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Abstract 

 

 

The discovery of human induced pluripotent stem cells (hiPSCs) has revolutionized the 

research in the stem cell field. In addition to their long-term self-renewal capacity, these cells can be 

differentiated towards any cell lineage in the human organism, representing a valuable tool for 

regenerative medicine, drug screening and disease modelling. For instance, the commitment of 

hiPSCs into the neuronal lineage brings great promise in finding new solutions for neurodegenerative 

diseases. Nevertheless, robust, reproducible and efficient culture systems have to emerge in order to 

expand and differentiate hiPSCs with high yields, obtaining the quantities necessary to execute those 

applications. Previous reports on the role of an endogenous bile acid, tauroursodeoxycholic acid 

(TUDCA) as an anti-apoptotic, proliferative and differentiation-modulating agent in neural stem cell 

(NSC) cultures have motivated the study of the effect of this bile acid in both hiPSC expansion and 

neural commitment into neural progenitor (NP) cells. In this work, different concentrations of TUDCA 

were added to a biochemically-defined hiPSC culture media. Although the bile acid did not appear to 

influence cell viability and pluripotency, it significantly induced higher fold increases in the number of 

cells for concentrations ranging 5 to 10 μM, when compared to controls. A hiPSC neural commitment 

protocol with addition of TUDCA was implemented, with successful generation of Pax6
+
/Nestin

+
 NPs 

within 12 days and posterior generation of rosette-like structures. Notably, quantification of rosettes 

showed an increase of 56% and 99% in cultures treated with 5 and 10 μM of TUDCA, respectively, 

when compared to controls. Here, we demonstrated for the first time the influence of TUDCA in the 

proliferation and differentiation of hiPSCs, revealing that this bile acid had a positive influence in both 

processes. Importantly, in the future, these findings could be translated to large-scale culture systems. 
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Resumo 

  

 

 A descoberta de células estaminais pluripotentes induzidas humanas (hiPSCs) revolucionou a 

investigação no campo das células estaminais. Para além da sua capacidade de se auto renovarem a 

longo prazo, estas células podem ser diferenciadas em qualquer linhagem celular que constitui o 

organismo humano, sendo ferramentas valiosas em medicina regenerativa, testes de fármacos e 

modulação de doenças. Por exemplo, o comprometimento neural de hiPSCs pode contribuír para 

encontrar novas soluções para doenças neurodegenerativas. No entanto, são necessários sistemas 

de cultura celular robustos, reprodutíveis e eficientes para expandir e diferenciar hiPSCs com 

rendimentos elevados, obtendo as quantidades necessárias para as aplicações mencionadas. 

Experiências prévias quanto ao ácido tauroursodesoxicólico (TUDCA), um ácido biliar endógeno, 

como agente anti-apoptótico, proliferativo e modulador da diferenciação de células estaminais neurais 

(NSC), motivou o estudo do seu efeito na expansão e comprometimento neural de hiPSCs em 

progenitores neurais (NP). Neste trabalho, foram adicionadas diferentes concentrações de TUDCA a 

meios de cultura definidos de hiPSCs. Embora a substância não tenha influenciado a expressão de 

marcadores de pluripotência e viabilidade cellular, observou-se um significativo aumento da 

proliferação para as concentrações entre 5 e 10 μM, quando comparada com os controlos. Foi 

implementado um protocolo de comprometimento neural de hiPSCs com adição de TUDCA, para a 

formação de NPs Pax6
+
/Nestin

+ 
no prazo de 12 dias e o posterior aparecimento de rosetas neurais. A 

quantificação de rosetas mostrou um aumento de 56% e 99% para as concentrações de 5 e 10 μM, 

respectivamente, quando comparando com o controlo. Este trabalho foi a primeira tentativa de testar 

a influência do TUDCA na proliferação e diferenciação de hiPSCs. Os resultados demonstraram a 

influência positiva que o TUDCA teve em ambos os processos e, no futuro, espera-se que estes 

desenvolvimentos possam ser transferidos para sistemas de cultura em larga escala. 
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I.INTRODUCTION 

I.1 Stem Cells 

 

Stem cells are, by definition, primitive cells capable of self-renewing themselves as well as giving 

rise to other cell types with a more specialized function by processes of differentiation (U.S. 

Department of Health & Human Services, 2009). In some human organs, these cells constantly keep 

dividing themselves to replace aged tissue whereas in others they just divide under specific 

conditions.  

Taking the mentioned properties into consideration, they are becoming increasingly pointed out as 

significant regenerative medicine tools. However, further research is needed to study the properties 

and signalling mechanisms of the distinct types of stem cells so as to embrace their full potential. In 

addition, the laboratory processes involved in dealing with these cells are usually complex and time-

consuming, delaying the progress in results and their applications in the clinical environment.  

Human stem cells can be classified according to their differentiation potential or their tissue 

source. Differentiation potential translates on the multiplicity of cells that a particular stem cell type can 

give rise to (Figure I.1). For instance, these stem cells are totipotent when they are capable of 

generating any type of human tissue; pluripotent if they can generate all cell types belonging to the 

three embryonic layers (ectoderm, mesoderm and endoderm), but not extraembryonic tissues, which 

support the embryo development during pregnancy; multipotent if they can generate a number of 

different cell types, although belonging to the tissue form where they were collected; and, finally, 

unipotent if they can only differentiate into one cell type. 

 

Figure I.1: Differentiation potential of stem cells (stemcellresources.org) 
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Figure I.2: Stem Cell Sources (Bongso and Lee in Stem Cells - From Bench to Bedside, World Scientific 
Publishing Com, 2010) 

 

According to their source, the more primitive stem cells are collected during embryo development, 

and later on from fetuses or from neonatal tissues such as the umbilical cords, while adult stem cells 

can be obtained from a fair amount of tissues present in the human body, as seen in Figure I.2. 

 

I.1.1 Human Pluripotent Stem Cells (hPSCs) 

 

 

As mentioned in the previous section, a single pluripotent stem cell is capable of differentiating 

into all cells from the three germ layers that give origin to the human body. Also, in theory, they have 

indefinite self-renewal capacity, associated with high telomerase activity, while maintaining the 

pluripotent state. Therefore, they undergo symmetric divisions in culture over long periods of time 

without differentiating. Taking this into consideration, it becomes obvious that these cells can offer a 

large contribution to biomedical research. Indeed, they can be used as valuable models for in vitro 

drug screening, fundamental biology studies, investigating possible genetic and cellular phenomena 

involved in some diseases and, of course, for regenerative medicine purposes.  

There are four types of PSCs, including embryonic stem cells (ESCs), induced pluripotent stem 

cells (iPSCs), embryonal carcinoma cells (ECCs) and embryonic germ cells (EGCs). 

ESCs are cell lines that can be obtained by in vitro culture following isolation from the inner cell 

mass of the blastocytst, in the 5
th
 day of the embryo development. They have been isolated for the first 

time from mouse embryos in 1981 by two groups in parallel, one from the University of Cambridge and 

another from the University of California
1,2

 both showing that following isolation and in vitro culture, 
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ESCs would be generated. Seventeen years later, at the University of Winsconsin-Madison, human 

ESCs (hESCs) cells were successfully isolated and grown in culture
3
. 

The characterization of these cells allowed to conclude that human ESCs express specific 

intracellular pluripotency markers like Oct-3/4, Sox2 and Nanog and have cell surface markers such 

as Tra-1-60, Tra-1-81, SSEA-3 and SSEA-4
4–6

. Further characterization (StemBook protocols) has 

then confirmed their pluripotency through in vitro forced differentiation protocols and in vivo teratoma 

formation when injected into immunocompromised (SCID) mice.  

Regarding the potential sources of embryos, the most common sources have been embryos no 

longer needed from in vitro fertilization clinics. More recently, the technology of somatic cell nuclear 

transfer has arisen as a potential strategy to create viable embryos that can be used for research
7
.  

In spite of their potential, hESC tend to accumulate mutations and reduce their differentiation 

potential when cultured for long periods of time. Also, there is a great amount of controversy on the 

ethical issues surrounding the use of human embryos. Finally, even though one could generate 

tissues for transplantation, the fact that these cells are generated from embryos from different donors 

could result in immune rejection. 

Regarding the other types of PSCs mentioned: EGCs are isolated from the germ cells in the 

gonadal ridge of the 5-10 weeks fetus and the ECCs are aneuploid cells isolated from a tumour in the 

gonads (teratocarcinoma). iPSCs have been the main subject of this work and are developed further 

in the next sections. 

 

I.1.1.1 Human Induced Pluripotent Stem Cells (hiPSCs)  

 

In order to overcome both the ethical issues surrounding ESCs and avoid the tissue rejection 

problem after transplantation, the option of generating pluripotent cells directly from the patient’s 

somatic cells constituted a major breakthrough in the stem cell research field. In 2006 in Kyoto, 

Takahashi and Yamanaka managed to obtain PSCs from mouse adult fibroblasts by using 

retroviruses and four transcription factors: Oct3/4, Sox2, c-Myc and Klf4. The generated cells were 

named induced pluripotent stem cells, or iPSCs
8
. One year later, this team achieved the same result 

with human fibroblasts, generating hiPSCs
7
. In 2008, the successful reprogramming of mouse and 

human fibroblasts was confirmed without c-Myc, which is potentially tumorigenic
9
. 

 Over the years, more advanced and efficient protocols have appeared
10

 by using, for example, 

other types of original adult somatic cells, like epithelial cells. Nonetheless, depending on the 

application of the iPSCs, researchers must keep working to find the best cell source and 

reprogramming techniques as well as to unravel the mechanisms of reprogramming. Moreover, to 

avoid genomic insertion of these specific transcription factors, vectors like adenoviruses, Sendai 

viruses, minicircles, episomal plasmids and other non-integrating ones have been explored. Also, 

reprogramming has already been accomplished using fewer transcription factors combined with the 

use of small molecules
11,12

. 

However, one of the main challenges has been to combine these novelties with an increase in the 
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reprogramming efficiency. The Yamanaka protocol has shown efficiencies merely surrounding 0.01-

0.1% and, as a result, there is the need to recur to efficient cell bioseparation/enrichment methods to 

select the few pluripotent cells, which, in turn, are expensive and difficult to implement. One possible 

explaination is that, in the process of obtaining the pluripotent cell from the somatic one, a few cells 

stay at an intermediate state, not achieving the state of complete pluripotency. Such issue applies not 

only to the reprogramming phase but also to differentiation of PSCs into a certain desired faith, which 

can be prevented. The explanation relies on the fact that reprogrammed cells tend do bear epigenetic 

memory of the original cells that can favour differentiation into the donor tissue lineage
13

. This means 

that there are mechanisms extrinsic to the DNA sequence, like histone modifications or DNA 

methylations that influence gene expression and impose restrictions on reprogramming and 

differentiation processes. To this regard, by modulating signalling pathways using small molecules
14

, 

mRNA and micro RNAs (miRNA), efficiencies up to 1-2% have already been registered
10

. 

Another problem is that, even though we can obtain a high amount of cells through self-renewal 

when expanding iPSCs, if cultured for a long time, they start having clonal variations and genomic 

mutations.  

Also, there is lack of well-established differentiation protocols towards all the cell types, where the 

most efficient ones available are directed to neural differentiation. Thus, further investigation must 

point in the direction of generating as many types of human cells as possible from the pluripotent state 

in order to use iPSCs for research and clinical purposes. 

Following reprogramming, the pluripotency tests applied to iPSCs are those already mentioned for 

hESCs: evaluation of cell morphology - namely whether it is similar to ESCs morphology - and 

presence of high self-renewal capability, associated with high levels of telomerase. Also, there is the 

need to confirm the expression of the same pluripotency markers, including the surface markers 

SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81 and, intracellular markers such as Oct3/4, Sox2 and 

Nanog. Of note, tests based on extracellular markers may allow re-using the cells after the test while 

the use of intracellular protein antigens compromises cell integrity. Still, the more stringent evaluation 

of pluripotency is the ability to generate teratomas when injected into immunocompromised mice. 

The possibility of obtaining patient-specific iPSCs and their derivatives lead the way to multiple 

developments in a wide-range of fields already mentioned. For example, they allow discovering and 

testing new drug compounds and observe or dismiss their therapeutic effect on every possible cell 

differentiated from iPSCs. Furthermore, using patient-specific cells from a specific disease might allow 

to mimic the disease in vitro
15–17

 and possibly correcting the disease-associated mutated genes. 

Indeed, the autologous transplantation of differentiated cells (or engineered tissues) to repair damages 

occurring in the organism would be feasible and the possibility of rejection immediately put aside.  

 

I.1.1.1.1 Culture systems for hiPSCs 

 

 The culture conditions applied for successful proliferation, survival and differentiation are very 

similar for hESCs and hiPSCs.  
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PSCs are anchorage-dependent, meaning that they require a substrate to adhere and support 

their growth and differentiation. Regarding this, it is important to have in consideration that the 

composition of this substrate is as important as its mechanical properties and architecture. Moreover, 

not only they need the appropriate cell-matrix interaction but also direct cell-cell interactions. In fact, 

neighbouring cells provide signals that are determinant for cell survival. Therefore, they grow as 

colonies and cannot survive as single cells. In addition to adherence, a combination of soluble factors 

must be present in the culture medium to maintain the pluripotent state or allow differentiation into a 

certain desired lineage.   

Concerning adherent substrates, in a historical perspective, PSCs started by being cultured on 

feeder layers, for example mouse embryonic fibroblasts (MEFs)
3
, which was a labour-intensive 

technique, due to working with two types of cells, and also xenogeneic, considering that fibroblasts 

were from animal origin. In 2001, the use of feeder-free Matrigel-coated surfaces was proposed
18

, 

being the most widely used method nowadays. Matrigel is not more than a gelatinous mixture of 

proteins, like laminin, collagen and others, isolated from mouse sarcoma cells that resemble the 

extracellular environment present in many tissues. It can be obtained with different formulations, in 

terms of growth factors, according to the objective, only to promote cell growth or follow a route of 

differentiation
19

. Albeit reducing the complexity of the culture systems, Matrigel still presents the issue 

of xenogeneic origin and possible variability between batches, which prevents further uses of the 

pluripotent cells for regenerative medicine conforming Good Manufacturing Practices (GMP) 

guidelines. Other recent developments have now included the use of human feeders or their 

derivatives
20,21

, recombinant protein coated surfaces
22,23

 and even fully synthetic polymeric matrices
24

. 

