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ABSTRACT 

  

Human induced pluripotent stem cells (hiPSCs) have unlimited self-renewal properties and the 

capacity to give rise to cells from the three embryonic germ layers. The clinical potential of these cells 

has brought to light promising work for future applications, though having fully defined protocols for their 

maintenance and handling, under good manufacturing practices (GMP), is still a universal challenge.  

In this work, two stocks of hiPSCs from the same line (1383D2) were compared, since one of 

the stocks had displayed significant phenotypical changes. The contribution of the ROCK inhibitor was 

studied in 2D culture for 24 hours, and in 3D static and dynamic cultivation, for 48 hours and 96 hours. 

In 2D culture, the growth kinetics for both stocks showed to be similar. However, in 3D dynamic culture, 

the live cell ratio for the altered cells was not higher than 0.20, when comparing to the other stock (0.67 

± 0.04). Though, the apparent specific growth rate was overall much higher in these cells, the highest 

being 3.57 x 10-2 h-1, achieved in 3D static culture, exposed to the ROCK inhibitor for 96 hours. Naturally, 

the largest aggregates (assessed by the aggregates’ diameter) were obtained in dynamic culture. 

Furthermore, for the study of the morphology and viability of the aggregates, the expression of E-

cadherin and Ki-67 were also analysed, showing that larger aggregates suffered central necrosis as the 

culture proceeded. Nevertheless, despite the differences, the present results permitted to conclude that 

these altered cells are possibly viable for future use. 

 

 

Keywords: Human induced pluripotent stem cells; ROCK inhibitor; Static Culture; Dynamic 

Culture; Growth kinetics; Aggregate development. 
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RESUMO 

 

Células estaminais pluripotentes induzidas humanas (hiPSCs) têm propriedades de 

autorrenovação ilimitada e a capacidade de originarem células das três camadas germinativas 

embrionárias. O potencial clínico destas células possibilitou o desenvolvimento de trabalho promissor 

para aplicações futuras, contudo ter protocolos completamente definidos para a sua manutenção e 

manuseamento, mantendo boas práticas de fabricação (GMP), é ainda um desafio universal. 

 Neste trabalho, dois stocks de hiPSCs da mesma linha (1383D2) foram comparados, visto que 

um deles demonstrou ter mudanças fenotípicas significativas. A contribuição do inibidor ROCK foi 

estudada em cultura 2D por 24 horas, e em cultura 3D estática e dinâmica, por 48 horas e 96 horas. 

Em cultura 2D, a cinética de crescimento para os dois tipos de stocks mostrou ser semelhante. Contudo, 

em cultura 3D dinâmica, o rácio de células vivas para as células alteradas não foi superior a 0.20, 

quando comparando com o outro stock (0.67 ± 0.04). Já a taxa de crescimento específico aparente foi 

globalmente muito superior nestas células, sendo a mais elevada de 3.57 x 10-2 h-1, alcançada em 

cultura 3D estática, exposta ao inibidor ROCK por 96 horas. Naturalmente, os agregados maiores 

(avaliados através do diâmetro dos agregados) foram obtidos em cultura dinâmica. Todavia, para o 

estudo da morfologia e viabilidade dos agregados, a expressão de E-caderina e Ki-67 foi também 

analisada, que mostrou que agregados maiores sofrem necrose central com o progresso da cultura. 

Não obstante, apesar das diferenças, os presentes resultados permitiram concluir que estas células 

alteradas estão possivelmente viáveis para uso futuro. 

 

 

Palavras-chaves: Células estaminais pluripotentes induzidas humanas; Inibidor ROCK; 

Cultura estática; Cultura dinâmica; Cinética de crescimento; Desenvolvimento de agregados. 
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1. INTRODUCTION 
 

1.1. Human Pluripotent Stem Cells 

 

Human stem cells are unspecialized cells which have unlimited potential for self-renewal and 

the capacity to differentiate into any cell from one of the three primary germ layers. Depending on the 

type of stimulus, they are able to deviate into the precursors of these cells, which would later give rise 

to fully differentiated cells, with a defined structure and function, that make up for the entire tissues and 

organs of the human body. 

These cells can be found in particular parts of the human body such as in the umbilical cord 

blood, bone marrow, intestinal epithelium or adipose tissue. Stem cells can essentially be classified 

according to their differentiation potential: totipotent, which give rise to all embryonic and adult lineages; 

pluripotent, if they originate all cells types that compose an adult body; multipotent, if they are able to 

originate cells from multiple cells within one lineage, and finally unipotent, which mature into one type 

of cells1,2.  

Due to the characteristics of these cells, an extensive investigation is on-going regarding the 

fields of gene therapy, regenerative medicine, drug screening and all sort of cell-based therapies. Even 

so, there are still a set of challenges to overcome, regarding ethical issues attached to the experiments 

and material used, the transition from the laboratory scale to the industrial scale, or the standardization 

of the processes. 

Mesenchymal stem cells are multipotent stromal cells that are currently used in several clinical 

applications in the past years3. The main reason for the success of these cells is the easiness of 

collecting and maintaining them, needing only a short period of time before the establishment of the 

culture and the application of the cells. With these advantages, pluripotent stem cells have been taking 

into consideration a lot more since they promote a wider variety of options in future treatments, and their 

pre-differentiation state in vitro can guarantee a safe utilization2.  

The human embryo naturally develops giving rise to all of the cells that composed a full human 

body. As previously commented, pluripotent stem cells can originate all cells from the three-primary 

germ layers, namely endoderm, mesoderm, and ectoderm. The endoderm (internal layer) gives rise to 

organs such as the lungs, thyroid and pancreas; the mesoderm (middle layer) becomes the cardiac 

muscle, skeletal muscle, smooth muscles, the tubule cells of the kidneys and red blood cells, and, finally, 

the ectoderm (external layer) develops into cells of the skin, melanocytes and the neurons of the brain4,5.  

Since it has been investigating ways to treat, understand and overcome problems related to all 

of these layers previously named, pluripotent stem cells (PSCs) have been having a great focus. 

Essentially, the PSCs that are currently being used are human embryonic stem cells (hESCs) and 

human induced pluripotent stem cells (hiPSCs), both presenting already known advantages and 

disadvantages for their use. 
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1.1.1 Human Embryonic Stem Cells  

 

The first time it was reported the culturing of mouse embryos in the uterus and deviation of 

embryonic stem cells (ESCs) from these embryos, done by Dr. Evans et al., it was dated back to 19816. 

In the same year, Dr. Martin proved to be possible to culture these embryos in vitro and differentiate 

them, opening a door to begin the laboratory research towards the study using these cells7. Later, in 

1998, it was when Thomson and collaborators showed that it was possible to isolate and grow embryonic 

stem cells from the human species in a cell culture4. They used cells from human blastocysts which 

showed to have the capacity of self-renewal and staying undifferentiated when maintained in vitro, even 

after 4 to 5 months, before being turned into trophoblasts and derivates from all three-primary germ 

layers4 (Figure 1). These human embryonic stem cells can be obtained by fertilizing eggs from donors 

in vitro purposely for research use, most specifically in order to collect the inner cell mass of the 

blastocysts4,8.  

