACF Attachment Substrate MesenCult™-ACF Complete Medium None 
CELLstart™ DMEM + FBS Low 
CELLstart™ αMEM + FBS Moderate 
CELLstart™ MesenCult™-ACF Complete Medium Moderate 

    *Analysis based on daily observation under the microscope. 

Moreover, from the results obtained, EDTA proved to be the gentler agent. However, when 

EDTA was used, the colonies did not acquire the desired morphology, or at least only the borders 

started to differentiate as occasionally observed in undifferentiated hiPSCs colonies (by spontaneous 

differentiation), which was not desired. On the other hand, Accutase and TrypLE action was similar to 

the cells, both proved to be more aggressive than EDTA, but in about 5-10min a single cell population 

was obtain as desired. These results are somewhat comparable with what is described in the literature 

[79, 96]. 

4.2.1.2. Nejadnik protocol – the effect of using FBS 

Since the Wang protocol experiments were not demonstrating to efficiently generate MSC-like 

populations, an alternative protocol was performed based on [72]. 

In terms of implementation, this was a simpler protocol, since hiPSCs were grown until 

reaching near 50% confluence after what they begin to be cultured in MSC medium. Therefore, with 

this protocol, no extra molecules (such as A83-01 or BMP4), no early detachment, passage, adhesion 

substrate or intermedium counting steps were required to obtain a MSC-like population.  

By using this alternative protocol, it was possible to understand that the differentiation was 

mainly conducted through FBS stimuli. In fact, FBS contains growth factors able to promote cell 

proliferation, and adhesion factors that promote cell attachment. Serum also provides a source of 

minerals, lipids, hormones and proteins able to trigger differentiation phenomena [69, 89, 97, 98]. 

However, the utilization of serum presents disadvantages including its highly variable composition 

from lot-to-lot, not to mention the fact that it can cause immunological reactions due to the risk of 

contamination (virus, prion) [69, 97-99]. Despite that, serum is composed of a wide variety of factors, 

able to trigger a wide range of differentiations at the same time, often resulting in a very 

heterogeneous cell population in the end. 

To test this new alternative protocol, a side-by-side experiment was performed – along to WA8 

– with the same original cell population and seeding (6,000 cells/cm
2
 on day -7 on this protocol, 

equivalent to day -1 on Wang protocol). Cell morphology deeply changed throughout the 41 days of 

the study, as illustrated in Figure 20.  

On day 3-4 a cell fibroblastic appearance arose in the cell culture. It was also observed that in 

one well where the protocol was initiated with only near 30% confluence, cells acquired a fibroblastic 

morphology one day earlier than in the wells where the protocol was initiated with 50% confluency. 
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Figure 20 – Cell morphology evolution from day 2 to day 33, in Nejadnik protocol, NA1. In this study cells from 

DF6 cell line were used, plated on day -7 of the protocol with a seeding density of 6,000 cells/cm
2
. Cells were cultured in 

mTeSR™1 from day -7 to day 0; on day 0 the medium was changed to MSC medium (αMEM supplemented with 10% FBS) 

until day 34 when they were harvested. (A) day 2, (B) day 3, (C) day 6, (D) day 16, (E) day 26, (F) day 33. Images at 100x 

magnification (scale bars: 100μm). 

It was also very interesting to realize that the obtained population was, along the time, very 

heterogeneous, as stated before. Figure 21 illustrates that point by comparing the morphology of cells 

on day 23 of the protocol. 

      

Figure 21 – Cells from day 23 of Nejadnik protocol, NA1. In this study cells from DF6 cell line were used, plated on 

day -7 of the protocol with a seeding density of 6,000 cells/cm
2
. On day 23 cells were cultured in MSC medium composed by 

αMEM supplemented with 10% FBS. Images at 100x magnification (scale bars: 100μm). 

This protocol was performed only once, as explained before, and cells were cultured during 

near 30 days in αMEM medium supplemented with 10% FBS (with no adhesion substrates). The 

results from this experiment are shown in Table 8.  

Once again, according to the ISCT criteria, the MSC-like population obtained was very 

heterogeneous and did not meet at least the phenotype criteria (both concerning the positive and the 

negative markers on FC analysis). 

A B C 

D E F 
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Table 8 – Key information about Flow Cytometric Analysis of the MSCs-like population obtained when 

using Nejadnik protocol. Cells from DF6 cell line, from NA1. (n=1). 

 Tested condition 

Medium 
αMEM + 10% 

FBS 

Basis Protocol  Nejadnik 

Protocol Day 34 

 “MSC-like” passage number p2 

Positive 

CD73 (%) 98.26 

CD90 (%) 88.75 

CD105 (%) 53.64 

Negative 

CD34 (%) 1.10 

CD45 (%) 0.96 

CD80 (%) 3.60 

CD19 (%) 16.42 

CD14 (%) 0.02 

HLA-DR (%) ** 

         ** Inconclusive result; the HLA-DR expression gives more 
             negative values than the isotype control.  

Moreover, when comparing the results obtained with the ones present in the original paper 

[72], it is reasonable to conclude that, once again, the differentiation protocol based on Nejadnik did 

not have the reproducibility that was expected and still needs further optimization. 

4.2.1.3. Conclusions 

By comparing the two protocols by which an hypothetical MSC-like population can be obtained 

– Wang [63] and Nejadnik [72] – the results suggest that, the use of a step of trophoblast cell induction 

showed in Wang does not seem to be crucial to obtain a MSC-like population, or at least a fibroblastic 

one. However, this conclusion needs to be confirmed by performing a full cell characterization on both 

populations. 