These last methods, although showing great promise in the future, are still expensive and 

underdeveloped. 

Concerning cell-cell interactions, hPSCs naturally grow as colonies, turning the single cell 

passaging for analysis, counting and other experimental manipulations a more difficult process. These 

interactions occur through membrane integrins, which in turn are linked to signalling pathways 

associated with cell proliferation and pluripotency maintenance. During passaging, PSCs are detached 

from each other and the surrounding extracellular matrix, loosing the normal cell-matrix interactions 

and a subtype of programmed cell death named anoikis can take place
25

. In renewable tissues, this 

process ensures homeostasis between cell division and death. In hPSC cultures, cell death is 

responsible for reducing the number of cells after each dissociation process. To prevent this, the 

passaging protocol can include a rho-associated kinase (ROCK) inhibitor, which acts on the 

cytoskeleton by interacting with a specific cascade of regulators that prevent anoikis
26

. In addition, 

other passaging procedures without using this molecule have also proven efficient, such as those 

using blebbistanin, a motility inhibitor that controls cell division, migration and adhesion
27

. When the 

main priority is to maximize cell survival, another hypothesis is to simply use the EDTA passaging 

procedure, being the method implemented in the present work
28

. This procedure uses a fast enzyme-

free method that achieves high throughput in terms of cell survival, being also an efficient way to 

dissociate, expand and cryopreserve large cultures of hPSCs. Moreover, this method does not require 

ROCK inhibitor, as cells are passaged as small aggregates maintaining some cell-cell adhesions, 
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beneficial for cell survival. EDTA is an alternative to enzymes like trypsin or accutase, being gentler to 

the cells. Cell adhesion molecules located on the cell surface, like cadherins, are calcium-

dependent
29

, meaning they require calcium to establish cell adhesion interactions. The role of EDTA is 

acting as a chelating agent that binds to calcium and prevents cadherins from different cells to bind. 

Calcium ions are therefore “stolen” into the solution and cell clumps are dissociated.  

Regarding the culture media, vital soluble factors must be included to provide pluripotency 

maintenance. Thus, to assure reproducibility, culture systems have been evolving to have a maximal 

defined medium, preferentially serum and xeno-free. In addition, culture media must be efficient in 

maintaining cell expansion but as cheap as possible. The first effort towards the elimination of serum 

from culture was the use of KnockOut Serum Replacement (KO-SR), efficient in maintaining PSCs for 

long periods of time
30

. However, the most widely used medium for hPSC culture nowadays is mTeSR, 

containing a total of 18 components, such as basic Fibroblast Growth Factor (bFGF), Transforming 

Growth Factor β (TGFβ), Bovine Serum Albumin (BSA) and others. Some of those molecules are 

associated with signalling pathways that govern the maintanence of pluripotency (Figure I.3). For 

example, bFGF has been shown to be critical to prevent cells from differentiating, being an antagonist 

of the BMP signalling pathway. Similarly, TGFβ is a cytokine that activates transcription factors that 

also result in pluripotency maintenance. On the other hand, BSA is nutritive but also a xenogeneic 

protein that can introduce batch variability and is present in considerably high concentrations in that 

medium.  
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Figure I.3: Signalling pathways responsible for self-renewal and differentiation of hPSCs (cellsignal.com) 

 

 

By studying the components present in this formulation and their interactions individually, a 

group from the University of Wisconsin
31,32

 came up with a commercially available culture medium 

composed of eight essential components – insulin, selenium, transferrin, L-ascorbic acid, bFGF and 

TGFβ in DMEM/F12 and NaHCO3 - a simple and entirely defined formulation called E8, which does 

not include BSA and still achieves similar results to TeSR in terms of maintaining expansion of hPSCs 

while maintaining their undifferentiated state. 

Still regarding the culture system architecture, as an alternative to planar culture systems, 

recent protocols rely on the use 3D PSC aggregates in suspension
33

. These can be obtained from 

dissociation of cell agglomerates, from single-cell suspensions or using microwells to control the size 

of the aggregates. The main advantage present is the facilitated scale-up and the fact that there is no 

need to introduce surfaces for the cells to adhere.  

 As a final note, incorporation of biomaterial studies in stem cell research is a valuable option to 

potentiate efficiency, scalability and safety in all steps of hiPSCs manipulation
34

. In the reprogramming 
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phase, development of biomaterial-based delivery systems, such as micro- and nanoparticles, allows 

a controlled temporal release of reprogramming factors. Furthermore, engineered biomaterial surfaces 

for 2D or 3D expansion of iPSCs bring great promise in terms of complete definition of their 

components, making the cells suitable for clinical settings. Also, they are easily scalable. Finally, since 

differentiation is not only highly dependent on the soluble factors but also on the matrix properties, like 

elasticity, stiffness and other mechanical properties, choosing a biomaterial with the right properties 

can be crucial to promote differentiation into a certain desired faith
35

. 

 

 

I.2 Differentiation of hiPSCs 

  

Theoretically, we can generate any somatic cell from an induced pluripotent stem cell. 

Multiple differentiation protocols have been established for lineages coming from the three germ 

layers, for example for neural, cardiac, hematopoietic, hepatic and pancreatic. Still, neural 

differentiation protocols are the most advanced ones in terms of knowledge and success. Studies 

performed on patient-specific neural progenitors and neurons derived from iPSCs have given great 

insight into fundamental mechanisms regarding neurodegenerative disorders and possible future 

therapies, particularly from in vitro screening of already existing and/or new developed drugs in 

these cells.  

 

I.2.1 Culture strategies for differentiation of hiPSCs 

  

Similarly to cellular expansion, the main issues to consider for iPSCs differentiation are the 

soluble factors supplemented to the culture medium, cell-cell interactions, and cells-matrix 

interactions.  

Regarding the medium factors, to direct a specific cell signalling towards a differentiation fate, 

it is pivotal to consider the concentration of these factors. Also, sometimes, the order at which the 

factors are added is crucial, since natural human tissue differentiation is a temporal sequence of 

events and one wants to mimic that in vitro. 

Currently, two culture format approaches for differentiation of pluripotent stem cells are used: 

adherent monolayer or 3D aggregates in suspension, for example, embryoid bodies (EB’s). Regarding 

monolayers, as cells are evenly disposed in culture plates, they receive equal concentrations of 

soluble factors, which is an advantage. The main challenge is scalability. However, microcarriers are a 

vehicle to overcome such hurdle, by allowing adaptation to large-scale culture under suspension. This, 

in turn, results in large numbers of cells, as desired for multiple applications. Embryoid bodies
36

 are 3D 

clusters of iPSCs that undergo differentiation into derivatives from the three germ layers, resulting in a 
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heterogeneous clump of cells that recapitulates the early embryonic development in vitro. The main 

advantage is their scalability and the fact that this system can better mimick the in vivo 

microenvironment. However, since the cells are not equally distributed in the dish, as occurs with 

monolayers, they are exposed to undesired concentration gradients of factors such as oxygen and 

nutrients. 

 

I.2.2 Neural commitment of hiPSCs 

 

Neurogenesis comprises the entire set of events until neuronal maturation. 

Figure I.4 shows early embryonic stages of the nervous system development
37

. After 

committing to the neuroectoderm, the neural plate is formed, folded and gives rise to the neural tube, 

a precursor structure of the central nervous system (CNS).  

 

 

Figure I.4: In vivo embryonic neurogenesis (wikipedia.org) 

 

In vitro, neuronal differentiation resembles such evolution (Figure I.5), from the pluripotent 

state until mature neurons passing by neural progenitor/stem cells. Neural progenitors (NPs) and 

neural stem cells (NSCs) are primitive cells that retain characteristics of the original pluripotent cell, 

like Sox2 expression. In vivo, NSCs are present in particular niches in the CNS and remain quiescent 

until receiving environmental cues to proliferate and start neurogenesis, to replace damaged neural 

cells. Importantly, such proliferative capacity of NSCs declines with age.  

Even though these populations of multipotent progenitor cells have self-renewal capacity, they 

cannot be maintained in vitro for long periods of time. The reason for that is their tendency to 

spontaneously differentiate, particularly when they are cultured as 3D structures called neurospheres, 

clumps of NSCs that give rise to neuronal and glial subtypes.  
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Figure I.5: Resemblance between in vitro and in vivo neurogenesis
37

  

 

When working with NPs and NSCs derived from PSC cultures, structures named neural 

rosettes can be observed in vitro during the neural differentiation process. Neural rosettes are 2D 

structures of columnar cells that organize themselves in a characteristic radial configuration. Such 

morphology mimics the early arrangement of the neural tube
38

 and, providing the appropriate 

differentiation cues, cells comprised within the rosettes can differentiate into neuronal and glial cell 

types. Additionally, neural rosette cells can be isolated and expanded in the presence of FGF
39

. 

Furthermore, they show positive immunostaining for NP markers such as Sox1, Sox2, Pax6 and 

Nestin
33

. In the rosettes centres there is also expression of the cell proliferation marker Ki-67 and of 

the tight junction protein Zonula occludens-1 (ZO-1). It has been reported that neural rosettes are 

formed due to acquisition of a certain polarity by the cells, hand-to-hand with an increased apical 

localization of ZO-1
40

 and, therefore, this marker is used to identify the centres of the rosettes in 

immunofluorescence microscopy.  
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I.2.2.1 Signalling pathways and the DUAL-SMAD inhibition protocol 

  

 

 Ectoderm differentiation gives rise to all skin and neural cells. The knowledge on the signalling 

pathways involved in directing pluripotent stem cells into neuroectoderm is based on the 

comprehension of the embryogenesis sequence of events.  

 TGF-β family is a wide-range of cytokines that bind to surface receptors in various cells, 

having a biological impact in cell growth, differentiation and apoptosis
41

. The members of this family 

also include the TGF-β proteins, responsible for cell cycle regulation and pluripotency maintenance 

through the TGF-β signalling pathway. Inside this general pathway, two diverse pathways can be 

pointed out: the activin/nodal and the BMP, mediated by the activin and nodal proteins and the bone 

morphogenetic proteins (BMPs), respectively (Figure I.3).  

The activin/nodal pathway induces differentiation of pluripotent stem cells into mesendoderm, 

a precursor of both mesoderm and endoderm derivatives
42

. 

  As for the BMP signalling pathway, it is responsible for differentiation of pluripotent stem cells 

into ectoderm but specifically into extra-embryonic tissues, like the trophoblast, rather than neuronal 

lineages
43

. 

 Therefore, a possible approach to neural commitment is based on inhibition of the previous 

two pathways, leaving no option to pluripotent cells than to follow neuroectoderm differentiation. This 

can be achieved by using one  small molecule that inhibits the activin/nodal pathway (SB-431542) 

combined with either noggin or LDN193189, both inhibitors of the BMP signalling pathway
44

.  

This overall protocol is defined as the Dual-SMAD inhibition protocol. SMADs are intracellular 

proteins that transduce extracellular signals from TGF-β proteins upon binding to cell receptors, 

activating TGF-β signalling pathways.  

A novel approach
45

 takes advantage of SB-431542 and LDN193189 combined, supplemented 

to a fresh serum-free N2B27 medium daily during 12 days, being the one implemented in this 

particular work. Differentiation of pluripotent stem cells into neural precursors following such protocol 

reached efficiencies over 80%
44,45

. 
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I.3 Mitochondria  

 

Mitochondria are very dynamic double-membrane organelles that are responsible for ATP 

production through oxidative phosphorylation. Also, they have impact on amino acid biosynthesis, fatty 

acid oxidation, maintenance of calcium homeostasis, redox regulation and cell apoptosis. They 

contain their own genome - mitochondrial DNA (mtDNA) – and tend to undergo cycles of fusion and 

fission, essential for maintaining their function. The volume and number of mitochondria per cell varies 

among different cell types. 

Moreover, related to this particular work, recent findings have also demonstrated that 

mitochondria play a pivotal role in regulating NSC proliferation and cell cycle progression
46

. 

 

I.3.1 Mitochondrial apoptosis signalling 

 

The number of cells in our organism is highly regulated, being controlled by the rate of cell 

divisions and cell death. Thus, when cells are unnecessary, intracellular mechanisms of programmed 

cell suicide take place. Apoptosis leads to morphologic and biochemical alterations in the cells, such 

as chromatin condensation, shrinkage of the cytoplasm, plasma membrane blebbing, DNA 

fragmentation, protein cleavage, generation of vesicles containing organelles and nuclear fragments 

that are eliminated by phagocytosis and, finally, loss of mitochondrial membrane potential. 

The induction of apoptosis depends on the relationship between cellular environment stimuli 

and cell cycle arrest. 

There are several molecular pathways involved in apoptosis. However, the most prominent is 

the so-called intrinsic pathway (Figure I.6), associated with mitochondria outer membrane 

permeabilization (MOMP). This pathway is mainly activated upon intracellular stresses and leads to 

conformational changes in pro-apoptotic proteins located in the cytosol
47,48

. Such proteins belong to 

the Bcl-2 family, a family of proteins that includes not only these pro-apoptotic proteins (Bax and Bak, 

among others) but also a few anti-apoptotic ones (Bcl-xL and Bcl-w, among others). Following 

conformational changes, the pro-apoptotic proteins migrate from the cytosol into the mitochondria, 

where they form membrane pores responsible for the release of apoptogenic factors from 

mitochondria to the cytosol, like cytochrome c. In the cytosol, cytochrome c binds to the apoptotic 

protease-activating factor 1 (APAF-1), a procaspase-9, leading to formation of the apoptosome. This 

activates the protease caspase-9, which in turn activates a cascade of other effector caspases that 

culminate in apoptosis. 
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Figure I.6: Intrinsic mitochondrial apoptotic pathway (biooncology.com) 

 

 

I.3.2 Mitochondria regulation of stem cell fate 

 

Mitochondrial integrity and function has been shown to affect stem cell fate, in terms of 

viability, proliferation, differentiation, apoptosis and, ultimately, lifespan
49

. The mechanisms by which 

this organelle controls such activities are not completely known yet. 