Despite their renewal capacity and high potential for different applications being unquestionable, 

these cells still have issues attached to them. One of them is the fact that these cells might lead to the 

generation of teratomas when transplanted into a living host, especially depending on which tissue they 

are introduced into9,10. Another polemic issue has to do with the fact that the manipulation and 

destruction of viable human embryos have always been seen as a subject of controversy due to ethical 

and religious purposes11. 
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Figure 1 - Characteristics of embryonic stem cells. (Adapted from Winslow, T. in 

Regenerative Medicine, 2006) 5. 

 

1.1.2. Human Induced Pluripotent Stem Cells  

 

Human induced pluripotent stem cells (hiPSCs) were first created in 2006 by Shinya Yamanaka 

and his collaborators by retrovirally, introducing specific genes encoding four transcription factors 

(Oct3/4, Sox2, Klf4 and c-Myc) into mouse embryonic fibroblasts, giving rise to a new generation of 

cells12. These cells have proved to be similar to hESCs, regarding their transcription program and 

chromatin modification profiles13, as well as in morphology, surface markers, overall gene expression 

and age-affected cellular systems, like telomeres and mitochondria14. One year later, it was possible to 

obtain hiPSCs by reprogramming adult dermal fibroblasts, targeting the same four factors, which implied 
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a step forward towards their research in humans15. These cells can be derived, not only from skin 

fibroblasts (Figure 2), but also from keratinocytes16 and blood progenitor cells17.  

The hype over these anchorage-depended cells came mostly due to the way they could 

overcome major problems that other cells could not achieve as easily. The first one being the fact that 

the immune rejection after transplantation into the patient is much less probable when compared to the 

use of hESCs, since the cells are derived entirely from the patient5,18,19. The other one is that these cells 

were able to overcome some issues comparing to the utilization of human embryos, which carry more 

serious religious and ethical beliefs5,18,20. Also, these cells have an unlimited resource capacity since 

they can be obtained by performing a tissue biopsy, which anyone can easily donate, against the 

restricted supply capacity of hESC, derived from embryos discarded after in vitro fertilization. This also 

implies a much safer and less invasive alternative for users than eggs donation19. 

 

 

Figure 2 - Skin cells can be reprogrammed into iPS cells that can then develop into 

different types of cells. (Credit to Sanger Institute, Genome Research Limited, removed from 

https://www.sanger.ac.uk/news/view/scientists-unveil-uk-s-largest-resource-human-stem-cells-healthy-

donors, accessed on 01/10/2018). 

 

Even with all the advantages regarding these cells, there are still some issues that should be 

taken into account. The fact that it is being used viruses to induce said mutations, and even the cells 

themselves, which are genetically modified cells, might increase the risk of cancer by triggering 

https://www.sanger.ac.uk/news/view/scientists-unveil-uk-s-largest-resource-human-stem-cells-healthy-donors
https://www.sanger.ac.uk/news/view/scientists-unveil-uk-s-largest-resource-human-stem-cells-healthy-donors
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oncogenes or other cancer-causing genes18,21. Another factor that might lead to future implications, has 

to do with the age of the donor. Even though elderly patients are more plausible to receive treatment 

using these cells, the older the somatic cells are, the more likely of being mutated they are, due to the 

age and the long-term exposure to the external factors throughout their lives that can affect the quality 

of the cells22.  

 

1.2. Applications of Human Pluripotent Stem Cells 

 

 

Even with the previously named problems involving these cells, it is undisputable the potential 

attached to the research using them. 

As referred before, stem cells are capable of self-renewal and differentiation, therefore they can 

be applied to a wide variety of fields, such as for cell-based therapy, drug screening, disease modelling 

and tissue engineering (Figure 3 and Table 1). 

Cell-based therapies are processed by injecting into the host stem cells which, under certain 

conditions, will contribute to the reestablishment of function and integrity of the tissue they are inserted 

into. For example, studies regarding treatment for type I diabetes had been reported23 in which the 

authors claimed to have generated functional pancreatic progenitors, from hESCs fair for clinical trials, 

with β Islet cells containing a subcutaneous capsule that present cell-mediated autoimmunity. Moreover, 

even if not yet in clinical trials phase, it was already possible to obtain mature β Islet cells in vitro24.  

Furthermore, preliminary results have been already reported regarding retinal pigmented 

epithelial cells (RPECs) derived from hESCs for atrophic age-related macular degeneration and 

Stargardt’s macular dystrophy25. Also regarding RPECs, the transplantation of a sheet of iPSC-derived 

RPECs into a Japanese patient was already performed without serious repercussions26. This could be 

an example of tissue engineering, which can be divided into three approaches: the use of bioactive 

molecules, such as growth factors, that contribute for tissues induction; the use of cells that respond to 

various signals and stimuli, and the construction of three-dimensional tissue-like matrixes capable of 

replacing damaged tissues or organs27. Therefore, the so-called regenerative medicine compromises 

both cell therapy and tissue engineering. 

Additionally, stem cells can be also used for drug screening and disease modelling. This means 

that the pharmaceutical industry takes advantage of these cells to develop new medicines and 

innovative treatments. In a paper published in 2017, it was created functional downsized gut organoids 

from both hESC and iPSC, using a xenogeneic-free medium, suitable for drug screening and the study 

of several intestine diseases28. As for another study done in 2016, the scientists were able to concretize 

an allogeneic transplantation of iPS cell-derived cardiomyocytes into primate hearts, successfully 

ensuring the graft survival for at least 12 weeks29.  Human embryonic stem cell-derived oligodendrocytes 

have also been used and proved to regenerate myelination and behavioural deficiency of irradiated 

rats30.  
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Moreover, this also means that the pharmaceutical companies can use these cells for a 

development of a tailored treatment, such as acquiring the patient disease-affected cells and converting 

them into iPSCs before differentiating them back into somatic cells. This allows, not only to understand 

the mechanisms involved in the development of the phenotype typical of the disease, but also to test 

the toxicology and different drugs for its efficient treatment, without directly affecting the patient31. Also, 

since the cells are harvested directly from the patient, this also means an increase in terms of safety 

towards immunogenic response32. 

 

 

Figure 3 – Roadblocks to translating human iPSC technology to the clinic. Human iPSCs 

technology potentially can be used for screening new cancer drugs (blue box) and ultimately for 

providing cells for transplant to treat a variety of diseases, including cancer (yellow box). Genetic 

mutations can be corrected in patient-derived iPSCs by gene targeting approaches. The main hurdles 

to using patient-specific iPSCs for disease modelling, drug screening, and transplantation purposes are 

(i) a lack of effective differentiation protocols, (ii) little or no engraftment capability for the majority of 

human iPSC-derived specialized cells, (iii) difficulties in modelling multifactorial diseases, (iv) the need 

for GMP-compliant conditions at each step, and (v) safety concerns regarding the potential 

tumorigenicity of iPSCs associated with their pluripotent state or with insertional or culture-driven 

mutagenesis. Dotted arrow not yet tested; solid arrow, only a few studies available; blue arrow, feasible 

but requires further study. (Adapted from Sharkis et al.33, National Institute of Health Public Access).  
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Table 1 - Examples of clinical trials using human embryonic stem cells (hESCs) and 

induced pluripotent stem cells (iPSCs). Clinical trials as from 2016. RPE – retinal pigment epithelium 

(adapted from Trounson A. et al.34). 

 

Trial Sponsor 

(Location) 
Disease Target Cell Therapy 

No. 

Patients 
Phase 

Chabiotech Co. 