In fact, Nejadnik protocol seems to work faster and simpler since cells with a fibroblastic 

morphology are evident in cell culture from day 3-4 of the protocol, while in Wang protocol this cell 

morphology starts to appear only near day 16. 

4.2.2. Differentiation via paraxial mesoderm (Craft protocol) 

Studies on Craft protocol were performed with the TCLab cell line in the first five attempts, 

after which the DF6 cell line was used to proceed with the work. In the end, Gibco and TCLab cell 

lines were used to validate the resultant protocol (with the improvements made over the time). 

The Craft protocol – in which the cells are initially induced to differentiate into a primitive streak 

stage – was performed using two different culture medium: RPMI supplemented with B27 (minus 

insulin), already used in the Lab to differentiate cells into mesoderm germ layer lineages 

(cardiomyocytes) [100], and StemPro
®
-34, the medium used in the original paper [6]. 

Since throughout the experiments very few cells survived to the first day of differentiation, 

large amounts of cells were seeded. In order to check if the cells were reaching the desired stage of 

differentiation (primitive streak), on the fourth day of the protocol, the total amount of cells was used to 
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perform a Flow Cytometric analysis. This analysis was performed by using monoclonal antibodies for 

the expression of the CD56 (NCAM), CD140a (PDGFRα) and CD309 (KDR). 

In this first stage (day 0-4), the morphology of the cells could not be evaluated because cells 

were cultured as 3D aggregates. 

Differentiation processes can be dramatic to cell survival, as previously noted. 

In Table 9 the initial (day 0) and the final (day 4) cell numbers as well as the fold change in cell 

number are presented. From those results, it is clear that the cell population suffers an enormous 

decay from day 0 until day 4, as expected. However, this decay is so dramatic that in the majority of 

the experiments, the obtained population on day 4 has a lower cell number than the seeding one. 

Important to remind that ROCKi is supplemented in the medium on day 0, otherwise the mortality rate 

would have an even higher impact. 

Table 9 – Comparison between the used cell lines, their seeding values on day 0, and their respective 

fold-increase in cell number (FI) and population doublings (PD) on day 4, from the main experiments 

performed. (n=1). 

  Seeding – Day 0 Day 4 

Cell line Experiment Cell number  Cell number FI PD 

DF6 

CA6 2.5x10
5
 

0.5N 1.2x10
6
 0.8 -0.3 

0.5H 1.2x10
6
 0.8 -0.3 

3N 5.6x10
5
 0.4 -1.4 

3H 9.2x10
5
 0.6 -0.7 

5N 1.9x10
6
 1.3 0.4 

5H 2.2x10
6
 1.5 0.5 

CA7 2.2x10
6
 

C1 2.0x10
6
 0.9 -0.1 

C2 1.7x10
6
 0.8 -0.4 

C3 1.6x10
6
 0.8 -0.4 

C4 2.0x10
6
 0.9 -0.1 

C5 1.7x10
6
 0.8 -0.4 

C6 1.4x10
6
 0.6 -0.7 

TCLab CA8 8.3x10
6
 2.8x10

6
 0.3 -1.6 

Gibco CA8 2.9x10
6
 1.5x10

5
 0.1 -4.2 

As an attempt to improve both the amount of cells obtained and the expression of the referred 

primitive streak surface markers, on day 4, some changes were made to the initial protocol, which are 

described in the next subchapters. 

4.2.2.1. Are cells getting mature by extending the differentiation time?  

Taking into account the existence of variability between hiPSC lines, as described in the 

literature [6, 101-103], some cell lines get mature earlier than others. It was thus necessary to 

evaluate the expression of the primitive streak markers (CD56, CD140a, and CD309) from day 3 until 

day 5 (the usual range to achieve primitive streak populations in vitro) [6, 101, 103], to better 

understand the differentiation of this specific cell line (TCLab). 

From the results obtained, shown in Figure 22, it can be seen that the expression of CD309 

increases from day 3 to day 4, and has a marked decrease from day 4 until day 5. This could mean 

that cells start to differentiate and surpass the primitive streak stage if they are left, in that 

differentiation medium for longer than day 4. 
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Figure 22 – Flow cytometric analysis showing the CD309 (KDR) surface marker expression, in different 

time points (from day 3 until day 5). Representative histograms demonstrating the expression of the antigen (dark) are 

plotted against isotype control (white) for non-specific staining. In this study cells from TCLab cell line were used, Craft attempt 

number 4, CA4, p38, cultured from day 0 to day 1 in RPMI medium supplemented with 1:50 (v/v) B27 minus insulin, ROCKi 

(10μM) and BMP4 (0.5ng/mL). From day 1 until day 4, cells were cultured in RPMI medium supplemented with 1:50 (v/v) B27 

minus insulin, Activin A (15ng/mL), BMP4 (3ng/mL), bFGF (5ng/mL) and CHIR (1μM). This experiment was performed in 

normoxia. Cells were collected on day 3, 4 and 5 to perform a Flow Cytometric analysis. (n=1). 

Nevertheless, the results obtained for CD309 expression were lower than the expected. It 

was, then, hypothesized that using a cell line previously known to differentiate efficiently into 

mesoderm-derived cells could be used for protocol optimization. Thus, the following experiments were 

performed with a different cell line (DF6) and using the StemPro
®
-34 culture medium. 