Mitochondria are susceptible to damage over time, for example, due to generation of reactive 

oxygen species (ROS). Endogenous ROS are generated continuously as a by-product of ATP 

production and, when accumulated in excess, induce damages in DNA, lipids, proteins, also 

promoting cell death. ROS levels are regulated by the volume and function of the mitochondria, which 

varies between cell types: the more primitive they are, the lower expected ROS levels and, therefore, 

the more stable is the genome.  
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Recently, a few studies have been focusing the role of mitochondria in stem cell fate 

determination, both in adult and PSCs. Adult cells produce energy with high efficiency through an 

aerobic process while PSCs rely on anaerobic glycolysis, with much less ROS generation
50

. 

Differentiation is therefore associated with an increase in ROS production. 

For example, in hematopoietic stem cells (HSCs), increased ROS levels lead to less self-

renewal and decrease cell viability.  

Regarding NSCs, they show lower ROS levels than more mature neural cells. Neural 

differentiation is assured by morphologic and metabolic alterations in the mitochondria, not only 

related to ROS generation but also mtDNA changes. For example, damages in mtDNA in neural 

stem/progenitor cells were shown to facilitate astroglial differentiation rather then neurogenesis
51,52

.  

In addition, a study performed in mouse ESCs (mESCs)
53

 has shown that these cells have 

only a few mitochondria, being the mtDNA content much lower in the cell, when compared with other 

cell types. However, their mitochondria are larger than in adult cells. Also, their antioxidant defenses 

show maximal activity and decrease as they differentiate, possibly due to downregulation of 

antioxidant and stress-resistance genes. This suggests that there is a strong correlation between the 

mitochondrial activity and maintenance of pluripotency. Concerning hiPSCs, the knowledge on 

mitochondrial function and correlation with cell fate is still rudimentary and doubts remain regarding 

whether dysfunctions in the somatic cells of origin may transfer into the reprogrammed cells. 

Armstrong et al.
54

 stated that ROS defense stress mechanisms and mitochondrial biogenesis in iPSCs 

are similar to ESCs. By differentiating both cell types in parallel, they observed a similar increase in 

the amount of ROS between both cell types. One possible question would be: why are mitochondrial 

mechanisms in iPSCs more alike ESCs than those found in adult cells from which they were 

reprogrammed? The fact that the oxidative stress defense is more similar to other pluripotent cells, 

rather than to the origin somatic cells, relays in part on the fact that, when reprogramming, only a 

small percentage of the adult parent mitochondrial genome is copied into the hiPSCs, having minimal 

impact in determining mitochondrial-associated mechanisms. 
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I.4 Cell Cycle 

 

In eukaryotes, the cell cycle includes three periods: interphase, mitotic or M phase and cytokinesis 

(Figure I.7).  

During interphase, there is cell growth and synthesis of proteins, which are indispensible for M 

phase. The interphase includes a synthesis or S phase and three gap phases - G0, G1 and G2. In G1, 

the number of organelles, proteins and cell size increases. Also, there is a checkpoint control to 

ensure that all the conditions are present for DNA synthesis. From state G1, a few senescent cells 

may enter the resting phase G0, where they can remain quiescent for long periods of time. On the 

other hand, they can step into the S phase, where DNA is replicated. Afterwards, there is a pre-mitotic 

gap phase, G2, where the cell continues to grow and there is also a checkpoint to ensure that the 

previously replicated DNA has no damages.  

In mitosis, from a single cell nucleus, we obtain two identical ones. Finally, with cytokinesis there 

is division of the cytoplasm, leading to duplication in the number of cells. 

 

 

Figure I.7: Cell cycle (http://www2.le.ac.uk/departments/genetics/vgec/schoolscolleges/topics/cellcycle-
mitosis-meiosis) 
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I.4.1 Cell cycle regulation 

 

The mentioned sequential cell cycle phases and transitions between them are tightly regulated 

in order to avoid abnormal cell growth and division.  

Regulation depends on molecules such as cyclin-dependent kinases (CDKs) coupled with 

cyclins, which interact and act like switches on cell cycle progression by phosphorylating proteins to 

activate or inhibit transitions from G1 to S phase or G2 to M phase. 

In addition, if DNA is damaged, the protein p53 is able to block the cell cycle progression, 

having higher expression levels in damaged cells. If the damage is irreparable, apoptosis occurs. 

Indeed, cancer is often associated with a p53 mutation.  

There is also evidence that p27 protein also regulates cell cycle by binding to cyclins and 

CDKs and preventing the G1/S phase transition.  

Other proteins responsible for cell cycle control are, for example, the E2F-1 transcription factor 

and the retinoblastoma protein family (pRb)
55

. E2F-1 regulates the expression of cell proliferation-

related genes and, under stress conditions it can also induce apoptosis. Such induction process is 

tightly related to pRb phosphorylation. In fact, pRb is considered a tumor suppressor protein, 

preventing cell cycle progression from G1 to S phase by preventing DNA replication and avoiding 

excessive cell growth. Normally, unphosphorylated active pRb is bound to E2F-1 and, under cell 

stress conditions, becomes phosphorylated, and inactive, release E2F-1, and activating apoptosis-

related genes. Curiously, p53 also interacts with E2F-1 to induce apoptosis. 

Cell cycle progression might be also modulated by mitochondrial retrograde signals, namely 

through an ATP and mtROS dependent manner
56

. This retrograde signalling acts on the nuclear 

cyclins and CDKs as a feedback control from mitochondrial alterations
57

. 

As a final note, mitochondria and cell cycle progression are intimately connected with stem 

cell fate. In fact, cell division and DNA replication require high amounts of energy and mitochondrial 

supply to allow cell cycle progression. On the other hand, stem cell differentiation implicates cell cycle 

exit at G1, mediated by upregulation of p21 and p27 and activation of pRb. Surprisingly, it has been 

recently demonstrated that p53 may also have a cytoprotective effect at early steps of mouse neural 

differentiation, reducing mitochondrial oxidative stress and consequently mitochondrial apoptosis-

associated events
46

. 

 

 

 

 

 

 



 17 

I.5 Bile acids 

 

 Bile acids are detergent molecules produced, in humans, mainly from the cholesterol 

metabolic pathway. Primary bile acids are synthesized in the liver cells from steroid alcohols with a 

negative feedback control on their own synthesis mediated by the nuclear bile acid receptor farnesoid 

X receptor (FRX)
58

. After suffering modifications by anaerobic bacteria present in the colon, they turn 

into secondary bile acids. Bile acids not only control their own synthesis signalling pathway but also 

act on mitochondria, cell death and survival.  

Two examples of secondary bile acids include the ursodeoxycholic acid (UDCA) and its 

taurine conjugated form, tauroursodeoxycholic acid (TUDCA) (Figure I.8), both first synthetically 

developed in 1954 (Synthesis of ursodeoxycholic acid and its conjugated bile acid. Proceedings of the 

Japanese Academy). Interestingly, both sides of the coin have been reported regarding the effect of 

bile acids on apoptosis: activation and inhibition. At pathophysiological concentrations, bile acids might 

be toxic to mammalian cells, activating death receptors and inducing mitochondrial oxidative stress, 

which leads to activation of the mitochondrial apoptotic pathway
59,60

. On the other hand, at low 

quantities they can show pertinent therapeutic effects and, among them, there is a possible inhibition 

of apoptosis.  

Among the diverse bile acids, different levels of hydrophobicity were accounted for, having a 

direct impact on their effect on live cells
61,62

. The balance hydrophobicity-hydrophilicity has impact on 

either cytotoxicity or the anti-apoptotic effect. For example, it was observed that using high levels of 

hydrophobic acids induce apoptosis in some cell types, whereas the use of hydrophilic acids like 

UDCA or TUDCA might show the positive anti-apoptotic effect.  

Having their potential beneficial features under consideration, a few bile acids are being 

studied in several fields like materials chemistry, nanotechnology and in stem cell culture systems in 

order to further understand their potential interactions with specific biomaterials and living tissues, 

namely in optimizing the bile acid concentrations that allow prevalence of the beneficial stimuli. 
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Figure I.8: UDCA and its taurine conjugated form TUDCA
63

  

 

 

I.5.1. Anti-apoptotic bile acids  

 

I.5.1.1. UDCA 

 

UDCA, more commonly known as Ursodiol among the pharmacology community, is a 

hydrophilic secondary bile acid present in our body. Both primary and secondary bile acids contribute 

to the digestion of fats. In fact, Ursodiol capsules are used to treat cholesterol gallstones within the 

gallbladder as it helps to regulate cholesterol levels by breaking up micelles and, therefore, by 

reducing its rate of absorption in the intestine
64,65

. Gallstones can be responsible for blockages in bile 

circulation from the liver to the duodenum, so, UDCA helps to remove the obstruction and improves 

bile flow.  

UDCA is an FDA-approved molecule widely used in the treatment of cholestastic liver 

diseases
66,67

, and is currently in clinical trials for amyotrophic lateral sclerosis
68

, providing a new 

framework to further exploit the potential use of bile acids as therapeutic agents. 

UDCA has shown to have an anti-apoptotic effect in those cells, by directly inhibiting the 

mitochondrial apoptotic pathway and activating several survival pathways. Furthermore, since 

mitochondrial apoptosis is common to several cell types, reseachers have already tested UDCA 

administration demonstrating that it has a general cytoprotective effect, not exclusive of liver cells
58

.  
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I.5.1.2. TUDCA 

 

 Tauroursodeoxycholic acid (TUDCA) is the taurine conjugated form of UDCA, and is also an 

organic constituent of the bile widely present in animal tissues. Curiously, TUDCA is present in great 

amounts in the bile of bears and is also found in humans but merely in trace amounts. 

Similarly to UDCA, TUDCA has also shown to be a potent inhibitor of classical mitochondrial 

apoptotic pathways
67

. As mentioned, these bile acids prevent MOMP and mitochondria apoptotic 

pathway by stabilizing the mitochondria membrane and preventing its permeabilization
58

. Moreover, 

they also inhibit pro-apoptotic proteins from the Bcl-2 family of proteins, for example Bax, preventing 

their translocation from the cytoplasm to the mitochondria (Figure I.9). 

 

Figure I.9: Mitochondrial apoptotic pathway (A.L. RIVARD et al.) 

 

 

Furthermore, they were shown to have antioxidant properties, reducing the formation of 

oxygen radicals, which in turn also contribute to the apoptotic process. Curiously, TUDCA might 

prevent cell death by acting not only on the mitochondria apoptotic pathway but also in the 

endoplasmic reticulum (ER). In fact, TUDCA was shown to be an ER stress attenuator, preventing 

protein unfolding induced by oxidative stress in the ER and also the activation of other apoptotic 

pathway apoptosis
69

. 
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I.5.1.2.1 TUDCA anti-apoptotic effect affords neural protection  

 

Neurodegenerative diseases affect an abundant percentage of the world population and are 

related to neuronal loss by apoptosis. Although their pathogenic mechanisms are quite well known at 

the moment, there is no currently effective treatment for most of them, constituting a major concern for 

the medical community and an intense research topic.  

Noteworthy, TUDCA is an orally bioavailable and CNS penetrating agent
70

. Nevertheless, the 

molecular mechanisms underlying TUDCA neuroprotection are complex and may engage a number of 

different molecular targets. Interestingly, this bile acid was also shown to have a strong 

neuroprotective effect, increasing the apoptotic threshold of neural cells, and thus revealing a great 

potential to be explored in situations of neurogenesis deficit.  

Moreover, due to its anti-apoptotic and antioxidant properties, TUDCA may also determine 

NSC fate decisions. In this respect, it has been recently demonstrated that TUDCA increases NSC 

pool and favors neuronal rather than astroglial conversion by preserving mitochondrial integrity and 

function, while enhancing self-renewal potential
46

.  

 

 

I.5.1.2.1.1 Neural protective effect of TUDCA: State of the art 

 

Many studies, both in vivo and in vitro, have elucidated this neuroprotective effect of TUDCA. 

As mentioned above, this specific bile acid preserves mitochondria integrity and function, vital to 

ensure neural cell survival and proliferation. 

A study was performed on an animal model of Huntington’s disease (HD)
71

, a genetic 

neurological disorder caused by neural death in the caudate and putamen. It is associated with 

mitochondrial insufficiency that translates into an increased susceptibility to mitochondrial apoptotic 

pathways. They showed that TUDCA reduces toxicity associated with 3-nitropropionic acid (3-NP) and 

its mediated cell death in vitro. Toxic dosages of 3-NP cause neuropathological symptoms similar to 

HD in any human or animal, with an increase in the oxidative stress leading to the mitochondrial 

apoptotic process. What is more, this experiment was the first demonstration that the bile acid can be 

delivered to the brain. To that regard, to complement the in vitro tests, also in vivo experiments were 

performed in rats and those treated with the acid had a 80% decrease in volume of lesions and 

apoptosis. 

Intracellular inclusions of huntingtin and ubiquitin fragments are observed in HD patients as 

well. A later experiment
70

 regarding HD confirmed that treatment of mice with TUDCA showed 

reduction in cell apoptosis, degeneration and also inclusion reduction, leading to improved motor and 

sensorial capacities when compared to controls. 