Ltd. (S. Korea) 
Macular Degeneration 

Human-ESC-

derived RPE 
12 Phase I/II 

Ocata Therapeutics 

(MA, USA) 

Stargardt’s Macular 

Dystrophy 

Human-ESC-

derived RPE 
16 Phase I/II 

Macular Degeneration 
Human-ESC-

derived RPE 
16 Phase I/II 

Myopic Macular 

Degeneration 

Human-ESC-

derived RPE 
Unknown Phase I/II 

Pfizer (UK) Macular Degeneration 
Human-ESC-

derived RPE 
10 Phase I 

Cell Cure 

Neurosciences Ltd. 

(Israel) 

Macular Degeneration 
Human-ESC-

derived RPE 
15 Phase I/II 

ViaCyte (CA, USA) 
Type I Diabetes 

mellitus 

Human-ESC-

derived Pancreatic 

Endoderm Cell 

40 Phase I/II 

Assistance 

Publique-Hopitaux 

de Paris (France) 

Heart Failure 

Human-ESC-

derived CD15+ Isl-

1+ Progenitors 

6 Phase I 

International Stem 

Cell Corp. 

(Australia) 

Parkinson’s Disease 

Human 

Parthenogenetic-

derived Neural 

Stem Cells 

Unknown Phase I/II 

Asterias 

Biotherapeutics 

(CA, USA) 

Spinal Cord Injury 

Human-ESC-

derived 

Oligodendrocyte 

Precursor Cells 

13 Phase I/II 
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1.3. Expansion of Human Pluripotent Stem Cells 

 

Transiting from the laboratory experiments to an industrial scale is still a challenge, not only 

because of the initial small working number of cells, but also because the success of the process also 

depends on the perfect equilibrium between the optimization of the culture parameters and the design 

of the culture vessel, while maintaining Good Manufacturing Practices (GMP) at all times. 

Especially in the cases of both hESCs and iPSCs, these are obtained in small quantities, which 

in most cases compromises their use in later therapeutic applications. A low number of these cells have 

already progressed into clinical stages, but the goal of treating large numbers of patients requires a cell 

cultivation system at a larger scale34.  

 

1.3.1. Xeno-free, Feeder-free and Chemically Defined 

Culture Systems 

 

One of the main concerns in the culturing of stem cells is the stability of the conditions the cells 

are cultured in. The worry is not only to find an ideal protocol for the production and later safe and secure 

application of stem cells into regenerative medicine or drug screening, but also perform it while 

maintaining good manufacturing practices (GMP). GMP, as defined by regulations from both the 

European Medicines Agency35 and the Food and Drug Administration36, is composed by a set of factors 

that promote the execution of experiments that are free from contaminants and that use animal-free 

culture medias, feeder-free cells or feeder-free matrix for every step of the production of these cells, 

either it is derivation, passaging or even cryopreservation37. It also moves towards the standardization 

of the process of culturing the cells, leading to insignificant or even none batch-to-batch variability in the 

future. 

As previously said, the use of a xeno-free medium is a way to minimize the risk of growing cells 

using other animal-derived substances which are essential for their growth. The use of defined 

components from the same origin as the cells that are under study would contribute to a more confident 

practice for future therapeutic applications. For example, fetal bovine serum (FBS), rich in growth factors 

and other components for in vitro cell culturing, is being replaced whenever a better alternative is 

available38.  

Furthermore, it is also common to use feeder cells to maintain the undifferentiated state of stem 

cells. These frequently are fibroblasts, which produce indispensable substances, such as growth factors, 

proteins and extracellular matrix (ECM) components39. Feeder-cells, such as mouse embryonic 

fibroblasts (MEF), have been used before39–41, but the constant concern for xeno-free conditions has 

brought to light the use of human feeder cells, like human fibroblasts41–43, to closely reproduce the in 

vivo conditions towards clinical testing in humans. However, more and more the process is trying to be 

simplified, meaning that the use of feeder-free culture is being encouraged38,41,44,45.  
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Chemically defined culture systems allow the increase of the reproducibility of the results, which 

consequently will lead to a more consistent batch-to-batch result, contrarily to the use of feeder cells or 

FBS46. For example, a chemically developed defined medium named TeSR1 (a defined culture medium 

containing FGF-2 (fibroblast growth factor-2), lithium chloride (LiCl), g-aminobutyric acid (GABA), TGF-

b (transforming growth factor-b), and pipecolic acid) was shown to be useful in the derivation of two new 

hESC lines in a chemically-defined culture47. Another medium, the E8 medium, which is a derivate of 

TeSR1 containing eight components that lacks b-mercaptoethanol, is believed to be suitable for different 

lines of hESCs and hiPSCs48,49. 

All in all, an effort is being made to promote the development of this technology using xeno-free 

conditions, feeder-free culture systems and chemically defined formulas to target the full standardization 

of the processes and guarantee their safety for therapeutic purposes. The challenges for growth 

conditions include the determination of the long-term effects of the several conducts and their 

differentiated origins, the need to vehemently verify the preclinical safety of the final products, either in 

vitro or ex vivo, and how the products must show anticipated safety and desired functionality before 

being applied into the patients46.  

 

1.3.2. Process Standardization 

 

The ultimate goal for the application of stem cells in regenerative medicine and other fields is to 

guarantee a final and standard protocol for the production of the cells, which are obtained according to 

the case they will be used for. Treatments using, for example, mesenchymal stem cells, which 

are multipotent stromal cells, are already being used since they have very little or no repercussions to 

the patients50.  

Nowadays, cell banks are places in which certain types of cells are replicated, frozen and stored 

for later use for research and medical purposes, after being well studied and stable. Certain groups that 

are already suitable for product development, either for therapeutic use or for commercialization, are 

part of what is called a master cell bank (MCB). The later stages of their development, corresponding 

of cells that will undergo a process of scaling-up for future applications after being selected, grown in a 

culture and passaged several times before being cryopreserved, are part of a working cell bank (WCB) 

51.  

Cell banks are supposed to be flexible and adaptable to the constant needs, while using the 

currently available methods and while maintaining the quality and safety that has to be guaranteed to 

both the patients and the sponsors. These banks must also be resourceful, meaning that the material 

used has to be economical and practical to be sustainable and meet the community’s needs. Finally, 

they have to correspond to the ethical standards and guidelines of the country they are inserted into52.  

 

https://en.wikipedia.org/wiki/Multipotent
https://en.wikipedia.org/wiki/Stromal_cell
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Figure 4 – Process flowchart for cGMP manufacturing of hPSC-based therapeutic 

products and critical quality parameters related to each step of processing. The process flowchart 

is divided into (A) cell line development and banking and (B) cGMP manufacturing sections. In the cell 

line development and banking section, clinical grade hPSCs are produced using safe derivation or 

reprogramming technologies, which have been characterized after their maintenance in xeno-free and 

fully defined conditions before cryopreservation in master cell banks to be used as the main starting 

material for cGMP manufacturing. The cGMP manufacturing process is divided into three main 

processing stages including upstream processing, downstream processing, and delivery or storage. In 

upstream processing, hPSCs are expanded and differentiated to targeted cell therapeutic products. The 

targeted cell products are isolated and purified, formulated and/or filled for instant or delayed delivery. 