4.2.2.2. Looking for the best condition for initial cell aggregation 

Some studies in the literature [104] report that hypoxia affects mesoderm specification during 

early development. In order to test this and to compare the performance of the cells, studies were 

performed under hypoxia (5% O2) and normoxia (21% O2) conditions. From the results obtained by 

Flow Cytometric analysis (in Craft attempt number 6, CA6) – Figure 23 –, normoxia seems to be the 

best approach since it leads to the highest percentage of cells expressing the primitive streak markers 

on day 4-populations. However, since the studies from the original paper [6] were performed under 

hypoxia conditions, and the results obtained, in particular the expression of CD56 both under hypoxia 

and normoxia, were not significantly distinct from each other, the following experiments were also 

executed under hypoxia conditions. 

The expression of the CD140a (PDGFRα) surface marker was also analysed. However, the 

results obtained were inconclusive since the surface marker antibody gave lower fluorescence values 

than the isotype control, in all the tested conditions (not shown). This type of issue suggests that a 

further optimization of this flow cytometry protocol needs to be performed. 

Having already chosen to prosecute the work under hypoxia conditions, 5ng/mL of BMP4 from 

day 0 to day 1 seems to be the best alternative, since it is the one that induces a higher CD309 (KDR) 

expression. Analysing the results from CD56 (NCAM) expression, both concentrations (0.5 and 

5ng/mL) seem to behave the same, since their expression is comparable between the two. 

At first sight, does not seem to make sense that the intermediate value tested (3ng/mL) would 

give worst FC results comparing with the remainders. One possible way of trying to explain the results 

obtained is to attribute this behaviour to eventual feedback loop control phenomena, as documented in 

the literature [55, 56, 105-107]. 

Day 3 

7.2% 

Day 4 

13.5% 

Day 5 

1.1% 
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Figure 23 – Flow cytometric analysis showing the expression of the surface markers (A) CD309 and (B) 

CD56, in the day 4-populations. Representative histograms demonstrating the expression of different antigens (dark) are 

plotted against isotype controls (white) for non-specific staining. In this study cells from DF6 cell line were used, CA6, p47, 

cultured from day 0 to day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (in the indicated concentration). 

From day 1 until day 4, cells were cultured in StemPro
®
-34 supplemented with Activin A (3ng/mL), BMP4 (3ng/mL), bFGF 

(5ng/mL) and CHIR (1μM). This experiment was performed under normoxia (above) and hypoxia (bellow) conditions. (n=1). 

Taking that into consideration, 5ng/mL of BMP4 from day 0 to day 1 was the selected 

condition to prosecute with the experiments. 

4.2.2.3. Induction of Primitive Streak – looking for the best condition 

The main objective of the next experiment (CA7) was to find the best association between 

Activin A and BMP4 concentrations. bFGF usually is kept the same (5ng/mL) in the literature [6, 101, 

108, 109]; here was not an exception. 

By analysing the results from the literature (KDR and PDGFRα expression on cardiac 

mesoderm generated from hESCs [101]), a range of concentrations of BMP4 and Activin A 

(supplemented at day 1) were tested to evaluate their impact in primitive streak (day 4)-populations. 

As shown, schematically, in Figure 24, it was decided to keep the concentration of the molecules to be 

tested in the following range: 1< BMP4 (ng/mL) <30 and 1< Activin A (ng/mL) <10. 

   

Figure 24 – Schematic representation of the experimental conditions. Varying concentrations of BMP4 

and Activin A (left). Tested conditions (right). Red dots represent the untested experiments. 
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By analysing the referred results from the literature [101], it was decided to lay down three 

experiments from the original scheme – as can be seen on Figure 24, represented by red dots. Those 

three experiments were the ones with lower PDGFRα and KDR expression. 

The flow cytometric results obtained from the performed experiments are present in Figure 25. 

The CD140a (PDGFRα) expression was also analysed. Once again, the obtained results were 

inconclusive due to the aforementioned reason (not shown). Further optimization of the protocol needs 

to be performed. 

 

Figure 25 – Flow cytometric analysis showing the expression of (A) CD309 and (B) CD56 surface markers, 

in the day 4-populations. Representative histograms demonstrating the expression of different antigens (dark) are plotted 

against isotype controls (white) for non-specific staining. In this study cells from DF6 cell line were used, CA7, p51, cultivated 

from day 0 to day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (5ng/mL). From day 1 until day 4, cells were 

cultivated in StemPro
®
-34 supplemented with Activin A (in the indicated concentration), BMP4 (in the indicated concentration), 

bFGF (5ng/mL) and CHIR (1μM). This experiment was performed under hypoxia conditions. (n=1). 

By analysing the results from Figure 25, it was concluded that, from the tested conditions, C1 

condition (5ng/mL Activin A; 1ng/mL BMP4) possesses the highest percentage of cells expressing 

both CD309 and CD56. Interestingly, no obvious conclusion can be taken, since it does not seem to 

exist any tendency between the varying concentrations of both molecules and the primitive streak 

antigen markers.  

However, looking carefully to the histograms of both surface markers (Figure 25), very distinct 

populations can be identified in the majority of the conditions. Meaning that a significant amount of 

cells was already differentiated and, as a consequence, the amount of hiPSCs in cell culture 

decreased. Yet, the majority of cells did not reach the primitive streak stage, as suggested by the FC 

results. When looking to Figure 26 this fact is even clearer. A further optimization of the protocol is 

needed. 
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Figure 26 – Dot plot of the day 4-populations. (A-B) from CA6, (C-D) from CA7. In (A’-D’) dot plots are 

identified the different populations of cells present in the samples. (A, C) and (A’, C’) are samples with γ1γ1-

isotype control; while (B, D) and (B’, D’) are samples with PE-isotype control. 