In 2003, a study
72

 was performed regarding the effect of TUDCA in the pathogenesis of 
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Alzheimer’s disease (AD), another concerning disease in which neuronal loss happens. Amyloid-β 

plaques are found in the brains of AD patients. They are toxic and lead to the classic apoptotic 

pathways in neural cells with Bax translocating into the mytochondria followed by cytochorome c 

release and action of the caspase cascade.  TUDCA’s anti-apoptotic effect was tested and it was 

observed a protection against amyloid- β induced cell death, by activating the nitrogen-activated 

protein kinase survival pathway that does not allow Bax mitochondrial translocation.  

Another experiment
73

 tested TUDCA’s neuroprotection in acute stroke mouse models. Acute 

ischemic stroke is caused by blockages in blood vessels that cause insufficient oxygen supply to the 

brain. It leads to neuronal metabolic compromise and oxidative stress that ultimately culminate in 

apoptosis in some neurons with Bax expression increased in those. The purpose of the study was to 

assess whether TUDCA could reduce the cerebral injury. Again, results showed that there was an 

increased protection against cell death, with less mitochondrial membrane dysfunction. 

In addition, a research group from Istambul performed an in vivo experiment regarding 

TUDCA’s effect following spinal cord damage
74

. Cellular death episodes related to spinal cord injury 

(SCI) are partially related to a delayed apoptosis, a few hours after the spinal cord trauma. Once 

again, treatment with TUDCA significantly reduced the number of apoptotic cells and tissue injury in 

SCI-induced rats. Further studies regarding this topic may possibilitate that, in the future, this 

treatment can be applied to humans. 

A recent study from 2013
75

 addressed whether TUDCA had any effect on preventing the loss 

of retinal neurons associated with diabetic retinopathy, a frequent cause of blindness. Retinal neural 

cells were cultured in medium with high glucose concentration to mimic diabetic conditions and 

TUDCA was added to some neural cell culture plates. Plates treated with TUDCA showed decreased 

oxidative stress and cell death. They also postulated that the drug had a role in preventing the release 

of mitochondrial apoptosis-inducing factor (AIF), associated with retinal cell death. 

Recently, a possible relationship between neural stem cell’s proliferation and differentiation 

fate and TUDCA was tested
46

. As stated, differentiation increases mitochondrial ROS levels and, 

consequently, mitochondrial stress. By acting in the mitochondria as an anti-apoptotic agent, TUDCA 

reduces ROS and enhances the ATP levels necessary to maintain the proliferative state of NSCs, 

resulting in an increase in NSC pool. Also, p53 was less translocated into mitochondria and there were 

less mtDNA damages (associated with differentiation) in TUDCA-treated cells when compared to 

controls. Regarding cell cycle progression, TUDCA decreases the number of cells in G0 and G1 

phases with increase in S and M, which is in agreement with augmented proliferation. Also, the cell 

cycle regulators p21 and 27, normally in a bigger quantity when differentiation happens, automatically 

decreased with TUDCA. So, the substance might inhibit the expression of both genes. Finally, in 

addition to TUDCA’s effect on NSCs proliferation, also the impact on differentiation was tested. Since 

mtDNA damages lead to glial differentiation rather than neuronal, TUDCA’s mito-protective role leads 

to mtDNA damage reduction and directs more NSCs to the neuronal lineage. 
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I.5.1.2.1 Other beneficial effects of TUDCA  

 

Other experiments unwrapped other potential medical applications of TUDCA in other 

contexts and cell types. 

For example, TUDCA was also tested in rat models of myocardial infarction (MI)
73

, the most 

prominent cause of death worldwide. The drug was administered before causing MI to the animals to 

determine if it would reduce apoptosis in cardiomyocytes and improve cardiac function. After 24 hours, 

the TUDCA treated population showed significant decrease in apoptosis and infarct area. Levels of 

caspase-3, one of the apoptotic effectors, were also decreased when compared to controls. Therefore, 

this study demonstrated that TUDCA was effective in preventing apoptosis in the myocardium, 

showing great potential for future studies. 

In addition, a study published in 2014 has addressed the role of TUDCA on adipogenesis of 

adipose-derived stem cells. Obesity is related to the increase in size and number of adipocytes, cells 

derived from either mesenchymal stem cells (MSCs) or adipose-derived stem cells (hASCs). Stresses 

in the endoplasmic reticulum (ER) leads to increased differentiation and maturation of adipocytes from 

those precursors and overall adipose tissue gain. It has been shown that TUDCA decreases ER 

stress, lipid accumulation and therefore adipose tissue formation, being a potential anti-obesity 

medicine in the future
69

. 

Finally, another experiment from 2014
76

 has shown that TUDCA is also capable of promoting 

blood vessel repair by helping mobilization, differentiation and integration of vasculogenic progenitor 

cells (VPCs). VPCs, like endothelial progenitor cells (EPCs) and endothelial colony forming cells 

(ECFCs), have a role in tissue neovascularization. EPCs migrate from the bone marrow into 

circulation to differentiate to endothelial cells when new vessels are needed. 
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II. Aim of studies 

 
 

As mentioned in the previous section, hiPSCs are an important research tool with multiple 

applications. They share all the pluripotency-related characteristics found in hESCs without the 

hurdles related to availability and ethical concerns. Although these cells have revolutionized the stem 

cell field in the last few years, evolution in their expansion systems is necessary to introduce faster 

and more efficient methods of obtaining elevated numbers of cells, with maximum proliferation and cell 

loss reduction. To this regard, new features must be introduced to optimize culture conditions.  

The first cytoprotective effects of bile acids were observed in hepatic cells and extended to 

neurons. In the previous section, numerous experiments account for the theory that, apparently, 

TUDCA’s anti-apoptotic action at the mitochondrial level can be applied to more that one cell type. In 

the next few years, in vitro and in vivo experiments in several cell types will confirm that this property 

is, in fact, general. Thus, it may be very relevant testing the potential benefits of this molecule in PSC 

self-renewal capacity, namely in investigating whether TUDCA decreases cell loss by apoptosis, a 

typical feature occurring in in vitro cell passages.  

Moreover, hiPSCs are used as sources of other cell types by processes of differentiation. In 

particular, well-estabilished protocols allow commitment of hiPSC to the neural lineage, obtaining NPs 

with high efficiencies. Ultimately, hiPSCs-derived NPs will give rise to neuronal and glial cells, which 

constitue a great promise in the search for alternative treatments to neurodegenerative diseases. 

Based on statements regarding TUDCA’s impact on the NSC fate
46

, hiPSC neural differentiation 

cultures might potentially benefit from its addition while obtaining, firstly, neural progenitors from PSCs 

and mature neurons at a later stage.  

In this context, this work aims to investigate the effect of TUDCA in t h e  se lf-r e n ewa l a n d  

n eu r a l co m m it m en t  o f h iPSCs. Im p o r t a n t ly , ce ll cu lt u r e  p r o ced u r e s wer e  p e r fo r m ed  

u n d e r  s im p le  a n d  co m p le t e ly  d e fin ed  co n d it io n s  t o  e n h a n ce  t h e  s in gle  im p a ct  o f t h e  

b ile  a cid . Undoubtely, such knowledge can be applied to large scale culture systems in the future.  
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III. Materials and methods 

 

III.1 hiPSCs Expansion 

III.1.1. Matrigel  

 

III.1.1.1 Matrigel preparation and surface coating 

 

 As mentioned before, matrigel is a gelatinous heterogeneous mix of soluble proteins that, 

combined, create an adhesive substrate that can support pluripotent cell expansion and differentiation. 

Our aliquots of concentrated Matrigel
TM 

(BD Biosciences) can contain 200 μL or 400μL. The first step 

was to thaw that aliquot in ice, either overnight at 4 ºC or for 30-60 minutes at room temperature. 

Afterwards, a dilution of 1:30 in Dulbecco’s Modified Eagle Medium; Nutrient Mixture F-12 (DMEM-

F12, Gibco®) with Penicillin-Streptomycin (Pen Strep) was performed and the volume distributed by 

culture plates, covering the entire bottom of each well. Plates were then left for at least two hours at 

room temperature if they were to be used immediately. If the objective was to use them later, they 

were stored at 4ºC for a maximum period of 30 days. 

 

III.1.2. Culture Media 

 

III.1.2.1. Essential 8 Medium (E8) 

 

As indicated by its name, this formulation contains a total of eight components. As basal 

medium it contains DMEM/F12 (Gibco®) supplemented with insulin, transferrin, FGF2, TGFβ, L-

ascorbic acid, selenium and NaHCO3 for pH adjustment. As stated
31

, it appeared as an alternative to 

TeSR medium, with a reduction in the number of components but comparable pluripotency 

maintenance and proliferation capacity. Also, it presents the great advantage of not containing BSA, a 

protein from animal origin and associated with a high lot to lot variability. 
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III.1.2.2. Washing Medium 

 

This medium is composed by 80% of KO-DMEM (Gibco®), which is a basal medium with 

osmolarity similar to the one in embryonic tissue, used to iPSCs proliferation. It is used for 

maintenance and simple manipulations of cell cultures. In addition to the basal medium it also includes 

around 20% of Knockout-Serum Replacement (KO-SR), an alternative to protocols that include serum. 

Finally, it is supplemented with 1% of MEM-non essencial amino acids (Gibco®), 1mM of L-Glutamine 

(Gibco®), 0.1 mM of β-Mercaptoethanol (Sigma®) and also 1% of Pen Strep. 

 

III.1.3 hiPSC Culture  

 

III.1.3.1 Cell Line 

 

The iPSC cell line WT-F002.1A.13  was aquired from TCLab, reprogrammed from cells from a 

skin biopsy on an adult female. Reprogramming to the pluripotent state was confirmed by flow 

cytometry, real time PCR, Alkaline Phosphatase Staining and evaluation of the differentiation 

potential. Cytogenetic analysis showed normal karyotype and did not reveal  bacterial, fungal or 

mycoplasma contaminations. Table III.1 shows the cell line characterization results. 
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Table III.1:TCLab cell line characterization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III.1.3.2. Thawing hiPSCs 

 

The cells were cryopreserved in liquid nitrogen (at around -196ºC) in cryovials (BD) and 

thawed when necessary. Firstly, the cryoval was put into a 37ºC water bath. At the same time, a 15mL 

Property Technique Results 

 

 

 

 

 

Pluripotency 

 

 

Flow cytometry 

 

 

Intracellular markers: Oct4 – 

92.7%; Nanog – 98.2% 

Extracellular markers: TRA-1-60 – 

96.4%; SSEA-4 – 96.4 

 

Real time PCR 

Gene expression levels similar to 

hiPSCs and hESCs positive 

controls 

Alkaline Phosphatase Live 

Stain 

Positive 

 

 

Spontaneous 

differentiation 

potential 

Endoderm ICC Positive 

Ectoderm ICC Positive 

Mesoderm ICC Positive 

 

Directed 

differentiation 

potential 

Endoderm Morphology, ICC and flow 

cytometry 

Positive 

Ectoderm Morphology, ICC and flow 

cytometry 

Positive 

Mesoderm Morphology, ICC and flow 

cytometry 

Positive 

 

Growth Kinetics 

 

Countings 

Growth rate (μ) = 0.77 ± 0.01 day-

1 Doubling time (Td)= 21.5 ± 0.3 h 

Karyotype Citogenetics 46,XX - Normal 
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Falcon tube (BD) with 4 mL of washing medium was warmed in the bath. 1mL of washing medium was 

taken and added to the cryovial containg the cells, one drop at a time. The content was aspirated as it 

thawed and this process was repeated until the entire content was thawed. Afterwards, the thawed 

cells were put in the Falcon tube and centrifuged for 3 minutes at 1000 rpm. The supernatant was then 

removed and the pellet resuspended in culture medium E8 and seeded on a culture plate. The plate 

was kept inside a 37ºC incubator with 5 % CO2 and athmospheric O2 tension when no manipulations 

or experiments with the cells were being performed. 

 

III.1.3.3. Freezing hiPSCs  

 

To dissociate hiPSCs and detach them from the culture well, different approaches are 

possible. As mentioned, taking advantage of the chelating properties of EDTA it is possible to achieve 

such effect. An EDTA solution of 0,5 mM was prepared from a commercially available stock solution of 

0,5 M in H20 (BioUltra line, Sigma Aldrich), by dilution in PBS. Also, NaCl2 was added to the mix (0,9g 

for 500 mL of the solution). This preparation was stored at -4ºC when not utilized. The protocol to 

dissociate the cells included a rapid wash with EDTA followed by a period of 3-5 minutes in which 

EDTA is left in the wells. After removing the EDTA, the iPSCs colonies become loose and detach 

easily from Matrigel by scraping with the tip of a pipette and washing away with medium, for example 

Washing Medium. The cell mix was then collected, centrifuged (3 minutes, 1000 rpm) and the 

supernatant was removed. The pellet was then resuspended in KO-SR with 10% V/V of DMSO 

(Gibco®) and the mix was distributed by 250 μL cryovials and placed at -80ºC for X days before being 

transferred to liquid nitrogen. 

 

III.1.3.4. hiPSCs passaging with EDTA 

 

In order to allow the cells to have surface area to proliferate, cell passaging is a necessary 

and frequent action. As stated, albeit the fact that there are single-cell passaging protocols available, 

EDTA allows dissociation of the hiPSCs colonies in small aggregates with high survival rate. Similarly 

to the freezing protocol, a rapid wash followed by a 3-5 minute wash with EDTA 0,5 mM were 

performed in each well and cells were scraped and released with medium, using E8 in this case. The 

cells were plated at an approximate cell density of 50.000 cells/cm
2 

in previously prepared Matrigel-

coated wells. 
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III.1.3.5. TUDCA addition 

 

 A mass of 26,9 mg of TUDCA powder was provided by the Faculty of Pharmacy of 

Universidade de Lisboa (ULisboa). The powder was diluted in 515,6 μL of H2O to obtain a stock 

solution of 100 mM. During the proliferation assays with TUDCA in hiPSCs, the bile acid was added 

daily directly to the fresh medium in different concentrations according to the objective. The 

concentrations tested ranged from 5 to 100 μM at different stages of the work. 