In the delivery or storage stage, the therapeutic cell products are handled and transferred to the final 

user or patient or preserved in large working cell banks for delayed delivery. A robust quality control 

(QC) and quality assurance (QA) system will control and monitor the whole manufacturing process 

based on critical quality parameters in each processing step. (Adapted from Abbasalizadeh et al.53). 

 

The age of the donor and the source of the cells for these banks influence their regenerative 

capacity. Genomic and epigenetic modifications are prone to happen in aging cells, which largely 

contributes to differences in the cellular pathways. This year, it was studied the global chromatin 

structure in human adipose-derived stem cells (ASCs) and compared it to the chromatin structure in 

age-matched fibroblasts via ATAC—seq technology. Aging ACSs showed to globally have more stable 

chromatin accessibility profiles when comparing to aging fibroblasts, meaning that robust regulatory 
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mechanisms are more efficient on the maintenance of the adult stem cell chromatin against ageing than 

in differentiated cells like fibroblasts. Also, age-dependent cells had subtle changes in the nucleosome 

position, together with the expression of a small ubiquitin-related modifier (SUMO), a protein that 

regulates the cellular pathways under stress conditions such as heat-shock, contrarily to old 

fibroblasts54.  

However, and as commented before, slight changes in the handling of the cells might be 

sufficient to lead to different and unexpected results, meaning that the overall operator skill is also a 

point to be considered. Long-term stability of the undifferentiated state of PSCs is complicated regarding 

technical level of robotics and automation. Even though, it had been reported before that a fully 

automated culture system that automates cell seeding, medium changing, cell imaging and cell 

harvesting was able to culture iPSCs on feeder cells for 60 days and 20 passages, while maintaining 

their pluripotency and capacity of differentiation in specific types like dopaminergic neurons and 

pancreatic islet cells55.  

The passaging of the cells is also one issue to be taken into account. Even if the handling of the 

cells does not bring any kind of damage to the culture in the end, batch-to-batch variability might still 

happen when using enzymatic dissociation, due to the decreasing activity of the enzymes and their 

quality. The use of chemically defined systems for the detachment of the cells would be a solution to 

attenuate this problem56.  

Furthermore, even the same cell type, but different cell lines, for example, for hiPSCs cell lines 

Tic and 253G1, might lead to significances differences in growth kinetics and morphology depending on 

the type of environment they are cultured in and, thus, it is of interest to understand which would be the 

best methodology for their maintenance and growth57.  

The characterization of the ESCs and iPSCs and their different lines is essential to understand 

how variations on their characteristics might influence their utility and safety for clinical applications. 

Such differences were study before for 20 lines of previously derived ECSs lines and of 12 hiPSCs lines 

in order to draw genome-wide reference maps of DNA methylation and gene expression58. With this, it 

would further help to understand the epigenetic and transcriptional similarities in these lines and assess 

the differentiation potential in each case. 

 

1.3.3. Passaging of Human Pluripotent Stem Cells 

 

These cells are support-dependent cells, meaning that they need a surface to attach to in order 

to proliferate. Therefore, one technique used for the expansion of hPSCs is sub-culturing them into a 

new culture system with fresh medium and components that allow them to proliferate. The process of 

individualization of the cells before transferring them into a new culture system is named cell passaging. 

The most common way to effectuate the passaging step is by using enzymatic methods, which 

promote the dissociation of the cells to the surface and to one another, encouraging their 

individualization for later seeding into the new system. The fact that these cells are very sensitive to 
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sudden changes of environment they were previously settled in and to the way they are handled, can 

result in cell death during the procedure. However, there are certain substances, such as the Rho-

associated protein kinase (ROCK) inhibitor that can be used in order to reduce cell apoptosis and, thus, 

increase their survival rate59.  

 

1.3.3.1. EDTA and Trypsin in Cell Passaging 

 

One classic technique used for the expansion of hPSCs is sub-culturing them into a new culture 

by using ethylenediaminetetraacetic acid (EDTA) and trypsin. 

EDTA is a general chelator of Ca2+ and Mg2+, two divalent cations that exist on the surface of 

the cells. When it binds to the receptors on the surface of the cells, it will promote cell-cell and cell-

extracellular matrix (ECM) dissociation by inhibiting integrin-ligand binding60.  

Trypsin is a protease that acts by digesting amino acids from the ECM that participate in the 

adhesion of the cells, further promoting their individualization and detachment from the surface, and 

guarantee the entire removal of the cells from the dish. 

This process is efficient, though it should be done quickly, before cells began seeking for support 

one to another, forming small-sized aggregates that might compromise counting. It is also essential to 

do the process as gently as possible, since the procedure is likely to cause a significant cell loss before 

seeding. 

 

1.3.3.2. ROCK Inhibitor 

 

As commented before, the maintenance of the survival of the cells after detachment is a 

challenge, compromising the research. However, it was shown that the use of the ROCK inhibitor, Y-

27632, controls cellular functions such as cell shape, motility, secretion, proliferation and gene 

expression61. For cells such as hESCs, it prevents dissociation-induced apoptosis, increases cloning 

success, and also facilitates sub-cloning after gene transfer59.  

The ROCK protein is part of the family of serine/threonine-specific protein kinases, which is 

activated by the interaction with the small GTP-binding protein RhoA. This protein and ROCK are 

present in crucial physiological function in the contraction of smooth muscle, cell proliferation, adhesion, 

migration and inflammatory responses62. This kinase was found to mediate RhoA-induced actin 

cytoskeletal changes by the phosphorylation of myosin light chain63. This actin-myosin based 

cytoskeleton is vital for the contraction, motility and tissue organization of the cells. Actin-myosin motors 

are made of actin filaments and non-muscle myosin II heavy chains (MYH). The actin filaments are 

usually attached to integrins, through focal-adhesion, and E-cadherins, through α/β catenin complexes. 

By hydrolysing ATP by the MYH ATPase, energy is generated which makes possible for the MYHs to 

slide along the actin filaments, provoking their contraction64. When cells are separated from the ECM 

and from one to another, the actin-myosin contracts, leading to differences in the phenotype, including 
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membrane blebbing, a sign of apoptosis65. If the contraction continues due to the lack of adhesion of 

the cells, then it will ultimately result in their death. 

Therefore, the Y-27632 is used during passaging and even after seeding to prevent cell death 

and to enhance colony formation, since it inhibits the signalling pathway that triggers the contraction 

mechanism (Figure 5). This also includes the success it has in cases in which the exploration of the 

pluripotency state of the cells and the formation of the aggregates are involved59.  

 

 

 

Figure 5 – Discovery of the method for suppressing loss of dispersed human ES cell 

viability with the use of the ROCK inhibitor. (Removed from 

https://www.mst.or.jp/portals/0/prize/english/winners/bio/bio2012_en.html, accessed on 18/09/2018, 

based on the works of Watanabe et al.59 and Ohgushi et al.66). 

 

1.3.4. Large-scale Expansion of Human Pluripotent Stem 

Cells 

 

It is widely agreed that stem cells are one of the paths for the development of technology 

regarding modern medicine. 

Some methodologies have already been implemented according to the cell source, the desired 

final product and its specifications, but the improvement of the culturing vessels is still a constant need. 