4.2.2.4. Does the aggregates’ size matter? 

Some reports in the literature [52, 110, 111], argue about the importance of the aggregates’ 

size in cellular fate determination when mimicking the embryo development/evolution. In order to test if 

the aggregates’ size dramatically influences the expression of the studied primitive streak surface 

markers, the size of the aggregates was monitored during the four days of CA7 experiments. 

Figure 27 shows that, on day 1 – after 24h of BMP4 stimulation –, the aggregates’ average 

size is 40-80μm. Which means, the distance to the centre of the aggregates mostly varies between 

20-40μm. 

 

Figure 27 – Day 1 aggregates’ diameter dispersion. (n=1). 
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Figure 28 – Aggregates’ diameter evolution for the studied conditions, from (A) day 2 until (C) day 4. Above 

each bar is represented the SD error bar. C1: 5 ActA + 1 BMP4; C2: 5 ActA + 15 BMP4; C3: 5 ActA + 30 BMP4; C4: 1 ActA + 

15 BMP4; C5: 1 ActA + 30 BMP4; C6: 10 ActA + 30 BMP4. ActA and BMP4 in ng/mL. In this study cells from DF6 cell line were 

used, CA7, p51, cultured from day 0 to day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (5ng/mL). From day 

1 until day 4, cells were cultured in StemPro
®
-34 supplemented with Activin A (in the indicated concentration), BMP4 (in the 

indicated concentration), bFGF (5ng/mL) and CHIR (1μM). This experiment was performed under hypoxia conditions. (n=1). 

Comparing both the aggregates’ size (Figure 28) and the CD309 and CD56 expression 

(Figure 25), no obvious conclusion arises. At first sight, does not seem to exist any correlation 

between the size of the aggregate and the expression of primitive streak markers of the cells within its 

composition. In order to facilitate the comparison between the two results, in Annex E (on page 76) 

both graphics (Figure 25, Figure 28) are represented side-by-side. 

Moreover, according to the same authors [52], a gradual reduction of the colony diameter 

selectively eliminates the “centre” fates, referring to ectoderm and mesoderm cell fates. It is thus 

possible to conclude that: the seeding density used as well as the final aggregates’ dimension 

probably was not sufficient to achieve a primitive streak stage. This could be a reasonable explanation 

to the unsuccessful FC results. Therefore, almost certainly a higher cell seeding would be needed to 

accomplish higher primitive streak expression values. 

In Annex E are represented the aggregates’ diameter evolution for each condition, from day 1 

until day 4.  

In order to obtain a more measurable mean of comparison between experiments, the 

Coefficient of Variation was calculated, Figure 29. This value gives us a measure of variability within 

the aggregates’ diameter distribution, for each condition in a given day. The results suggest that no 

obvious correlation exists between the aggregates’ diameter, the coefficient of variation and the FC 

results. In Annex E is also represented the Figure 29 along with Figure 25 and Figure 28. 

A significant variation of Coefficient of Variation exists among the six tested conditions, the 

range of values oscillates between 0.3 and 0.6 (equivalent to 30% and 57%, respectively), as shown 

in Figure 29.  

One way to diminish this coefficient’s values would be to use methods for controlling the 

aggregates’ size, for example by using AggreWell™ systems, by imposing a speed in the culture 

through rotator systems, and/or by controlling the cell seeding. 

B A C 
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Figure 29 – Coefficient of Variation evolution from day 2 (d2) until day 4 (d4), for each of the studied 

conditions. C1: 5 ActA + 1 BMP4; C2: 5 ActA + 15 BMP4; C3: 5 ActA + 30 BMP4; C4: 1 ActA + 15 BMP4; C5: 1 ActA + 30 

BMP4; C6: 10 ActA + 30 BMP4. ActA and BMP4 in ng/mL. In this study cells from DF6 cell line were used, CA7, p51, cultured 

from day 0 to day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (5ng/mL). From day 1 until day 4, cells were 

cultured in StemPro
®
-34 supplemented with Activin A (in the indicated concentration), BMP4 (in the indicated concentration), 

bFGF (5ng/mL) and CHIR (1μM). This experiment was performed under hypoxia conditions. (n=1). 

On Annex F (on page 77) is represented the aggregates’ size evolution during the experiment, 

for the different studied conditions, as well as the Coefficient of Variation, for CA6. 

4.2.2.5. Validating results 

Finally, CA8 had the main objective of testing the protocol, in two other cell lines: Gibco and 

TCLab.  

As stated before, the variability between cell lines can be huge, and for that reason, even with 

the improvements made over the experiments, and using the C1 conditions (with which were obtained 

the best FC values for DF6 cell line), the resulting FC analysis of day 4-populations of both Gibco and 

TCLab cell lines was not comparable to the results with the DF6 cell line: the percentage of cells 

expressing the primitive streak markers does not surpassed 1.2% for CD309, 0.1% for CD140a and 

0% for CD56, for Gibco; and 1.0% for CD309, 0.3% for CD140a and 1.4% for CD56, for TCLab. (not 

shown) 

A comparison between the aggregates’ size of both cell lines was made along the experiment. 

The aggregates’ diameter mean (SD) value of each population was evaluated throughout the four 

days of the experiment and compared with the “best condition” population (C1 condition for DF6), 

Figure 30. The calculation of the coefficient of variation was also performed and compared between 

the three cell lines (once again with the results of C1 population), Figure 31.  