 

III.1.4 Cell countings 

 

 At each cell passaging time point, cell countings were performed to quantify cell expansion 

with and without TUDCA. What is more, this growth was analysed in the wells with different 

concentrations of the bile acid, comparing them with each other and with the ones without TUDCA 

(negative controls).  

Cell viability was also quantified using the Trypan Blue exclusion method. Trypan Blue is a 

dye that passes through the cell membrane when it has been permeabilized, colouring non-viable cells 

and allowing to visually exclude them from the counting. After washing the wells with EDTA and 

scraping the cells with E8 medium, as mentioned above, 10 μL of the resulting cell suspension were 

mixed with 10 μL of the dye (Trypan Blue Stain 0,4%, Gibco) in a well of a 96-well plate. From that 1:1 

mixture, a volume of 10 μL was placed in a hemocytometer and viable cells were visually counted 

under the microscope. 

 

III.1.5 BrdU proliferation assay on hiPSCs 

  

Bromodeoxyuridine (5-bromo-2'-deoxyuridine) or BrdU is a synthetic analog of the nucleoside 

thymidine, having the single difference of a bromine atom instead of a CH3 group (Figure III.1). 
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Figure III.1:  Chemical structure of BrdU and thymidine (openwetware.org) 

 

 

As a replacement of thymidine, BrdU can be incorporated in the cell genome during DNA 

replication in the S phase of the cell cycle. By using a specific and labelled antibody against BrdU, it is 

possible to measure cell proliferation based on the absorbance levels detected by a flow cytometer. 

As an additional note, since the length of the S phase depends on the cell type, the incubation time 

with BrdU must be adjusted to have enough incorporation to allow detection but, at the same time, to 

avoid the saturation point, which leads to inconclusive results. 

In the context of this work, the proliferation capacity of hiPSCs under different concentrations 

of TUDCA was tested to study whether the bile acid could improve the growth rate of the cells. 

 

III.1.5.1. BrdU Assay Protocol 

  

The commercially available BrdU test kit (BD Biosciences Pharmigen) includes the reagents to 

be used during the experiment: the fluorochrome-conjugated anti-BrdU antibody, BD 

Cytofix/Cytoperm™ Buffer (CCB), BD Perm/Wash™ Buffer (10X) (PWB), BD Cytoperm™ 

Permeabilization Buffer Plus (CPB), BrdU Staining Buffer (SB), a vial of BrdU stock solution (10 

mg/mL) and, finally, DNase.  

The BrdU stock was stored at -80ªC until it was needed. The first step in the protocol 

consisted in diluting it in the cell culture medium, in this case E8, with a 1:32 dilution factor. From the 

diluted BrdU solution, 10 μL were put in each cell culture well except one, which worked as a negative 

control. The cells were left under BrdU exposure at 37ºC for a variable amount of time (2-4 hours). 

Then, the media was aspirated from the wells and accutase was added and left for 5 minutes at 37ºC 

to detach the hiPSC colonies. Cells were rinsed with E8 culture medium and analysed in flow 

cytometry tubes. After centrifuging for 5 minutes at 4ºC with a speed of 300g, the supernatant was 

removed and the pellets were resuspended in CCB and left at 4ºC for 20 minutes. Next, PWB was 

diluted with a 1:10 factor in Milli-Q H2O (Millipore) and was added to each tube. Again, the cell 

suspension was centrifuged at 300g at 4ºC for 5 minutes and the supernatant was removed. After this 

http://openwetware.org/wiki/Bromodeoxyuridine_(BrdU)
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step, if one wants to continue the protocol in the following day, there is the optional step of leaving the 

cells overnight in staining buffer (SB) at 4ºC, ensuring light protection. Then, CPB was added to each 

tube and incubated for 10 minutes at 4ºC. Diluted PWB was again added to each tube, followed by 

centrifugation. Once the supernatant was removed, CCB was added to the tubes and incubated for 5 

minutes at 4ºC. PWB was added to each tube, followed by centrifugation at 4ºC and supernatant 

removal. Then, it was necessary to denature cellular DNA to allow the acess of incorporated BrdU to 

the labelled antibody. This was performed by using the DNase solution from the kit, diluting it with a 

3:10 factor in Dulbecco's Phosphate-Buffered Saline (DPBS), adding 100 μL to each tube and 

incubating for 1 hour at 37ºC. Later, PWB was added, the mixture was centrifuged and the 

supernatant removed. At this point, once more, the cells can be left overnight in SB at 4ºC or, one can 

proceed immediately to the addition of the anti-BrdU antibody solution. The antibody solution from the 

kit was diluted 1:50 in PWB, with enough final volume of diluted solution so as to distribute 50 μL by 

each FACs tube. Prior to its addition, the cells representing the negative control (without BrdU 

incorporation) were divided in two tubes;  one of which we did not add the antibody, being only used to 

adjust the cell line settings in the flow cytometry analysis. After adding 50 μL of antibody solution to all 

other tubes and incubating for 20 minutes at room temperature in the dark, a final wash with PWB was 

performed. After centrifugation and removing the supernatant, SB was added to each tube. The tubes 

were left overnight at 4ºC or immediately analysed by a flow cytometer (BD LSR Fortessa).  

 

III.2 Neural commitment of hiPSCs 

 

III.2.1 The DUAL-SMAD inhibition protocol 

 

The neural commitment protocol used ensures differentiation of iPSCs to early NPs with high 

efficiencies, as mentioned. The process used relied on the combination of two small molecules, SB-

431542 and LDN-193189, which work as inhibitors of the activin/nodal and BMP signalling pathway, 

respectively. Both SB-431542 (Sigma®) and LDN-193189 (Stemgent®) were diluted in DMSO 

(Gibco®) and stored in aliquots at -20ºC, ready to be used.  

Differentiation was performed on the hiPSC line acquired from TCLab. The protocol was 

initiated when hiPSCs were nearly confluent (80-100%). From that time point, fresh N2B27 medium 

supplemented with 10 μM of SB-431542 and 100 nM of LDN-193189 was replaced daily in the cell 

culture wells during 12 days. 

 Following such protocol, it was possible to successfully obtain NPs by the 12
th
 day

45
. 
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III.2.1.1. N2B27 medium 

 

The medium used, N2B27, consists of a mixture of 50%v/v of DMEM/F12/N2 medium (Table 

III.2) and 50% v/v of B27 medium (Table III.3).  

 
Table III.2: DMEM/F12/N2 medium composition 

Component Concentration 

DMEM-F12 (Gibco®) 97,4% v/v 

N2 (Gibco®) 1% v/v 

L-Glutamine 1 mM 

Glucose (Sigma®) 1.6 g/L 

PenStrep 1% v/v 

Insulin (Sigma®) 20 μg/mL 

 

 

Table III.3: B27 medium composition 

Component Concentration 

Neurobasal (Gibco®) 96,5% v/v 

B27-supplement (Gibco®) 2% v/v 

L-Glutamine 2 mM 

PenStrep 0.5% v/v 

 

 

III.2.1.2. TUDCA addition 

 

 It was hypothesized that TUDCA addition during neural commitment of iPSCs might enrich the 

NPs content, either by augmenting their proliferation, preventing their apoptosis or contributing to 

further directing the differentiation process of hiPSC towards the neural lineage. Therefore, the bile 

acid was added daily to culture wells, in different concentrations (0-10 μM), from day 1 to day 12 of 

neural commitment.  
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III.2.2. Replating of NPs and formation of rosette-like structures 

 

 As mentioned, neural rosettes are structures of NPs, obtained following neural commitment of 

hPSCs. They present a characteristic morphology that can be observed only a few days after 

concluding the neural commitment protocol
33

. In order to obtain them, culture wells were coated with 

poly-L-ornithine (Sigma®, 15 μg/mL) and left inside an incubator at 37ªC overnight. Then, a second 

coating of laminin (Sigma®, 20 μg/mL) was applied. After 3-4 hours, hiPSC-NP cells were seeded at a 

density of approximately 10
5
 cells/cm

2
 in N2B27 medium in the double-coated plates. The medium 

was replaced daily, and, when rosettes started to be observed, bFGF (Peprotech, 20ng/mL) was 

added for 2-4 days.  

 

 

III.3 Characterization of hiPSCs and hiPSC-derived NPs 

after exposure to TUDCA  

 

In order to ensure the maintenance of essencial cell characteristics after TUDCA treatment, it 

was important to evaluate the effect of the this bile acid on the expression of surface or intracellular 

protein markers of either hiPSCs or NPs. Such characterization was based on flow cytometry and 

immunocytochemistry analysis. In addition, studies on survival and viability of both cell types with and 

without the bile acid treatment were performed using the Guava ViaCount assay (Guava Technologies 

Inc., Hayward, CA, USA). 

 

III.3.1 Flow cytometry  

 

III.3.1.1 Intracellular Staining 

 

Firstly, cells were centrifuged, washed with PBS and fixed in 2% PFA (Gibco®). If not to be 

used immediately, these can be kept at 4ºC for a maximum period of two weeks. Otherwise, after 

fixating cells for 20-30 minutes, these were washed twice in 1%NGS and centrifuged at 1000 rpm for 3 

minutes. The pellet was then resuspended in 3% NGS. Meanwhile, 1.5 mL microcentrifuge tubes 

coated with 1% BSA (Invitrogen
TM

) were labeled for each condition and the cell mixture was equally 

distributed by all of them. In order to stain intracellular proteins, a step of cell membrane 

permeabilization was necessary, by mixing 150 μL of 1% saponin (Sigma®) with 150 μL of NGS 3% 

and resuspending the pellet for 15 minutes in that solution at room temperature. After that, another 
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centrifugation was done, the pellets were resuspended in 3% NGS and incubated for 15 minutes at 

room temperature once again. The primary antibody solutions were prepared by diluting the primary 

antibodies in NGS 3% according to table III.4. A volume of 300 μL of those solutions were added to 

the appropriately labeled vials with samples whereas 300 μL of 3% NGS were added to the vials with 

the negative controls. The tubes were left for 1h30m in the dark at room temperature. After 

centrifuging and washing in 1% NGS twice, the pellets were resuspended in previously prepared 

secondary antibody (Alexa 488 – Molecular Probes) solutions with the dilutions reported in table III.4 

and left for 45 minutes in the dark at room temperature. The tubes were centrifuged and the cells 

washed twice with 1% NGS and the pellets were then resuspended in 500 μL of PBS in FACS tubes, 

always ensuring protection from the light. Finally, the samples were analyzed in the BD FACSCalibur 

Flow cytometer (BD Biosciences). 

 

Table III.4: Intracellular markers and dilutions for flow cytometry analysis 

Markers Primary Antibody Dilution Secondary Antibody Dilution 

Oct4 Mouse IgG (Millipore) 1:150 Goat anti-mouse IgG (Alexa Fluor®) 1:300 

Sox2 Mouse IgG (R&D
TM

) 1:100 Goat anti-mouse IgG (Alexa Fluor®) 1:300 

Nanog Rabbit IgG (Millipore) 1:5000 Goat anti-rabbit IgG (Alexa Fluor®) 1:300 

 

 

III.3.1.2 Surface Marker Staining 

 

 The procedure for surface markers staining was similar to the previous one, but faster and 

simpler. There is no need for cell membrane permeabilization and there is only incubation with the 

primary antibody and not secondary, since primary antibodies are conjugated with fluorophores. 

Incubation with the primary antibody takes around 30-45 minutes in the dark at room temperature. 

After incubation, the cells are washed and resuspended in PBS in the flow cytometry tubes and 

immediately analysed in the flow cytometer. 

 
 

Table III.5: Extracellular markers and dilutions for flow cytometry analysis 

Markers Primary Antibody Dilution 

Tra-1-60  Mouse IgM (Stemgent®) 1:10 

Tra-1-81  Mouse IgM (Stemgent®) 1:10 

SSEA 4  Mouse IgG (Stemgent®) 1:10 
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III.3.2 Immunocytochemistry 

 

III.3.2.1 Intracellular Staining 

 

 In the culture plates, culture medium was aspirated from the wells and replaced with 4% PFA 

for 10-30 minutes at room temperature. Then, the cells were washed twice with PBS and blocking 

solution (10% FBS and 0.1% Triton (Sigma®), in PBS) was added to the wells and left to incubate for 

30-60 minutes at room temperature. Primary antibody solutions were prepared according to table III-6 

with dilutions made in staining solution (5% NGS (Sigma®) and 0.1% Triton, in PBS). Cells were 

incubated with primary antibody solution overnight at 4ºC. After washing three times with PBS, the 

previously prepared secondary antibody solution (Table III.6) was left to incubate for 1 hour in the dark 

at room temperature. Then, the cells were washed once with PBS. DAPI (Sigma®) is a fluorescent 

stain that binds to DNA. It was diluted 1:100000 in NaHCO3 and incubated with the cells for 2 minutes 

at room temperature. After washing twice with PBS, the cells were examined under the fluorescence 

optical microscope (Leica DMI3000B, Germany/Nikon Digital Camera Dxm1200F). 