As emphasized before, the global aim for the large-scale production of hiPSCs targets their 

reproducibility, safety and clinically approved products. Having these in mind, it is of concern to evaluate 

some of the most important particularities. These could include the process of scaling up instead of 

https://www.mst.or.jp/portals/0/prize/english/winners/bio/bio2012_en.html
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scaling out, meaning having a single culture in a larger volume, instead of distributing it through different 

smaller vessels, in order to maintain homogeneity and to avoid contaminations. The use of a dynamic 

culture that improves mass transfer, the circulation of oxygen and nutrients and the homogenous 

distribution of the cells in the culture, could also guarantee the consistency of the given final results. 

This can be currently done by rotating platforms, air-based mixing, impeller-based mixing and rocking. 

However, the shear force applied to the cells is one of the main factors to be considered before choosing 

a suitable mixing procedure, since it can damage them57. Moreover, continuous medium change is also 

crucial for the stability of the culture conditions, either for providing the cells the factors they need to 

proliferate or to remove their waste products. Little changes in the culture conditions, such as pH, 

temperature, oxygen concentration or growth factors could be sufficient to lead to unexpected results, 

such as unwanted differentiation or even cell death. Avoiding human error by promoting a more 

automatic monitoring and control of the process to ensure the supposed culture conditions in real time 

would definitely help the standardization of the process. And finally, it is also imperative to take into 

account the balance between the cost of the process and its efficiency and the yield of the final product67.  

Therefore, scaling-up the production of stem cells for regenerative medicine is undoubtedly one 

of the greatest challenges in this field. So, it will be described the platforms and results for large-scale 

expansion of pluripotent stem cells, using microcarriers and in the form of 3D aggregates, in the different 

bioreactors currently available on the market. It will also be addressed an approach about the 

parameters that contribute to the optimization of the culture conditions. 

 

1.3.4.1. Platforms for Large-scale Expansion of hPSCs 

 

There are several platforms available on the market that can be used depending on the final 

goal and regarding their advantages and disadvantages (Figure 4). 

These support-dependent cells are traditionally grown in monolayers colonies on an ECM or 

fibroblast feeder layers. Thus, T-flasks provide a 2D environment for cell proliferation and they are 

possible to be used for large-scale expansion, in particular if multiple vessels are used at the same time, 

in the same conditions (scaling-out). It is useful in cases that a small number of cells are required for 

the final product, for toxicity testing or if the tissue in study allows the use of this method. The growth of 

retinal pigment epithelium cell sheets from hiPSCs could serve as an example since the morphology 

and physiology characteristics of this tissue in vivo can be more easily reproduced in these conditions 

to mimic the reality68. The problems with T-flasks is that the medium cannot be continuously changed, 

real-time monitoring is not possible and, most importantly, expansion is only efficiently achieved if small-

scaled67.  

Among the current methods used, scaling-out using multiple vessels is a common practice, 

useful if the final product requires a small number of cells, existing some multi-layered 2D static vessels 

available in the market67. However, the static culture conditions bring limitations in terms of expansion 

because of its low yields, non-homogenous nature, demanding constant monitoring and control, 
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extensive handling procedures and absence of flow69. For instance, a patient needing a cardiomyocyte 

replacement would require up to 4.00 x 1010 cells to treat the condition, meaning it would be necessary 

up to 1144 T-175 flasks per patient, which would be an unbearable task70.  

Thus, and as mentioned before, only by scaling-up it is possible the obtention of the necessary 

amount for certain applications, as well as a more cost-efficient process. 

 Spinner flasks offer one of the many solutions for the expansion of pluripotent stem cells, since 

they behave as a laboratory-sized stirred tank bioreactor. Since these vessels can be equipped with 

culture conditions controllers, it makes the process more standardized and with less batch-to-batch 

differences. When in suspension, cells attach to each other, forming aggregates which can be kept in 

these platforms with constant shaking, such as orbital shaking. Even with these advantages, transiting 

to bioreactors in order to work with larger volumes is still the major step in terms of scaling-up67.  

Other solutions have already been implemented, such as rotary cell culture systems and cell 

culture bags. Rotary cell cultures, like the Synthecon®, or roller bottles, are rotating 3D vessels that 

permit a dynamic flow with the perk of, since the rotation promotes the agitation of the culture, creating 

an environment with low shear-stress. Even if some authors have commented on the positive results of 

these bioreactors71, their volume is limited to larger applications, and concentration gradients are 

minimized, albeit they still persist72.  

As for cell culture bags (WAVE BioreactorTM or BIOSTAT STR®), the rocking intensity promotes 

the homogeneity of the medium and these bioreactors also enable a constant control of the culture 

conditions and the disposal of material at the end of the process (single-use bags). These were shown 

to be very efficient for the expansion of murine iPSC and their differentiation into cardiomyocytes under 

a hypoxic environment, in comparison with other existing protocols that needed expensive components 

for the medium and low yields were obtained for this aim73.  

 Some other existent bioreactors such as hollow-fibber bioreactor and fixed and fluidized bed 

bioreactor have shown to be good in the differentiation of hematopoietic stem cells and mesenchymal 

stem cells72. The first type has two-components systems composed of intra-capillary and extra-capillary 

spaces where the medium flows74. They increase the contact area between the cell culture and the 

medium, though it has complications regarding monitoring and scale-up as well. As for fixed and 

fluidized bed bioreactors, they are composed of a column that can be filled with particles, either packed 

ones (fixed bed) or floating ones (fluidized bed). Even if these platforms permit a 3D scaffolding for the 

culturing of these cells, spatial concentration gradients (in packed bed reactors) and shear stress effects 

(fluidized bed) is still a reality72. Therefore, the focus has been moving towards the exploration of the 

potentialities of stirred-tank bioreactors. 

At the moment, stirred-tank bioreactors are the most motivational platform for the scale-up of 

hPSCs. They have problems of scale-down in case of studying high-throughput applications, and the 

hydrodynamic shear-stress is also something that should be taken into account. Even though, with 

these, it is possible to promote a fully equipped system for real-time control of temperature, oxygen 

partial pressure, pH, among other parameters. They also permit to equip the impeller needed for the 
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agitation towards a homogeneous and dynamic stirred medium in order to obtain enough quantity of 

cells for future clinical applications, since they permit the increase of the working volume (up to 200 L)75. 

As a consequence of the constant improvement of the performance of these bioreactors (Figure 

6), the microcarrier-based dynamic suspension cultures and aggregate-based 3D suspension cultures 

were introduced and they are currently the favourable ones for large-scale production of human 

pluripotent stem cells, mainly hESC and iPSC. 

 

 

Figure 6 - Platforms for large-scale expansion of hPSCs. (A) Comparison of the various 

platforms and their properties; (B) 2D static T-flask-based cultures are scaled out, adding more layers 

and enlarging the culturing surface. In the Xpansion® (ATMI) system, continuous media change and 

online monitoring are available; (C) 3D-aggregate culturing on orbital shakers is suitable for process 

development and small-scale protocol optimization; (D) Spinner flasks can act as a preliminary step 

before moving to a stirred-tank bioreactor because the agitation techniques are similar. However, the 

system is not monitored and does not allow continuous media change; (E) Rotary cell culture system is 

suitable for small-scale optimization of hPSC expansion and differentiation; (F) Cell culture bags are 

applicable for GMP manufacturing. They are single-use and equipped with online sensors and a 

perfusion system; (G) Stirred-tank bioreactors are widely used and easily scaled up. They are extremely 

flexible and suitable for multiple applications, enabling continuous media change and online control and 

monitoring of culture parameters. (Adapted from Lavon et al.67). 
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1.3.4.2. Microcarrier-based 3D Dynamic Suspension 

Cultures 

The need to overcome the barriers the 2D static cultures impose brought to light new advances, 

in which it was inserted the microcarrier technology. 