These results suggest that the DF6 cell line shows higher variability between aggregates’ 

dimensions (30-57%), whereas the Gibco cell line displays the lower variability (11-23%), from the 

studied cell lines. It is also evident that the DF6 cell line shows higher aggregates’ dimensions mean 

values, along the experiments, when compared with TCLab and Gibco cell lines.  
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Figure 30 – Comparison between the aggregates’ size evolution from day 1 (d1) until day 4 (d4), for each 

cell line. Mean (SD) values. In this study cells from TCLab (CA8), Gibco (CA8) and DF6 cell lines (C1 from CA7) were used, 

cultured from day 0 to day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (5ng/mL). From day 1 until day 4, 

cells were cultured in StemPro
®
-34 supplemented with Activin A (5ng/mL) and BMP4 (1ng/mL), bFGF (5ng/mL) and CHIR 

(1μM). These experiments were performed under hypoxia conditions. (n=1). 

 

Figure 31 – Coefficient of Variation evolution from day 1 (d1) until day 4 (d4), for each cell line. Mean (SD) 

values. In this study cells from TCLab (CA8), Gibco (CA8) and DF6 cell line (C1 from CA7) were used, cultured from day 0 to 

day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (5ng/mL). From day 1 until day 4, cells were cultured in 

StemPro
®
-34 supplemented with Activin A (5ng/mL) and BMP4 (1ng/mL), bFGF (5ng/mL) and CHIR (1μM). These experiments 

were performed under hypoxia conditions. (n=1). 

Once again, the seeding density may be crucial for the desired differentiation of the 

aggregates, inclusive for aggregates final dimension on day 4-populations and, probably, to FC 

results. However, when comparing the values present in Table 9, the number of TCLab cells both in 

the seeding (d0) and on day 4 was the highest one, yet the aggregates dimensions were lower than 

the DF6 ones (Figure 30). Moreover, FC results showed lower expression of primitive streak markers 

than the expected. Leading to a possible final conclusion: more important than the seeding density, 

could be the aggregates’ dimension. 
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4.3. Side Projects 

4.3.1. 3D printing of “multiwell masters” 

Along with the development of this thesis, it was supposed to reach a phase where the size of 

the aggregates would be studied by using Craft protocol. For that, a microwell system would be used 

in order to better control the size and shape of the aggregates – as illustrated in Figure 32 (B). These 

microwell systems are already available in the market (e.g. AggreWell™) and are used to standardize 

and make more reproducible experiments. Their utilization would provide a robust and homogeneous 

3D environment to the aggregates, since the size of aggregates (or micropellets) would be controlled, 

allowing the development of an also robust protocol. Its utilization would also be interesting since it 

would be able to conclude if the aggregates’ dimension was an important parameter in respect to the 

small molecules diffusion and, consequently, in the quality and quantity of the obtained chondrocytes, 

or not. 

However, because commercial AggreWell™ plates are expensive and in the majority of the 

time their use is limited in the Lab, the necessity of creating a new culture platform to perform forced 

cell aggregation arised. Apart from the commercial AggreWell™, the already existing system in the 

Lab – agarose microwells masters – is not practical and is very time consuming. Reasons why it was 

thought to print a 3D “master” top-plate with the desired shape that could then be placed in a 12-well 

bottom culture plate filled with agarose. To better understand the design, please look at Figure 33.  

As can be seen in Figure 33, the design of the master pieces has suffered some alterations 

over the time because different configurations were thought. 

The desired size of the aggregates was thought to be between 100μm and 300μm, by 

comparing to the commercial microwell systems available and according with previous studies 

performed in the Lab, it was concluded that the adequate dimensions of the pyramids need to be 

approximately 800μm. A simplified representation of one of those pyramids is illustrated in Figure 32.  

As in the commercial AggreWell™ plates, cells are supposed to settle in the bottom of the 

pyramid, forming a small dense aggregate. Moreover, size could be easily modified by adjusting the 

cell seeding concentration. 

 

Figure 32 – (A) Square Pyramids dimensions. (B) Illustration of an aggregate formation inside of a single 

microwell. 

A B 
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Figure 33 – 3D Microwell Master. (A) Detail of the top view of a square pyramid with 798μm; (B) Detail of the perspective 

view of the arrange of square pyramids; (C) Perspective view of the bottom of the master; (D) Initial configuration of the master 

for one well; (E) Top view of the master plate; (F) Perspective of the front view of the master plate; (G) Side view of the master 

plate; (H) Real image of the 3D printed master plate; (I) Real image of the 3D printed master. All the pieces were drawn in 

Sketch Up 2017 and printed in MakerBot
®
 Replicator™ 2X Experimental 3D printer. 

The material of the master had to be hard but at the same time suitable for autoclaving 

procedures in order to be sterilized. PLA, one of the materials available in the Bioengineering Lab, 

seemed to be the best candidate taking into consideration the desired characteristics. 

Some printing experiments were made without success because the available printer in the 

Lab has not the sufficient sensitivity (resolution) to print the square pyramidal shape needed, it was 

verified that the printed pieces suffered a blur. 

This side project was only possible with the help of Eng. Ana Carina Manjua. All the pieces 

were design by her, and the printing part was made with her help. 
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Chapter 5. Conclusions 

5.1. Concluding Remarks 

Even knowing that the obtained results are, in the majority of the times, not comparable or 

even statistically irrelevant, hopefully they will be a key for the future work that has to be done. They 

suggest that each cell line possesses its own intrinsic levels of activation of certain signalling 

pathways, being very distinct from each other. Ideal concentrations of the main molecules have, 

therefore, to be tuned for each cell line, in both protocols (Craft and Wang).  