 

Table III.6: Intracellular markers and dilutions for immunocytochemistry 

Markers Primary Antibody Dilution Secondary Antibody Dilution 

Oct4 Mouse IgG (Millipore) 1:500 Goat anti-mouse IgG (Alexa Fluor®) 1:500 

Sox2 Mouse IgG (R&D
TM

) 1:100 Goat anti-mouse IgG (Alexa Fluor®) 1:500 

Nanog Rabbit IgG (Millipore) 1:5000 Goat anti-rabbit IgG (Alexa Fluor®) 1:500 

Pax6 Rabbit IgG (Covance
®
) 1:400 Goat anti-mouse IgG (Alexa Fluor®) 1:500 

Nestin Mouse IgG (R&D
TM

) 1:400 Goat anti-mouse IgG (Alexa Fluor®) 1:500 

ZO-1 Rabbit IgG (Novex
®
) 1:100 Goat anti-rabbit IgG (Alexa Fluor®) 1:500 

 

 

III.3.2.2 Surface Marker Staining 

 

Primary antibody solution was prepared by diluting the antibodies in Washing medium, 

following the dilutions in table III.7. After removing the cell culture medium from the plates, cells were 

incubated with the antibody solution for 30 minutes at 37 ºC. Then, the cells were washed three times 

with washing medium and incubated with secondary antibody solution for 30 minutes at 37ºC in the 

dark. Such antibody solution was prepared by diluting the secondary antibodies in washing medium as 

indicated in table III.7. Following incubation, the samples were washed twice with washing medium 

and PBS was added to the wells. Finally, these were examined in the fluorescence microscope. 
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Table III.7: Extracellular markers and dilutions for immunocytochemistry 

Markers Primary Antibody Dilution Secondary Antibody Dilution 

Tra-1-60 Mouse IgM (Stemgent®) 1:100 Goat anti-mouse IgM (Alexa Fluor®) 1:500 

Tra-1-81 Mouse IgM (Stemgent®) 1:100 Goat anti-mouse IgM (Alexa Fluor®) 1:500 

SSEA 4 Mouse IgG (Stemgent®) 1:100 Goat anti-mouse IgG (Alexa Fluor®) 1:500 

 

 

III.3.3 ImageJ® Analysis of Immunocytochemistry Images 

 

II.3.3.1 Particle quantification 

  

The ImageJ® software allows performing several tasks regarding image processing. 

Particularly, it can be utilized to give an approximate particle counting in immunofluorescence images. 

Prior to accomplishing such analysis, a few alterations had to be made to the original images. Firstly, 

they were converted to 8-bit images. Then, the option “adjust threshold” was selected so as to clearly 

define the particle areas to be counted in black. A process of “binary watershed” was applied and the 

analysis was run and the quantification results presented and exported into an excel document. Figure 

III.2 shows this stepwise process. 
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Figure III.2: Process to approximately quantify the number of cells positively stained with DAPI in an 
immunocytochemistry fluorescent image with ImageJ® software. Firstly, the original image (A) suffers an 
8 bits conversion (B), followed by a threshold adjustment and a binary watershed (C). Finnaly the image 

is analyzed (D) and there is an approximate particle count (E). 

 

 This analysis was used with the aim of obtaining positively DAPI-stained particles in 

immunostaining images from cultures with different concentrations of TUDCA. This measurement is 

equivalent to quantifying all the nucleated cells in the image. Afterwards, the same process was 

repeated with the images containing Pax6-stained nuclei and the final result was the ratio between 

Pax6
+ 

and the total number of cells, expressed in terms of percentage. 

 

III.3.3.2 Pixel quantification 

 

ImageJ® also allows a pixel quantification of stained nuclei present in an 

immunocytochemistry image. In this case, the process was also applied for both DAPI and Pax6 

staining to obtain the relation between Pax6
+
 cells and the nucleated particles in the sample for the 
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three different culture conditions (0, 5 and 10 μM of TUDCA). The image analysis process (Figure 

III.3) included a color balance correction and an 8-bit conversion of the original image. Background 

removal was necessary to dismiss the areas without cells from the analysis. By adjusting the image 

threshold, one can obtain a B&W picture in which the white areas are void of NPs. Therefore, the 

analysis ended up being not more than a quantification of all the black pixels and comparison among 

the samples with different TUDCA concentration 

 

 

Figure III.3: Process to approximately quantify the number of DAPI blue-coloured pixels in fluorescent 
images. Firstly, the original image (A) suffers a 8 bits conversion (B), followed by a threshold 

adjustment(C). Finnaly the pixel histogram is analyzed (D) and the total count of black pixels is 
registered. 
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III.3.4 Guava® ViaCount® Assay 

 

The Guava® ViaCount® test is a fast-forward method used to perform absolute and viable cell 

counts as well as apoptosis assessments. It allows working with a wide variety of cell types and lines 

with minimal volumes of sample. In fact, by distinguishing viable, dead and apoptotic populations the 

results from this assay are more precise and interesting than the simple use of a hemocytometer and 

Trypan Blue.  

This assay recurs to a flow cytometer (Guava easyCyte 5HT Flowcytometer - Guava 

Technologies) that reads differences in the permeability of fluorescence-stained samples. The solution 

that allows the staining is the ViaCount® Reagent and contains two DNA-binding dyes. The first one, 

the nuclear dye, is membrane permeant and responsible for staining all nucleated cells and dismissing 

debris. The second one, the viability dye, penetrates and stains only the cells with compromised 

membrane integrity. In addition, it has been shown that, in apoptotic cells, charged phospholipids 

(phosphatidylserine) go to the outside of the cell membrane and bind to Annexin V. Such cells only 

uptake intermediate quantities of the viability dye, thus allowing the identification of the apoptotic cell 

fraction within each sample. The ViaCount® Reagent must be stored at 2-8ºC in the dark. 

For this work, cells were cultured with different concentrations of TUDCA and the ViaCount 

test to detect differences in viability, death and apoptosis fractions associated with the bile acid 

treatment. The test was performed in both hiPSCs and hiPSCs-derived NPs. 

 

III.3.4.1. Guava® ViaCount® Protocol 

  

Briefly, cell media was removed from the culture plates and put in previously identified flow 

cytometry tube. Then, the wells were washed twice with PBS with 2% FBS, always collecting the liquid 

into the appropriate FACs tube. To detach adherent cells from the culture well, accutase was added to 

each well and left at 37ºC for 5 minutes. Cell clumps were rinsed from the bottom of the wells with 

culture medium and the mix was collected into the FACs tube. After, centrifugation for 3 minutes at 

1000 rpm , the supernatant was removed and the pellet was resuspended in PBS/ 2% FBS. The 

volume of PBS/2% FBS added was dependent on the quantity of cells, identifiable by the size of the 

pellet. The appropriate cell concentration in each tube should be approximately 10
4
-10

5
 cells/mL, thus, 

for concentrations above that value, a dilution was necessary (Table III.8). A volume of 20-50 μL of 

cell suspension from each tube was mixed in wells of a 96-well plate with ViaCount® Reagent, 

following the instructions in table III.8. After allowing 5 minutes of staining time, the samples were 

taken into the cytometer to be acquired. The software Guava CytoSoft was used for sample analysis. 
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Table III.8:  Volumes and diluitions for ViaCount tests. 

Concentration of 

Original cell 

Suspension 

 

Dilution factor 

 

Cell suspension 

volume 

 

 

ViaCount® Reagent 

volume 

 

 

Concentration of 

diluted Cells 

 

10
5
-10

6
 cells/mL 10 50 μL 450 μL < 10

5
 cells/mL 

10
6
-10

7
 cells/mL 20 20 μL 380 μL < 5 x 10

5 
cells/mL 

> 10
7 
cells/mL 40 or more 20 μL 780 μL > 2.5 x 10

5
 cells/mL 
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IV. Results and Discussion 

 

 The reported literature on TUDCA’s effect highlights its potential beneficial effects on in vitro 

cell proliferation and apoptosis reduction. Importantly, it has been described the positive effect of 

TUDCA in NSC self-renewal and differentiation towards the neuronal lineage
46

. Taking these premises 

under consideration, the main objective of this work was to study the impact of this bile acid in hiPSC 

expansion and neural commitment under fully-defined culture conditions.  

 

IV.1. Impact of TUDCA on hiPSCs expansion 

 

 The expansion of hiPSCs was always performed in monolayer using matrigel-coated wells 

with E8 medium. The culture medium was renewed daily, hand-to-hand with the addition of TUDCA. 

Different working concentrations were tested to figure out the optimal one, meaning the quantity that 

allowed obtaining more elevated fold increases in total cell number without causing toxic effects.  

 

IV.1.1. Optimization of TUDCA concentration in hiPSCs cultures 

 

IV.1.1.1. hiPSCs expansion assay 

 

In the first trial, the concentrations of TUDCA tested were 0 μM (negative control), 10 μM, 25 

μM, 50 μM and 100 μM.  This choice was based on previous experiments at the Faculty of Farmacy 

(UL), using NSCs and neurons treated with 100 μM TUDCA. Since those cells proliferate slower than 

hiPSCs and, considering the fact that their culture medium exchange is not performed on a daily 

basis, the decision of using concentrations lower than 100 μM was made. The results were based on 

cell counts at each cell passaging time point using the Trypan Blue Exclusion Method and a 

hemocytometer. The preliminary cell counting results are presented in Figure IV.1.  
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Figure IV.1: 6-Day hiPSC  growth kinetics with different concentrations of TUDCA (0, 10, 25, 50 and 100 
μM). The results in the y-axis are in cells/mL and were obtained by experimental cell countings with the 

hemacytometer in the presence of trypan blue. The x-axis represents the time, in days. 

 

Our results (Figure IV.1) clearly show that, after only three days, there is already a significant 

decay in the number of cells for the concentrations of 50 μM and 100 μM of TUDCA. This indicates 

that, in spite of the potential benefits of TUDCA, it might also present some toxicity when daily added 

at these concentrations in the culture medium. Regarding the 25 μM concentration, it also presents a 

slight reduction in the number of cells in first three days, being more noticeable after 6 days. Cells 

cultured without the bile acid were used as negative controls, for comparison. Surprisingly, the number 

of cells also decays at the 6
th
 day after a slight increase in the first 3 days in culture. The explanation 

for such event is unknown. On the other hand, one can observe that the cells treated with 10 μM of 

TUDCA seemed to be more proliferative, when compared with the control. Therefore, from all 

concentrations tested for this assay, the best results were obtained with 10 μM of TUDCA. 

In the beginning of the experiment, and after each cell passaging, cells were replated at an 

initial seeding density of 5 x 10
4
 cells/cm

2
. The cell culture was performed in 12-well plates, in which 

each well has a total surface area of 3.8 cm
2
, meaning that there were approximately 1.9 x 10

5
 cells 

seeded in each well after each passage. Taking into acount this constant value of the initial cell 

density, and calculating the experimental density after each count, it was possible to calculate the fold 

increase (FI): 

 

FI = 
Cell density rinsed before each passage

Initial cell density
    (1) 

 

In Table IV.1 are presented the FI results for this first experiment. Calculation of the FI allows 

emphasizing the differences in cell numbers after each passage rather than the absolute values of the 

count, giving a better insight into the tendencies for their growth or decay. 
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It is always recommendable to perform the countings for at least 4-5 passages. In this case, 

since the most working concentrations were having negative effects on hiPSCs proliferation, TUDCA 

concentrations were lowered for the following experiments. 

 

Table IV.1: Fold Increases on the number of cells for different  TUDCA concentrations in the culture 
medium. The concentrations used were 0, 10, 25, 50 and 100 μM. 

Concentration of TUDCA  FI at the 3
rd

 day FI at the 6
th

 day 

0 μM 3.1 2.2 

10 μM 3.4 3.1 

25 μM 2.3 0.4 

50 μM 1.6 0.1 

100 μM 1.3 0.1 

 

 

In the second growth kinetics experiment, the range of tested concentrations was lowered to 0 

μM, 5 μM, 10 μM, 15 μM, 20 μM and 25 μM. In a replicate culture plate, cells were cultured with the 

concentrations of 0 μM, 5 μM, 10 μM and 15 μM, since the three lower concentrations were the most 

promising ones in inducing increases in cell number, based on the previous results.  
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Figure IV.2: 12-Day hiPSC growth kinetics under different concentrations of TUDCA. The y-axis presents 
cell concentration  in cells/mL (x10

5
) and the x-axis represents time in days. The cell number evolution 

was registered under the concentrations of 0-25 μM (A) and replicated (B) for concentrations of 0-15 μM. 
The average for the concetrations of 0-15 μM(C) was calculated. 

 

The results expressed in figure IV.2 clearly show a major difference in the total cell number 

throughout time depending on TUDCA concentrations. Within the first six days it was immediately 

evident from Figure IV.2-A, that the two cultures, with higher concentrations of TUDCA, 20 μM and 25 

μM of TUDCA, presented a decrease in the number of cells during time in culture. In fact, it was 

observed that all cells were dead after 9 days in culture. Therefore, these experiments were dismissed 

for the following assays with the bile acid. Regarding the intermediate concentration of 15 μM, in both 

hiPSC cultures there was a slight increase in the number of cells during time in culture when 

compared with the control in the first six days, more noticeable in Figure IV.2-A than in Figure IV.2-B. 

Even a more accentuated increase was observed in both graphics for the concentrations of 5 μM and 

A B 

C 
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10 μM, with the maximum number of cells obtained at the 6
th
 day of culture. This pointed out that the 

optimal amount of TUDCA to be applied in hPSC expansion cultures must range between those two 

values. In spite of the considerable augment in the cell number that these two concentrations brought, 

there was a general tendency for reduction in cell number from the 6
th
 to the 9

th
 day of culture. All cells 

cultured with 15 μM died by the 9
th
 day in both replicates and, for the lower concentrations of TUDCA, 

the number of cells decreases until the final day of the experiment (12
th
 day). The explanation for this 

effect might be a retarded toxicity effect caused by TUDCA accumulation (daily added in culture 

medium).  

The FI values were calculated at each passage along with the cumulative FI. Obtaining the 

cumulative FI values allows a clearer overview of the general growth tendency at the end of the 

experiment due to the fact that it takes into consideration all the past values. Those values (Figure 

IV.3) were calculated by multiplying each FI by the previous one for each concentration of TUDCA 

tested. Considering i=1 the 2
nd

 day of this experiment, i=2 the 6
th 

day, i=3 the 9
th 

day and i=4 the final 

day, the cumulative FI, at each time point i, is given by:  

 

Cum. FI i  =  {

1                               𝑓𝑜𝑟  𝑖 = 0

𝐹𝐼𝑖  ×   Cum. FI i−1         𝑓𝑜𝑟 𝑖 = 1,2,3,4 
     (2) 
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Figure IV.3: Cumulative FI variation during 12 days of hiPSC growth kinetics. The y-axis represents the 
cumulative FI values in base-10 logarithmic scale plotted in function of time, in days. Such calculations 

were performed for a plate with TUDCA concentrations ranging from 0 to 25 μM (A) and replicated for the 
concentrations of 0-15 μM (B). The average between both replicates for 0-15 μM was calculated(C). 