The microcarriers are microparticles that provide a matrix and support for these anchorage-

dependent cells that, together with a suspension culture, lead to a higher surface area in contact with 

the medium and, thus, an increase of the productivity76. Additionally, along with a controlled system and 

the right level of agitation, the process can be enhanced70. For instance, in 2016, 25 rpm was shown to 

be the ideal agitation rate for the expansion of iPSC in a spinner flask, while using microcarriers77,78.  

Typically, the microcarriers suspension are kept in spinner flasks, which, as said before, are 

regarded as bioreactors at a laboratory scale, though once the passage to stirred-tank bioreactors for 

industrialization becomes a fully standardized practise, it is expected to have even higher yields76,79.  

Choosing the right characteristics of the microcarrier also contributes to the final result (Figure 

7). These could be microporous (pore diameter smaller than 1 µm, allowing the cells to adhere and 

growth on the external surface of the support), macroporous (pore diameter usually between 10 and 50 

µm, allowing the cells to adhere and growth on the internal surface of the support) or nonporous (like 

Cytodex 1 and Cytodex 3) 79. For example, it had been tested before ten types of microcarriers on hESC 

in terms of attachment efficiency, growth and pluripotency80. It was concluded that MatrigelTM-coated or 

laminin coated microcarriers showed to be better for the maintenance of pluripotent cells for longer 

periods of time and successfully expand them in spinner cultures. As for other supports tested, such as 

macroporous beads and small diameter (65 and 10 µm) spherical microcarriers, the results found were 

not so motivating, since these beads provided a non-uniform exposure of cells to the medium 

compounds. 

Moreover, not only the support itself makes a difference, but so does the surface coatings in 

certain cases. These cells need a defined extracellular matrix, such as MatrigelTM, containing proteins, 

like fibronectin, for the expansion and later differentiation of the cells76,78,81. Yet, the use of these 

substrates limits the applicability for later therapeutics purposes that need good manufacturing 

practises, meaning that the use of xenogeneic-free materials as surface coatings is still a preferable 

solution once fully adapted82. It had been conducted an experiment using microcarriers and a serum-

free medium for the scale-up in a stirred-tank bioreactor of mouse embryonic stem cells, in which it was 

obtained an (85 ± 15)-fold increase in 11 days and the expression of makers proved that the pluripotency 

of the cells was maintained83. 

Initially, these experiments were mostly performed using hESC, but after the iPSC turnover, and 

due to the resemblance in terms of morphological characteristics to each other, some studies have been 

using these too. Apart from that, the use of xeno-free conditions is still a motivation to explore new 

methodologies. Some recent studies have been capable of achieving these conditions to a certain 

extent. Previously, back in 2013, hPSC were tried to be differentiated into mesoderm progenitors in 

spinner flasks with success84. It was engineered polystyrene microcarriers with a vitronectin-derived 
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peptide surface for the attachment of the cells. With the specific care, it was possible to obtain an 

efficiency up to 40% and an average of a 24-fold increase in concentration per 6-day passage, with a 

viability over 85%. Moreover, in the following year, iPSC were also expanded in spinner flasks under 

chemically defined conditions, using a single-cell strategy for the inoculation of the cells in order to 

guarantee a more homogenous distribution throughout the microcarriers, after selecting the most 

suitable ones under static conditions85.  

 

 

Figure 7 - Morphology of various types of microcarriers (MCs). (A) Glass (SoloHill) MCs as 

spherical beads; (B) Cytodex-3 as spherical beads; (C) Fibra-Cel® with porous microfibers; (D) 

Synthemax® II MCs with vitronectin peptide acrylate surface; (E) rat cartilage MSCs grown on 

CultiSpher-S; (F) PSC-derived extracellular matrix MCs. (Scale bars = 100 µm, adapted from Sart et 

al.86). 

 

More recently, in 2016, different solutions were tested. It was the first time the Essential 8TM 

xeno-free medium and xeno-free vitronectin matrix for the expansion of human iPSC in stirred 

microcarrier culture systems was tested. The maintenance of the pluripotency of the cells during 

expansion and induction of differentiation later into cells from neural and cardiac lineages was 

accomplished87. In another example it was used layer-by-layer designed microcarriers for iPSC, allowing 

a greater mass transport from the medium to the cells, while keeping a protected environment for them 

to proliferate. It was also made the comparison between these carriers as a delivery tool for iPCS to 

viral particles and liposomes, concluding that the size and surface charge of the cell colonies used 

influenced the layer-to-layer microcarrier uptake88. 

Even if this method is better than static cultures, some problems have been pointed out as well. 

One of them is the fact that the microcarrier cultures are not homogenous, in other words: the cells are 

not spread over the surface evenly and the microparticles tend to adhere one to another after a while in 
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suspension67. As a result, the mass transfer of oxygen, growth factors, nutrients, among others, between 

the cells and the medium will differ, and unwanted differentiation might happen, diverging the results 

from what it is intended. However, even if none of these limitations are an issue, there is still a problem 

of detaching the cells, especially hESC, when comparing with, for example, murine embryonic stem 

cells89, from the microcarriers at the end of the process, or at least trying to integrate the microcarriers 

plus the attached cells as a whole into the final product. In certain cases, the culture maintenance and 

the harvesting complications make questionable the commercial viability of the cells67. 

 

1.3.4.3. Aggregate-based 3D Cultures 

 

In the turn of the millennium, it was realized that hPSC, when present in an environment without 

adherent conditions, are able to agglomerate into 3D spheroids to seek for support, forming embryoid 

bodies, which leads to spontaneous differentiation of undifferentiated cells into cells from one of the 

three-primary germ layers67. With the discovery of the ROCK inhibitor, it was a great step to explore the 

potential of these aggregates to maintain their pluripotency and proliferative capacity59, overcoming the 

problems imposed by physical supports like the microcarriers, since there is no requirement of 

attachment surfaces, adhesion molecules or hydrogels, because the cells simply attach to one another. 

This fact also allowed to solve problems of downstream processing of their production and cost 

reduction90. 

However, even if the process of aggregation is not fully understood, the initial conditions and 

long-term maintenance of the desired quality of the aggregates in suspension is still an issue to be 

settled, since the slightest change might be responsible for a different phenotype in the end91. It was 

previously shown already that the use of controlled techniques such as forced agitation, micro-contact 

patterning and the used of bioreactors with continuous agitation is capable of influence the aggregates 

morphology and minimize heterogeneity92. 

Another type of culture, the hanging drop method, which enables the formation of embryonic 

bodies in a droplet-like culture in which the aggregates are formed, is also an option to simulate a micro-

environment in a 3D static culture. This technique cannot contribute for a scaling-up process, though it 

certainly helps contouring the issues of developing central necrosis of larger aggregates, typically 

formed in dynamic cultures, and can be used as in vitro assays for drug screening93. 

In suspension, these cells rely on the interdependent way different molecules have to adhere to 

one another. These include cell adhesion molecules (CAMs), including connexins, multimeric 

transmembrane proteins from gap junctions, that participate in cell-cell comunicating94,95, tight junctions, 

which prevent the leakage of components from the cells and from their metabolism, and E-cadherin, a 

characteristic cell cycle protein. As for the latter, this has shown to play an important role, not only on 

the cellular adhesion, but also in the overall biology of the cells by regulating their cellular homeostasis 

and also maintaining the self-renewal capacities of the cells, as well as their proliferation96, and on iPSCs 

reprogramming97. 
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Within the morphology of the aggregates, size is extremely relevant regarding the final product. 