Craft’s based experiments were inconclusive: none of the tested conditions provided high 

percentages of cells expressing primitive streak markers. Nevertheless, the obtained results seem to 

point in direction to the importance of aggregates’ dimensions. 

Wang’s based experiments gave some interesting results; I profoundly believe that an open 

window was left to explore in the neural field with the early neural rosettes obtained, in the MSC field 

with the possibility of initiating a new era where MSCs will start to be differentiated from hiPSCs, and 

also in the commitment of the different lineages from those MSC-like populations. 

In conclusion, although the final objective of establishing a robust protocol for production of 

chondrocytes from hiPSCs was not achieved and a lot of failures have guided this journey, the truth is 

that some thresholds have been overcome: MSC-like populations were successfully obtained from 

hiPSCs, and chondrocytes were obtained from one of the tested conditions. 

5.2. Future Perspectives 

As addressed beforehand, one of the major shortcomings of this work was the lack of 

biological replicates for the various experiments and also the lack of a proper characterization of the 

cells. From my point of view, these two points must be one of the focuses within the future work. 

In protocols where MSC-like populations are obtained (Wang, Nejadnik and similar), a lot of 

work has to be performed. In the nearest future, FBS substitutes could be used (hopefully limiting the 

heterogeneity of the ending populations), the performance of other adhesion substrates could be 

evaluated, new medium formulations could be tested (for example Xeno-free MSC medium). In a more 

distant future, the development and study of ways of isolation, separation and purification of the 

obtained populations would be desired. On the other hand, in Craft protocol, I would start by 

performing a factorial design with three main parameters: concentration of molecules, size of the 

aggregates and normoxia vs hypoxia conditions. I think it would be the easiest and the faster way of 

obtaining the optimal condition for each cell line. 

Some alternatives to Craft protocol to reach primitive streak populations could also be studied, 

for instance Yu’s protocol (based on [107]); it would be interesting to test this protocol with the 

available cell lines and compare the results given by both protocols.   
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Annex A 

Reagents 

. A83-01 (Stemgent, Cat. no.: 04-00-14, 2mg) 

. Accutase
®
 solution (Sigma-Aldrich

®
, Cat. no.: A6964, 500mL) 

. Alexa Flour™ 488 goat anti-mouse IgG (H+L) (Invitrogen™, Thermo Scientific, Cat. no.: A11001, 2mg/mL) 

. Alexa Flour™ 488 goat anti-rabbit (Life Technologies, Cat. no.: A11008, 0.5mL) 

. Alexa Flour™ 546 goat anti-mouse IgG (H+L) (Invitrogen™, Thermo Scientific, Cat. no.: A11003, 0.5mL) 

. Alexa Flour™ 546 goat anti-mouse IgM (μ chain) (Invitrogen™, Thermo Scientific, Cat. no.: A21045, 250μL) 

. Alexa Flour™ 546 goat anti-rabbit IgG (H+L) (Invitrogen™, Thermo Scientific, Cat. no.: A11010, 0.5mL) 

. Anti-h/mSOX2 IgG 2A (R&D Systems
®
, Cat. no.: MAB2018, clone 245610, 100μg) 

. Anti-hNESTIN IgG1 (R&D Systems
®
, Cat. no.: MAB1259, clone 196908) 

. Anti-Nestin IgG1 (EDM Millipore, Cat. no.: MAB353, clone rat-401, 100μg) 

. Anti-OCT4 (EMD, Millipore, Cat. no.: MAB4419, clone 7F9.2, 100μg) 

. Anti-PAX6 (BioLegend, Cat. no.: 901301, clone Poly19013, 100μL) 

. Anti-SSEA-4 (Stemgent, Cat. no.: 09-0006, 0.1mL) 

. Anti-TRA-1-60 (Stemgent, Cat. no.: 09-0010, 100μL) 

. B27 Minus Insulin (50x) (Gibco
®
, Cat. no.: A18956-01, 10mL) 

. BMP4 (Stemgent, Cat. no.: 03-00-07, 10μg) 

. BSA (Sigma-Aldrich
®
, Cat. no.: 124K0609, 96%) 

. CD105 (BioLegend, Cat. no.: 323206, clone 43A3, 500μL) 

. CD140a (R&D Systems
®
, Cat. no.: FAB1264F) 

. CD309 (BioLegend, Cat. no.: 338915, clone HKDR-1, 125μL) 

. CD56 (BD Pharmigen™, Cat. no.: 555516, 2mL) 

. CD73 (BioLegend, Cat. no.: 344004, clone AD2, 2mL) 

. CD80 (BioLegend, Cat. no.: 305208, clone 2D10, 2mL) 

. CD90 (BioLegend, Cat. no.: 328110, 2mL) 

. CELLstart™ CTS™ (Gibco
®
, Cat. no.: A10142-01, 2mL) 

. CHIR99021 (Stemgent, Cat. no.: 04-0004, 2mg) 

. DAPI (Sigma-Aldrich®, Cat. no.: 10236276001, 10mg) 

. DMEM (Gibco
®
, Cat. no.: 3160-091, 50L) 

. DMEM-F12 (Gibco
®
 by Life Tecnologies, Cat. no.: 32500-035, 10L) 

. DMSO (Gibco
®
) 

. Dorsomorphin (Sigma-Aldrich
®
, Cat. no.: P5499, 5mg, CAS Number 866405-64-3) 

. E6™ (Gibco
®
, Cat. no.: A1516401, 500mL) 