 

 

The observation of the cumulative FI over time confirms the statements made above. There 

was confirmation that TUDCA has a potential positive effect in increasing hiPSC numbers. Different 

concentrations of TUDCA induce different hiPSC growth rates. It is known that hiPSCs clones multiply 

at an exponential rate. Therefore, using a logarithmic scale for the y-axis in figure IV.3 resulted in a 

sequence of straight sections for the cumulative FI representations. By adding trend lines for 0, 5 and 

10 μM and obtaining their slope, we have the specific cell growth rates (μ) for those three 

concentrations. The average results (𝜇)̅̅ ̅ are presented in the Table IV.2. From that result, the doubling 

time (𝑇𝑑
̅̅ ̅) was also calculated for each condition, according to the following equation: 

 

𝑇𝑑
̅̅ ̅ =  

ln 2 

�̅�
        (3) 
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Table IV.2: Average specific growth rates and average doubling times of hiPSCs with 0, 5 and 10 μM of 
TUDCA. 

 0 μM 5 μM 10 μM 

Average specific growth rate (days
-1

) 0,26 ± 0,03 0,53 ± 0,13 0,47 ± 0,00 

Average doubling time (hours) 63,35 ± 7,38 31,48 ± 9,51 35,58 ± 0,12 

 

 

The doubling times for 5 and 10 μM reduced to approximately half of the value obtained for 

the control hiPSC cultures. From this experiment, it was established that those bile acid 

concentrations would be the working concentrations of TUDCA for future assays. To improve the 

statistical significance of these results, this experiment needs to be repeated under the same 

conditions. 

 

IV.1.2. Pluripotency characterization of hiPSCs cultured with 

TUDCA 

  

 The importance behind finding effective ways of augmenting hiPSCs proliferation capacity 

relies on the fact that their pluripotency is also maintained under those types of treatments. With that 

idea in mind, after studying their growth under culture media with TUDCA, the cells were analysed for 

the expression of characteristic pluripotency markers. Such analysis was performed by flow cytometry, 

of both intracellular and surface markers. The intracellular markers analysed were Sox2, Oct4 and 

Nanog (Figure IV.4). As for the surface markers, the ones analysed were Tra-1-60 and SSEA4 (Figure 

IV.5).  
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Figure I.4: Quantification of the expression of the pluripotency intracellular markers Oct4, Sox2 and 
Nanog by flow cytometry. The green graphic shows the negative control. 

 

 

Figure III.5: Quantification of the expression of  the pluripotency membrane markers SSEA4 and Tra-1-60 
by flow cytometry. The green graphic shows the negative control. 
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All the collected mean percentages of markers expression are summarized in table IV.3. 

Noticeably, the similarity in the values of the expression percentages obtained for the different 

conditions, makes it possible to state that TUDCA addition did not decrease cell pluripotency. 

Therefore, singly based on these results, its addition to hiPSC cultures with the purpose of obtaing 

higher expansion rates does not interfere with their usefulness as pluripotent stem cells. 

 

Table IV.3: Flow cytometry analysis of hiPSC pluripotency intracellular and surface markers. The 
concentrations of 0,5 and 10 μM of TUDCA were tested. The expected percentages for the WT-Évora 

F0000B13 cell line are presented
45

  

 

Cell marker 

Experimental %  

Reference Values (ref44) % 0 μM 5 μM 10 μM 

Sox2 96,0% 97,3% 98,0% 94,0 ± 1.5% 

Oct4 97,7% 98,0% 98,4% 96,0 ± 1.1% 

Nanog 98,6% 99,3% 98,9% 98,0 ± 0.9% 

Tra-1-60 75,4% 88,1% 91,1% 92,0 ± 1.5% 

SSEA4 97,5% 97,9% 94,1% 94,0 ± 2.6% 

 

 

 The reference expression percentages presented were obtained from a previous series of 

experiments performed by our research group
45

. One can observe that, in general, the experimental 

results are approximate or slightly above the reference percentages. The only exception concerns the 

expression of the surface marker Tra-1-60. The explaination could be the fact the antibody against 

that marker used for the test might have lost its specificity against the target cell membrane antigen.  

 Additionally, comparison among different TUDCA concentrations shows an increase of the 

percentage of expression of the pluripotency markers along with the increase in concentration. The 

only result not following this tendency is the percentage of SSEA4 expression for the concentration of 

10 μM. Still, for all the three intracellular markers Sox2, Oct4 and Nanog, in spite of the mentioned 

increase with augmented TUDCA concentration, the percentages are too close to allow concluding 

that the bile acid actually has a valuable influence. Also, since we only have results from a single flow 

cytometry test, further experiments under the same conditions have to be performed to gather 

significant evidence and conclude wether TUDCA also has a positive effect on pluripotency 

maintenance in culture.   
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IV.1.3. TUDCA’s impact on BrdU incorporation in hiPSCs 

 

To complement the results of the hiPSCs growth kinetics, cell proliferation was assessed by 

analysing BrdU incorporation in cells treated with 0, 5 and 10 μM of TUDCA.. Similar experiments 

performed in NSCs have already showed a significant increase in BrdU incorporation after treatment 

with TUDCA
46

 due to an augment in cell cycle progression, which in turn resulted in an increase of 

cells in the S phase. In those experiments, it was stipulated that the time of incubation with BrdU was 

4 hours. Consequently, in this work, we tested the same time of incubation. Two replicates were 

analysed (Figure IV.6). 

  

Figure IV.6: TUDCA modulation of proliferation of hiPSCs. Quantification of BrdU incorporation results by 
flow cytometry for TUDCA 5 μM (blue line) and 10 μM (red line), compared with the control (black line). 

The BrdU incubation period was 4h. Two replicate plates (A) and (B) were analysed separately. 

 

In the BrdU
+ 

region identified in the graphics the cells under different experimental conditions have 

shown different BrdU incorporation levels. The average percentage of BrdU incorporation in different 

replicates was calculated and presented in figure IV.7.  

 

BrdU+ 

A B 

BrdU+ 
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Figure IV.7: Representation of BrdU incorporation with incubation time of 4h after TUDCA treatment. The 
average in the percentage of BrdU incorporation for the concentrations of 0, 5 and 10 μM of TUDCA are 

presented. 

 

Taking the growth kinetics results under consideration, the increase in the number of hiPSC 

after treatment with 5 and 10 μM TUDCA might be due to either an increase in proliferation or 

decrease in apoptosis. As mentioned, BrdU incorporation allows to study the influence of certain 

conditions in cell proliferation potential. Curiously, the results obtained in the figure IV.7 show no 

impact of TUDCA in altering the percentage of BrdU incorporation in hiPSCs. One possible 

explanation is that TUDCA reduces apoptosis in hiPSC cultures without influencing the proliferation 

potential of cells. Another explanation can be related with the choice of the 4 hours for BrdU 

incubation time in this cell model, which proliferate faster than NSCs. Indeed, it was already been 

shown that the period of hiPSC cell cycle is markedly reduced when compared with NSC and, 

therefore, the incubation time of BrdU must be shorter.  

Therefore, in the following assay, we used 2 hours of BrdU incubation. The absorbance 

results are presented in figure IV.8  and IV.9 

 

 



 51 

 

Figure IV.8: Quantification of BrdU incorporation in hiPSCs for TUDCA 5 μM (blue line) and 10 μM (red 
line), compared with the control (black line). The BrdU incubation period was 2h. 

 

 

Figure IV.9: Representative histogram of BrdU incorporation in hiPSCs with incubation time of 2h.  The 
concentrations of 0, 5 and 10 μM of TUDCA are presented. 

 

Again, the percentages were very similar among each other, so no conclusions were drawn 

regarding TUDCA’s effect on hiPSC proliferation. In order to obtain valuable results, the BrdU 

incorporation time must be optimized and might have to be even lower for the next experiments. From 

the literature, it has been stated that hESCs have a reduced cell cycle compared to somatic cells and 

can even initiate two consecutive S phases
77

. Another experiment
78

 implemented by researchers from 

the University of Massachusetts Medical School aimed to study the iPSCs cell cycle length. They have 

performed BrdU assays in which the incubation time for hiPSCs (cell lines A6 and D1) was just 30 

minutes. They concluded that hiPSCs have a smaller G1 phase than somatic cells and, therefore, they 

re-start S phase almost immediately after the first mitotic cycle. Therefore, the 2 hours of BrdU 

BrdU + 
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incorportation seemed to be even a longer period than desired. These experiments must be repeated 

with incubation times closer to 30 minutes.  

Also, it might be helpful to collect hiPSCs at their expected peak of proliferation in culture. 

From figure IV.2, one hypothesis is to consider the 6
th
 day of cell expansion for incubation with BrdU. 

 

IV.2 Effect of TUDCA on hiPSCs viability, death and 

apoptosis 

 

 The Guava ViaCount assay allows measuring percentages of viable, mid-apoptotic and dead 

cells within a sample. This is possible due to a combination of two different fluorescent dyes, one to 

identify nucleated cells and another to detect cells with compromised membrane integrity. During the 

analysis in the Guava cytometer, cells pass one-by-one through a fine capillary and the intensity and 

coloration of the stained cells is identified. The particles not stained by the first dye are considered cell 

debris. Regarding the second dye, depending on the level of cell membrane damage, cells can be 

identified as viable, dead or in an intermediate situation where there is some loss of membrane 

permeability due to apoptosis-related MOMP. Two experiments using hiPSCs from different passages 

were done, each one using two replicates.  
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Figure IV.10: Guava ViaCount assay results for hiPSCs cultured in the presence of different cncentrations 
of TUDCA. hiPSC cultured in the presence of 5 μM and 10 μM of TUDCA in their expansion were analysed 
to obtain the percentage of completely viable (A), apoptotic (B) and dead(C) cells. These were compared 
to control hiPSC that were not cultured under TUDCA’s influence. Two separate assays, each with two 

replicates were performed and the average data was organized at a table (D). 

 

 

Figure IV.10 shows the average of the two isolated performed assays.  

A total of 3000 cells from each culture well was analysed. From these results, one can 

observe an increase in the percentage of viable cells, along with a decrease in apoptotic and dead 

cells for the concentrations of 5 and 10μM of TUDCA, compared to the control, which is the desired 

situation. From the three measurements, the one that was expected to decrease according to the 

literature
46

 was the percentage of apoptosis, which was verified in the average results. Nonetheless, 

the percentages are too close to conclude that TUDCA has any valuable influence on cell viability and 

cell death of these cells, and further experiment under the same conditions should be performed to 

confirmed these results. 
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IV.3.  Effect of TUDCA in Neural Commitment of hiPSCs  

 

Following the 12-day dual-SMAD inhibition neural commitment protocol with daily addition of 5 

or 10 μM of TUDCA, the resulting hiPSC-derived NPs were studied and compared to the control 

condition to understand the effect of the bile acid. A combination of immunocytochemistry images and 

Guava Viacount results allowed characterization of the obtained NPs. From NPs, rosette-like 

structures were developed, expanded, quantified and analysed by fluorescence microscopy. 

 

 

IV.3.1. Cell marker characterization of hiPSCs-derived NPs cultured 

with TUDCA 

  

 Protein neural marker expression was analysed by immunocytochemistry. One 

specific NP cell marker stained was Pax6, which acts on ectodermal differentiation processes, 

particularly neurogenesis. Nestin is a filament protein expressed in neurogenesis phases and was also 

stained. Finally, the DNA dye DAPI allowed identifying nucleated regions in the images. The 

fluorescence microscopy imaging results are shown in figure IV.11. The visualization of the positive 

Pax6 and Nestin cell areas accounts for the visual confirmation of the successful neural commitment 

of hiPSCs into NPs.  

 

 



 55 

 

Figure IV.11: Intracellular staining of hiPSC-derived NPs cells against Pax6/Nestin (A,C and E) and 
Pax6/DAPI (B,D and F) following neural commitment protocol in the presence of concentrations of  0, 5 

and 10 μM of TUDCA. Scale: 50μm. 

  

 

IV.3.1.1 ImageJ® analysis of immunocytochemistry images 

 

The approach used to analyze and compare the expression of the NP marker Pax6 among the 

different differentiation culture conditions was to use the ImageJ® software. Furthermore, DAPI and 

Pax6 immunofluorescence images obtained for the tested conditions (0, 5 and 10 μM) were treated 

and analyzed in the program. This software incorporates a wide variety of tools for image analysis, 

including a particle and pixel count that can be useful for quantification purposes on fluorescence 

microscopy images. Even though the particle count was initially tested, the most viable and feasible 

method to implement in this case was shown to be the pixel count.  
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Figure IV.12: Immunofluorescence images of DAPI (A) and Pax6+ stainings. ImageJ uses these original 

images as a startpoint for the blue or red pixel quantification. 

 

The blue areas of stained DAPI cells nuclei (Figure IV.12-A) were isolated and the number of 

pixels quantified. Then, the process was repeated for the red coloured Pax6 expression images 

(Figure IV.12-B) obtained in the same exact frame, and this result was divided by the previous DAPI 

quantification, in order to obtain an approximate percentage of Pax6
+
 cells among the nucleated NP 

population identified. This process started with the control condition and was repeated for the two 

TUDCA concentrations. The average percentages of Pax6
+
/DAPI obtained were 92,23% ± 0,04% for 5 

μM of TUDCA and 99,28% ± 0,01% for 10 μM, which translates into an increase of roughly 31% and 

41% when compared to the control, which had an approximate result of 70,65%. 