It had been previously shown in the case of mouse embryonic bodies (mEBs) with size around 500 µm 

are more prone to derivate into cells from the mesoderm and endoderm, while aggregates with a 

diameter around 110 µm tend to originate cells of the ectoderm98. If the aggregates formed have a 

diameter of about 200 µm, it would lead more easily into forming definite ectoderm, while large ones 

(around 1200 µm) would lead into forming mesoderm99. 

The way these aggregates behave in a culture can be studied under different conditions, 

regarding the type of medium used, the culture time or under static and dynamic circumstances. 

 

1.3.4.3.1. Aggregate-based 3D Static Cultures 

 

In order to promote this spherical shape form characteristic of embryonic bodies in vivo, it was 

necessary to design new vessels that could meet these standards. In an attempt to avoid the shear 

stress typical from bioreactors, but maintaining the volumetric shape of the aggregates, dishes with wells 

small enough to hoard the cells and to enhance their development were created. These microwells have 

a magnitude of ten to hundreds of micrometres and are able to house a single 3D cellular aggregate 

promoting a defined size and uniform shape100. Each one of these wells works as a microenvironment 

that helps regulating the cellular growth and the development of a specific ECM architecture that 2D 

systems cannot, assuring their survival and proliferation101. 

Three-dimensional static environment might be the right solution depending on the final 

objective. For example, it was shown how the signalling in the aggregates made from mouse embryonic 

stem cells (mESCs) in a 96-well plate allowed the obtention of satisfying optic-cup morphogenesis by 

gaining neural retinal tissue, as seen in vivo, with great reproducibility102. The aggregates self-organized 

intrinsically involving stepwise and domain-specific regulation of local epithelial properties. This 

environment also permitted the study of the aggregation of neural rosettes, which can be close to reality 

in vivo of the formation of the neural tube, and the abnormalities that appeared could be an indicator of 

neurotoxic effects during the embryonic development103. 

Obviously, the type of vessel contributes largely to the morphology and development of the 

aggregates. Vessels designed with a specific lithography and non-adherent materials such as 

poly(dimethylsiloxane) (PDMS) or poly(ethylene glycol) (PEG) will promote the formation of the 

aggregates and influence how they will be developed. These vessels usually are composed of 

microwells that enable a high-throughput formation of PSCs aggregates from one single-cell104. It is 

expected that each well will hold one single aggregate to fully analyse their development. The three-

dimensional geometry of the wells promotes the three-dimension aggregation of the cells. 

These wells could also take various shape, either rectangular or cylindrical, though it had been 

previously developed a PDMS-based concave microwell dish which showed to promote more spherical 

and homogenous aggregates of ESCs, as well as the width of the well which was also a determinant 

factor for the differentiation of the cells, since the process is size-depended105. Being size-depended 
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implies that aggregates which are too small in diameter tend to compromise the cells survival due to the 

lack of support, though aggregates too large will restrict the access of the medium components to the 

inner cells of the aggregates, contributing for the heterogeneous development of the aggregate and 

leading to their death posteriorly, as previously tested in V-bottom wells106. 

Nevertheless, limitations regarding these systems are still part of the global equation. Static 

environments cannot simulate in vivo conditions perfectly, such as the bloodstream, cellular 

oxygenation, and nutrition and waste removal occur by diffusion, hence the need for the pores to be 

millimetre-sized to create a microenvironment that can regulate better the cells’ maintenance. Dynamic 

systems, however, can overcome this issue by facilitating the exchange of the previously mentioned 

topics101. Moreover, new, and more importantly, commercially available scaffolds for the growth of 

hPSCs are yet to be developed, regarding the improvement of characteristics such as stiffness, porosity, 

biocompatibility and responsiveness to enzymatic activity without compromising other parameters101. 

 

1.3.4.3.2. Aggregate-based 3D Dynamic Cultures 

 

Three-dimensional cultures permit to closer meet reality, and dynamic environments are the 

answer for the production of larger amounts of cells for future applications75,85. 

In order to create the ideal environment for the large-scale production of these cells, several 

aspects should be taken into account. A fully operational and controlled system of the culture conditions 

and biochemical and biophysical parameters, with the optimal agitation speed to control the aggregates 

size, which permits the homogeneity of the suspension and enhances mass transfer, can be achieved 

using 3D dynamic cultures such as bioreactors91 (Figure 8). 
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Figure 8 - Illustration of a bioprocess engineering approach with bioreactors to alleviate 

current limitations in the use of stem cells for clinical application. Bioreactors enable the large-

scale stem cell expansion and differentiation in a controlled environment. They also allow to control the 

mechanical forces, feeds, and gradients of nutrients and growth factors, pH, oxygen, as well as the 

aggregate size. With the detailed characterizations of input cells and output cells, the homogeneity of 

the produced cell population will be increased. (Adapted from Sart et al.97).  

 

 As shown before, various types of bioreactors have been studied regarding their advantages 

and disadvantages and the final aim. Stirred-tanks bioreactors with continuous agitation are favourable 

to attenuate gradients of media components, and their impellers are also responsible for modelling the 

aggregates shape and size as cells collide into each other108. 

 Furthermore, it was shown before that mechanical forces applied to fibronectin or laminin to 

integrin receptors increased cell spreading and stiffness, but decreased their proliferation rate and their 

pluripotency, shown by the downregulation of the OCT3/4 marker. However, when applied to E-cadherin 

(Cdh1), no effects were shown on cell spreading, pluripotency and self-renewal of mouse ESCs, even 

if cell stiffening was increased109. E-cadherin and pluripotency of the cells can decrease with the 

inhibition of myosin IIA when prolonged hPSCs contraction happens. With that being said, mechanical 

stimulus by agitation can enhance cell contraction at the apical part of the cells, temporally activating 

myosin IIA and sustaining E-cadherin and the cells’ self-renewal110. 
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Regarding differentiation, the process of expansion and maintenance of the cells, and 

differentiation itself are still two separated issues, therefore, moving towards a method that can 

accomplish both of them in 3D aggregates sequentially would be a milestone to be achieved91. 

Contrarily to what happens in 3D static conditions, mechanical stress is present in dynamic 

bioreactors and it tends to increase with the scaling-up. Moreover, it limits the creation of a 

microenvironment that allows the high-throughput of the results, therefore the experiments are often 

performed and improved by trial and error, and the analysis of the state of the culture has to be done at 

a population level or by sampling, instead of single aggregates91. 

In the future, it is expected that 4D methods will be implemented, which will allow real-time hPSC 

aggregates monitoring and the understanding of the effect of key metabolites in the culture to further 

promote support the robustness of the scaling-up process, which has yet to be developed, even at 

laboratory scale111. 
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2. AIM OF THE STUDIES 

 

Human pluripotent stem cells have promising characteristics that have been motivating their 

exhaustive research. Obviously, not only it is of great interest to discover new ways to safely apply these 

cells in engineering, medicine and other related fields, but it is also a constant worry how to maintain 

and, most importantly, how to guarantee the precise quantity and quality of these cells, anytime and 

anywhere in the World. The step from the laboratory scale to the industrial one, to latter be used in 

clinical treatments, demands a perfectly robust and reproducible culture system, with xeno-free and 

chemically defined mediums, free from contaminants, while ensuring good manufacturing practises at 

all times. Therefore, the standardization of the current developed processes is a constant need in this 

field of technology. 