. E8™ (Gibco
®
, Cat. no.: A1517001, 500mL) 

. FBS (ES-Q) (Gibco
®
, Cat. no.: 16141-079, 500mL) 

. FBS (MSC-Q) (Gibco
®
, Cat. no.: 12662-029, Lot.: 1800784, 500mL) 

. Gelatin solution (Sigma-Aldrich
®
, Cat. no.: G1393-100H, 100M6128) 

. Glutamax™ (100X) (Gibco
®
, Cat. no.: 35050-038, 100mL) 

. Human bFGF (PeproTech, INC., Cat. no.: 100-188, 50μg) 

. HCl (Fisher Chemical, Cat. no.:10294190, 37%, SG 1.18, MW 36.46, 1L) 

. KnockOut™ Serum Replacement (Gibco
®
, Cat. no.: 10828-028, 500mL) 

. L-Glutamine 200mM (100x) (Invitrogen™, Cat. no.: 25030-024, 100mL) 
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. Matrigel
®
 matrix (Corning

®
, Cat. no.: 354230, 10mL) 

. MEM-NEAA (100x) (Gibco
®
, Cat. no.: 11140-035, 100mL) 

. Mesencult™ Attachment Matrix (STEMCELL™ Technologies, Cat. no.: 05444, 1mL) 

. Mesencult™-ACF 5X Supplement (STEMCELL™ Technologies, Cat. no.: 05452, 100mL) 

. Mesencult™-ACF Basal Medium (STEMCELL™ Technologies, Cat. no.: 05451, 400mL) 

. mIgG1 FITC (BioLegend, Cat. no.: 400110, 500μL) 

. mIgG1 PE (BioLegend, Cat. no.: 400114, clone: MOPC-21, 500μL) 

. mIgG1 PerCP/Cy5.5 (BioLegend, Cat. no.: 400150, 500μL) 

. Minimum Essential Medium Eagle Alpha Modification (αMEM) (Sigma-Aldrich
®
, Cat. no.: M0644, 10x1L, Lot.: LBP6631V) 

. mTeSR™1 (STEMCELL™ Technologies, Cat. no.: 85851, 400mL) 

. mTeSR™1 5X Supplement (STEMCELL™ Technologies, Cat. no.: 85852, 100mL) 

. mTeSR™1 Minus Selected Factors (STEMCELL™ Technologies, made by order, 500mL) 

. NaCl (Sigma-Aldrich
®
, Cat. no.: 59625-1kg, CAS.:7647-14-5) 

. NGS (Sigma-Aldrich
®
, Cat. no.: G9023, 10mL) 

. PBS (Gibco
®
, Dulbeco’s Phosphate Buffered saline, Cat. no.: 21600-069 1x10L) 

. PenStrep (Gibco
®
, Cat. no.: 15140-122, 100mL) 

. PFA (Sigma-Aldrich
®
, Cat. no.: 30525-89-4, 1kg) 

. Rabbit anti-ZO-1 (N-term) (Life Technologies, Cat. no.: 402300, 100μg/400μL) 

. rh/m/rActivin A (R&D Systems
®
, Cat. no.:338-AC, Lot: BNV3916021, >95% , 50μg) 

. ROCKi (Y-27632) (StemMACS™, MACS Miltenyi Biotec, Cat. no.: 130-103-922, 2mg) 

. RPMI Medium 1640 (1x) (+)-Glutamine (Gibco
®
, Cat. no.: 11875-093, 500mL) 

. Saponin (Sigma-Aldrich
®
, 47036-50g-F, Cat. no.: 8047-15-2) 

. SB-431542 (StemMACS™, MACS Miltenyi Biotec, Cat. no.: 130-105-336) 

. Sodium bicarbonate (Sigma-Aldrich
®
, S5761-1kg, Cat. no.: 144-55-8) 

. StemPro Osteocyte/Chondrocyte Diff. Basal Medium, (+) 1g/L D-Glucose (Gibco®, Cat. no.: A10069-01) 

. StemPro
®
-34 Nutrient Supplement (Gibco

®
 by Life Technologies™, Cat. no.: 10641-025; 13.0mL) 

. Triton X-100 (Sigma-Aldrich
®
,T-284-100mL, Cat. no.: 902-93-1) 

. Trypan Blue Stain (0.4%) (Gibco
®
, Cat. no.: 15250-061, 100mL) 

. TrypLE™ Selected (10X) (Gibco
®
, Cat. no.: A12177-01, 100mL) 

. UltraPure™ 0.5M EDTA (Invitrogen™, Cat. no.: 15575-038, 100mL) 

Material 

. “Mr. Frosty”, Cryo 1ºC Freezing container (Nalgene
®
, Cat. no.: 5100-0001) 

. 0.2μm Filter for 50mL Syringe (Millex
®
 GV, Cat. no.: SLGV033RB) 

. 5mL Polystyrene Round-Bottom tube (Falcon
®
, Cat. no.: 352052) 

. CryoTube™ Vials (Thermo Scientific™, Cat. no.: 366656) 

. Falcon
®

 Tubes (Corning
®
, Cat. no.: 352096 (15mL), Cat. no.: 352070 (50mL)) 

. Filter Upper-cup 0.2μm, PES membrane (VWR
®
, Cat. no.: 514-0340 (500mL), REF.: 114-0342 (1000mL)) 

. Serological Pipettes (Cat. no.: PN5E1 (5mL), Cat. no.: PN10E1 (10mL), Cat. no.: PN25E1 (25mL)) 

. Haemacytometer (Superior Marienfeld, model Neubauer improved) 