 Importantly, it was not only possible to confirm the successful neural commitment of hiPSCs 

to NPs when combined with the addition of TUDCA but also to obtain preliminary results suggestive of 

the fact that the substance potentiates an efficiency increase in the neural commitment protocol. 

 

 

IV.3.2. Effect of TUDCA on viability, death and apoptosis of hiPSCs-

derived NPs 

 

Similarly to the previou assay using hiPSCs in expansion, the levels of cell viability, death and 

apoptosis were also investigated after neural commitment of hiPSC using Guava ViaCount®. Two 

replicates for each concentration (0, 5 or 10 μM) of TUDCA were cultured and their average 

percentages were represented in figure IV.13 

 

A B 
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Figure IV.13: Effect of the different concentrations of TUDCA 0,5 and 10 μM on the percentage of viable 
(A), apoptotic (B) and dead (C) NP cells, obtained by Guava ViaCount assay. Each bar of the graphic 

corresponds to a different TUDCA concentration (0, 5 or 10 μM). 

 

 Based on the literature, we would expect an increase in the percentage of viable cells and a 

decrease in apoptotic and dead cells. In fact, it was already demonstrated a significant decrease in the 

percentage of apoptotic cells in the presence of TUDCA
46

. Figure IV.13 indicates that the best results 

regarding the three studied parameters happen for the concentration of 10 μM added during the neural 

commitment phase. However, the differences in percentages are, once more, not considered 

significant. This experiment should be repeated in appropriate number of times for statistical 

significance and to allow formulating any valid conclusion.  
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IV.3.3. Neuroepithelial Rosettes formation  

 

 Neural rosettes are, as mentioned, morphologically organized structures with radial 

configuration containing NPs/NSCs. When working with PSCs, their appearance provides proof-of-

principle that those cells are following a differentiation route towards neuroectoderm. They express NP 

cell markers and the ZO-1 tight junction protein in the apical center of the rosettes, allowing their visual 

identification with immunochemistry techniques under the fluorescence microscope. 

 

IV.3.3.1. Expansion of rosette-like structures  

 

Early rosettes were obtained upon replating of hiPSCs-derived NPs and expanded in the 

presence of bFGF. Based on previous results on the influence of TUDCA in the proliferation of hiPSCs 

and previous knowledge on its influence in NSC fate and neural differentiation, an important new point 

to verify was whether adding TUDCA during the neural commitment phase could increase the NP cells 

pool.  With this objective in mind, it was important to come up with a method of quantification of the 

differentiated cells. Since the neural commitment protocol utilized an initial hiPSC confluence of almost 

100%, it was visually impossible to identify and count the NPs at the end of the 12 days. To overcome 

this hurdle, the option implemented was the quantification of expanded neural rosettes after replating 

the NPs that were obtained with concentrations of TUCDA of 0, 5 and 10 μM added into the 

differentiation media. As mentioned, rosettes have a zonal increase of ZO-1 protein in their centres 

due to the appearance of junctions between the cells in that region to allow folding around the middle. 

Hence, a practical manner to quantify the rosettes was staining their central region with an anti-ZO-1 

antibody and counting them with fluorescence microscopy. Also, all cell nucleous were stained with 

the DNA-binding dye DAPI and there was immunostaining to detect the intracellular marker Sox2. The 

immunofluorescence images are shown at figure IV.14. 
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Figure IV.14: Immunocytochemistry images of hiPSC-derived neural rosettes stained for Sox2/ZO-1 (A,C 
and E) and DAPI(B, D and F) for each concentration of TUDCA (0,5 or 10 μM). Neuroepithelial rosettes of 

hiPSCs-derived cells were observed four days after replating NPs. Scale: 50 μm. 

 

 Across all conditions, as expected, Sox2
+
 cells are localized around the ZO-1

+
 rosette centers. 

To quantify the influence of TUDCA, ZO-1
+ 

centres were counted in culture wells with the TUDCA test 

concentrations and the results are shown in Table IV.4. 

 

Table IV.4: Count of ZO-1+ neural rosette centres expanded from replated hiPSCs-derived NPs after 
regular neural commitment and under TUDCA addition in the concentrations of  5 and 10 μM. The values 

in the table represent an approximate total number of rosettes per each well counted. 

Concentration of 

TUDCA during the 

neural commitment 

Number of Rosettes  

Number of 

rosettes/cm
2
 

      Culture well  

#1 

     Culture well 

 #2 

 

  Average 

0 μM 769 642 706 ± 90 186 ± 23 

5 μM 1027 1176 1102 ± 105 290 ± 27 

10 μM 1087 1715 1401 ± 444 369 ± 116 

 

 

It is possible to observe a considerable difference in the number of rosettes obtained with and 

without TUDCA, reinforcing the idea that the bile acid improves the efficiency of the neural 

commitment process. Calculating the percentage increase in the average number of rosettes for each 
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concentration normalized to the control (% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 =  
𝑉𝑎𝑙𝑢𝑒 𝑥−𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑎𝑙𝑢𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑎𝑙𝑢𝑒
 ×  100), a result of 56,1% 

was obtained for the concentration of 5 μM and 98,9% for the concentration of 10 μM. 
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V. Conclusions 

  

Undoubtedly, hiPSCs and their neural derivatives will have a huge impact in the evolution of 

modern biomedical sciences in the next few years. However, the field has still yet to overcome the 

limitations in the number of cells that are generated by current expansion culture systems, unlikely to 

meet the clinical needs. Testing new strategies to optimize the existent culture media is a step forward 

towards overcoming this obstacle. To this regard, the processes of expansion and differentiation of 

hiPSCs might benefit from the addition of TUDCA as an inductor of proliferation and inhibitor of 

apoptosis at the mitochondrial level, which result in an increase in the amount of desired cells 

obtained. Bearing this thought in mind, this project focused on testing the influence of supplementing 

the bile acid to completely defined media for hiPSC proliferation and their neural differentiation into 

NPs.   

 Firstly, the effect of TUDCA on the proliferation potential of hiPSCs was tested. Cells were 

always seeded at 50000 cells/cm
2 

and counted after a few days of expansion. Fold increases were 

calculated by comparing the densities obtained with the initial seeded value. The concentrations of the 

daily supplements of TUDCA in hiPSC culture media required optimization and, from a range of 

concentrations of 0-100 μM tested initially, the results limited the optimal interval of concentrations to 

5-10 μM, in which maximum fold increases were gathered. The average doubling times for 5 and 10 

μM were 31,5 ± 9,5 hours and 35,6 ± 0,1 hours, respectively, almost half of the value obtained for the 

control condition (63,3 ± 7,4 hours). To confirm the increase in the proliferation potential for those 

concentrations when compared to the situation where no TUDCA is added, BrdU incorporation 

capacity was measured and compared. Unexpectedly, the results were approximately similar to 0, 5 

and 10 μM of TUDCA. One possible reason to explain this result is the lack of knowledge on how to 

perform the protocol in hiPSCs, specifically the amount of time that the BrdU is left incorporating into 

the cell nucleus. That depends on the length of the S phase of each cell type, being essential to have 

an ideia about its duration. If the BrdU incubation time is too long, cells have almost total incorporation 

in their strands, making impossible to distinguish and identify differences.   

 After drawing conclusions about TUDCA’s impact on the hiPSC growth rate, one had to 

ensure that the acid did not negatively affect other cellular characteristics. For one, a flow cytometry 

analysis confirmed the maintenance of the normal levels of expression of the pluripotency markers 

Oct4, Sox2, Nanog, Tra-1-60 and SSEA4. So, as expected there is no interaction with those markers 

and the bile acid. In addition, membrane cell integrity was tested using the ViaCount® Reagent, to 

account for percentage differences in cell viability between cultures with concentrations of 0, 5 and 10 

μM of TUDCA. The results were inconsistent between replicates or different trials, so, it was not 

possible to claim that TUDCA influences cell viability.  Moreover, the ViaCount® Reagent also allowed 

the quantification of apoptosis and death events within a population of cells under the mentioned 

concentrations of TUDCA. Once again, the results were not coherent among all the analysed samples, 

being insufficient to take any proper conclusion. 
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The second important objective to accomplish was to evaluate the efficiency of hiPSC neural 

commitment with TUDCA concentrations of 0, 5 and 10 μM supplemented to the differentiation media 

during the 12-day protocol
44

. At the 12
th 

day, cells were immunostained against the markers Nestin 

and Pax6. Positive expression of both markers was visualized with fluorescence microscopy, 

confirming the sucessful attainment of NPs. From immunofluoresce pictures, an ImageJ pixel 

quantification method showed an increase in the proportion of Pax6
+
 expressing areas for the working 

TUDCA concentration. Specifically, results showed a 31% increase for 5 μM and 41% for 10 μM, when 

compared to control. 

Additionally, percentages of viability, apoptosis and cell death for each tested TUDCA 

concentrations were obtained and compared with the control. Overall, the deviations in the 

percentages obtained were not very significant and followed no tendency with the increase in TUDCA 

concentration. The apoptosis results were inconsistent between them and with what was expected 

from the literature. Anyway, the most positive results were obtained for the neural commitment media 

supplemented with 10 μM of TUDCA, suggesting that 5 μM could not be enough to induce differences 

regarding the properties studied in this test. Upon several repetitions, such assumption can be 

validated in the future. 

hiPSC-derived NPs were replated in poly-ornithine/ laminin double-coated wells to generate 

neural rosettes. These were expanded in the presence of bFGF and ZO-1+ rosette centres were 

counted with the fluorescence microscope. We assume that the number of rosettes registered is 

proportional to the neural commitment process efficiency. An average of 186 rosettes/cm
2
 was 

counted for the control condition, 290 and 369 for 5 μM and for 10 μM, respectively.  This translates 

into an increase in nearly 56% for 5 μM and 99% for 10 μM. Based on previous reports
46

 such 

improvement, when compared to controls, can be explained by an increase in proliferation of the 

differentiating cells, a decrease in their apoptosis or an elevated propension to neural differentiation.  

Collectively we might conclude that the results obtained in this thesis were relevant and 

promising, motivating the introduction of new protocols that include the bile acid in hiPSC expansion 

and differentiation cultures.  
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VI. Future work 

  

 Considering that this project was the first attempt at including the bile acid TUDCA in hiPSC 

expansion and differentiation cultures, several aspects will have to be further developed and 

improved. Still, the positive results obtained constitute a starting point towards the set objectives and 

may motivate the discovery of other fascinating applications for this molecule. 

 Firstly, all performed experiments should be repeated and validated under the same 

conditions to confirm the preliminary results obtained. Due to time limitations, only the growth kinetics 

and ViaCount® assay in hiPSCs were performed more than once exactly under the same conditions. 

Most experiments were performed in replicates and the results presented here represent the average 

values. However, for statistical significance, it is recommended to have multiple repetitions with TCLab 

hiPSCs thawed at different time points. 

 Importantly, after addition of TUDCA to proliferative hiPSC cultures for few days, the only 

pluripotency verification test was the extracellular and intracellular marker expression, which is 

insufficient. For example, spontaneous differentiation of hiPSC, as Embryoid bodies, as well as their 

controlled differentiation into cells of the three germ layers, would largely contribute to confidently 

claim the pluripotency maintenance. 

 Moreover, it would be important to understand and control the decrease in cell proliferation 

verified across the hiPSC samples in the growth kinetics tests after six days. In this sense, the time 

duration and frequency of TUDCA addition to the culture media might have to be adjusted. 

Another essential upswing is the optimization of the BrdU protocol. As mentioned, the results 

were approximately similar across the concentrations of 0, 5 and 10 μM. Having the growth kinetics 

results in consideration, these results were against what we were expecting,.The incubation time 

tested for incorporation of BrdU into the hiPSC DNA strands were 4 and 2 hours. In the future, the 

time frame tested should be even lower, perhaps a period surrounding 30 or 45 minutes. 

 Regarding the hiPSC mitochondrial function, it would be interesting to expand and differentiate 

hiPSCs and measure the production of mtROS and p53, after TUDCA treatment. These parameters 

could be related to cell cycle regulation, mitochondrial-related apoptosis and differentiation induction in 

our cell model. Also, the measurement of cytochrome c release could be useful to compare the hiPSC 

apoptosis levels under the three TUDCA concentrations and a good complement to the ViaCount® 

apoptosis results. Furthermore, changes in mtDNA have also been shown to be involved in stem cell 

differentiation, and, therefore, they could also be investigated by Polymerase Chain Reaction (PCR).  

 Regarding neural differentiation process, a future step is certainly to pass from the preliminary 

neural commitment to complete differentiation protocols. This way, the final product is closer to the 

cells needed for therapies with neurodegenerative diseases. In this regard, testing TUDCA along the 

entire process of neurogenesis from hiPSCs can potentially increase the neuronal pool at the finish 

line.  

 To enrich the differentiation tests, measuring the expression of the characteristic markers by 

PCR might confirm the visual results obtained from the immunocytochemistry test.  
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In addition, it makes sense to translate the results regarding neural differentiation to hiPSCs 

differentiation into other lineages, namely from other germ layers other than ectoderm. For example, 

the generation of higher numbers of pancreatic and cardiac cells can contribute to research and cell 

therapies towards the treatment of diseases affecting those cells in the organism. 

 An interesting analysis to perform would also be the observation of the sub-cellular localization 

of TUDCA, either in the hiPSCs expansion, neural commitment conditions and future complete 

differentiation protocol. Indeed, it is expected that TUDCA directly interacts with the mitochondria in all 

cell types, but it would be an alluring verification. This experiment could be performed by labelling 

TUDCA and observing its localization by confocal microscopy.  

 Finally, the most important future direction, taking the purpose of this work into consideration, 

is the scale-up.  Adapting TUDCA addition, first into spinner-flasks and then bioreactors, could be an 

important step towards obtaining clinical-grade cell numbers, combined with GMP compliance. 
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