. Syringe - 50mL (PIC solution, 50mL, Cat. no.: 03.079002.090.500) 

. Tissue Culture Plates Flat Bottom with Low Evaporation Lid (Falcon
®
, Corning

®
, Cat. no.: 353046 (6-wells), Cat. no.: 

353043 (12-well), Cat. no.: 353047 (24-well), Cat. no.: 353072 (Microtest™ 96-well)) 

. Costar
® 

24 Well Clear Flat Bottom Ultra Low Attachment Multiple Well Plates (Corning
®
, Cat. no.: 3473) 

. Costar
® 

6 Well Clear Flat Bottom Ultra Low Attachment Multiple Well Plates (Corning
®
, Cat. no.: 3471) 
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Equipment 

. 3D printer (Maker Bot® Replicator™ 2X, Experimental 3D printer) 

. Autoclave (AJC. Uniclave 88) 

. Centrifuge (HERMLE Labortechnik GmbH, Z300 K) 

. Centrifuge (HERMLE Labortechnik GmbH, Z400 K) 

. Flow Cytometer (Becton Dickinson Biosciences
®
, FACSCalibur™) 

. Fluorescence illuminator (Leica Kubler CODIX) 

. Frozen (-20ºC) (AEG, Arctis, No Frost) 

. Frozen (-80ºC) (New Bronswick, U550 Premium) 

. Hypoxic Incubator (Thermo Scientific series 8000 WJ) 

. Incubator (IN CO2 Memmert GmbH) 

. Laminar Flow Chamber (TOP SAFE 1.2 BioAir, H06L51N0366) 

. Liquid/vapour phase nitrogen tank (Statebourne, Biorack 3000) 

. Microscope (Leica DMI 3000 B) 

. Microscope camera (Nikon Digital Camera DXM 1200 F) 

. Milli-Q (Millipore, Integral 3) 

. Optical Microscope (Olympus, model CKX31) 

. Refrigerator (4ºC) (AEG, Santo) 

. Water Bath (LAUDA, model AQUAline AL5) 

Software 

. Flow Cytometer Acquisition software (Becton Dickinson Biosciences®, CellQuest™) 

. Flow Cytometer Analysis software (Turku Centre for Biotechnology, Flowing Software 2.0) 

. Imaging processing software (Fiji, ImageJ) 

. Microscope Image Acquisition software (Nikon ACT-1, version 2.70) 
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Annex B 

 

Figure 34 – Schematic comparison between the studied protocols for chondrogenic differentiation of 

hiPSCs. Units for Y-27632, A83-01, CHIR and DM are in μM, all the other units are in ng/mL. Based on Wang et 

al., (2015), Nejadnik et al., (2015) and Craft et al., (2015). 
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Annex C 

      

Figure 35 – Flow cytometric analysis showing the expression of the pluripotency markers OCT4, SOX2, 

SSEA4 and TRA-1-60, on TCLab hiPSCs. Cells from TCLab cell line, p42, previously expanded on Matrigel
®
-

coated culture plates in mTeSR™1 medium. Representative histograms demonstrating the expression of different 

antigens (dark) are plotted against isotype controls (white) for non-specific staining. (Data kindly provided by PhD. 

student Ana Rita Gomes). (n=1). 
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Annex D 
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Annex E 

    

 

 

Figure 36 – Results from CA7. Aggregates diameter evolution from day 1 until day 4, for the studied 

conditions (left) and aggregates diameter evolution for the studied conditions, from day 1 until day 4 

(right). Flow cytometric analysis showing the CD309 and CD56 expression, in day-4 populations. 

Representative histograms demonstrating the expression of different antigens (dark) are plotted against isotype controls (white) 

for non-specific staining. Coefficient of Variation evolution. Above each bar is represented the SD error bar. C1: 5 ActA + 

1 BMP4; C2: 5 ActA + 15 BMP4; C3: 5 ActA + 30 BMP4; C4: 1 ActA + 15 BMP4; C5: 1 ActA + 30 BMP4; C6: 10 ActA + 30 

BMP4. ActA and BMP4 in ng/mL. In this study cells from DF6 cell line were used, CA7, p51, cultured from day 0 to day 1 in 

StemPro
®
-34 supplemented with ROCKi (10μM) and BMP4 (5ng/mL). From day 1 until day 4, cells were cultured in StemPro

®
-

34 supplemented with Activin A (in the indicated concentration), BMP4 (in the indicated concentration), bFGF (5ng/mL) and 

CHIR (1μM). This experiment was performed under hypoxia conditions. (n=1).  
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Annex F 

  

 

 

Figure 37 – Results from CA6. Aggregates diameter evolution from day 1 until day 4, for the studied 

conditions (left) and aggregates diameter evolution for the studied conditions, from day 1 until day 4 

(right). Flow cytometric analysis showing the CD309 and CD56 expression, in day-4 populations. 

Representative histograms demonstrating the expression of different antigens (dark) are plotted against isotype controls (white) 

for non-specific staining. Coefficient of Variation evolution. Above each bar is represented the SD error bar. In this study 

cells from DF6 cell line were used, CA6, p47, cultured from day 0 to day 1 in StemPro
®
-34 supplemented with ROCKi (10μM) 

and BMP4 (in the indicated concentration). From day 1 until day 4, cells were cultured in StemPro
®
-34 supplemented with 

Activin A (3ng/mL), BMP4 (3ng/mL), bFGF (5ng/mL) and CHIR (1μM). This experiment was performed under normoxia (N) and 

hypoxia (H) conditions. (n=1). 
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