The aim of this work is to study the divergence that occurred between two stocks of the same 

line of hiPSCs, 1383D2, that will affect future experiments. In order to do that, the effect of the exposure 

of these cells to the ROCK inhibitor was studied, while being cultured in 2D static conditions, with the 

ROCK inhibitor for 24 hours, and in 3D static and dynamic ones, with the ROCK inhibitor for 96 hours 

and 120 hours, using the xeno-free medium, StemFit®, in all cases. Culture parameters such as cell 

density, attachment efficiency, live cell ratio, specific growth rate, apparent specific growth rate and 

aggregates’ diameter were collected to further take conclusions about the behaviour of these cells by 

comparing them to other stock of cells from the same line. Images were captured using phase contrast 

microscopy, bright field microscopy and confocal microscopy for the determination of these parameters 

and for studying the morphology of the cells from both cultures. An immunostaining technique was also 

applied to conclude about the robustness of these aggregates. 
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3. MATERIALS AND METHODS 
 

3.1. Cell Culture 

 

3.1.1.  Cell line 

 

The hiPSC line used, 1383D2, was kindly provided by CiRA (Center for iPS Cell Research and 

Application, Kyoto University), on behalf of this study. This line was maintained and kept stable using a 

shorter fragment of laminin-511, named laminin-511 E8 fragment (LN511E8), which, when 

recombinantly expressed, is isolated more easily and with a greater yield and purity than full-length 

laminin-511. When conjugated with a completely xeno-free medium such as StemFit®, hiPSCs can be 

easily stabilized and passaged by individualizing the cells for long periods, without karyotype 

abnormalities38. 

 

3.1.2.  Culture media 

 

In the present work, it was used the StemFit® Basic02 medium (Ajinomoto, AK02N), a defined, 

xeno-free medium for the culturing of the hiPS cells. It is divided into three components named “Liquid 

A”, “Liquid B” and “Liquid C”. The first one is stored at 4oC, while the other two are stored at -20oC. Both 

should be thawed before being used at room temperature and by adding 50 mL of “Liquid B” and 2 mL 

of “Liquid C”, to 450 mL of “Liquid A”, under aseptic conditions, to complete the medium preparation. 

 

3.2. Culture Preparation 

 

3.2.1.  Cells’ Maintenance 

 

In a 100-mm dish, 5 mL of DPBS (Dulbecco's phosphate-buffered saline) was added before 

adding 27.5 µL of the coating solution, containing 175 µg of iMatrix-511 (nippi Atrixome), previously 

dissolved with 350 µL of distilled water. After the addition, the vessel was shaken carefully in order to 

spread the solution evenly on the surface. The dish was then incubated at 37oC and with 5% of CO2 for 

one hour. Afterwards, the solution was discarded and 5 mL of StemFit® AK02N with 10 µM ROCK 

inhibitor (Y-27632) was added before returning to the incubator. Precultured cells were then seeded into 

this plate, as described in 3.2.2. Cell Harvesting and Passaging. 

https://en.wikipedia.org/wiki/Dulbecco%27s_phosphate-buffered_saline
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3.2.2.  Cells’ Harvesting and Passaging 

 

As referred before, these cells need to attach to both a surface and to each other for support 

and proliferation. When harvesting these cells, it is common to use enzymatic methods to promote the 

cell-substrate and cell-to-cell dissociation. 

The obtention of cells for culturing was proceeded by first discarding the medium from the hiPSC 

culture growing in a 100 mm tissue culture-treated culture dish (Corning Inc.). In 2D culture, cells were 

passaged when the initial seeding density was 2.50 x 103 cells/cm2. The plate was washed with 5 mL of 

DPBS (Sigma-Aldrich®) and then discarded again to guarantee the full removal of the wasted medium. 

Afterwards, 3 mL of 5mM EDTA (Dojindo Molecular Technologies, Inc.) mixed with 3 µL of 10 µM ROCK 

inhibitor (Y-27632, FUJIFILM Wako Pure Chemical Corporation, 251-00514) was added into the plate 

for 10 minutes. After this time, 3 mL of TrypLE™ 1X (Gibco®, ThermoFisher Scientific), that uses EDTA 

as chelator and has no addition of phenol red, mixed with 3 µL of ROCK inhibitor, was added to the 

plate. After 7 minutes, the detachment of the cells was observable under the phase contrast microscope 

CKX53 (OLYMPUS®), and they were gently detached by pipetting. From a previously prepared 10 mL 

of fresh StemFit® mixed with 10 µL ROCK inhibitor, it was drawn 3 mL of the mixture and added to the 

plate, after complete detachment of the total amount of cells. Then, the total volume of the dish was 

transferred into a 15 mL Falcon tube (ThermoFisher ScientificTM), before another 3 mL of the medium 

with ROCK inhibitor was added to collect the remains of the cell suspension still in the dish. The tube 

was centrifuged for 3 minutes at a speed of 170 x g. The supernatant was discarded and 1 mL of 

StemFit® with ROCK inhibitor was added once again, cells were rinsed by pipetting before another 2 mL 

were added. Aliquots of 50 µL were collected into Eppendorf tubes and diluted with 50 µL of DPBS 

before being counted using the Trypan Blue Exclusion method and the Automated Cell Counter. 

 

3.2.3. Cells’ Counting 

 

In 3D culture, at 𝑡 = 24 h and 𝑡 = 96 h, aliquots of 500 µL were collected into Eppendorf tubes 

from both the bioreactor and the wells of the dimple plates, after rinsing and collecting the aggregates 

into 15 mL tubes, in the case of the dimple plates. Each Eppendorf was centrifuged for 1 minute, the 

supernatant was discarded and 500 µL of Accumax™ (Innovative Cell Technologies, Inc.) was added 

to break the aggregates into single cells, before being incubated for 10 minutes. After this time, cells 

were pipetting to further promote the breakage of the aggregates into individual cells, before being 

centrifuged once again for 1 minute. The Accumax™ compound was then discarded and PBS 

(phosphate-buffered saline) was added before counting as followed: 50 µL, at both initial seeding time 

(𝑡 = 0) and at 𝑡 = 24 h, or 100 µL, at 𝑡 = 96 h. Single cells were counted using the Trypan Blue Exclusion 

method and using an TC20TM Automated Cell Counter (Bio-Rad). The automated cell counter was set 

in to detect cells with a diameter within 8 to 30 µm, and it works with a cell density range from 1.00 x 

105 to 5.00 x 106 cells/mL. Knowing the working volume of the vessel, in mL, in which the cells would 

be then seeded, the initial cell density, in cells/mL, the dilution factor, due to the addition of PBS, and 
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the average of cell counting, in cells/mL, using every sample, it was possible to calculate the seeding 

volume, in mL, which can be represented by equation (1). 

Seeding Volume (mL) =  
Working Volume (mL) × Initial Seeding Density (cells/mL)

Dilution Factor × Average Cell Counting (cells/mL)
            (1) 

 

3.2.4. Culture Inoculation 

 

In the scope of the present work, it was relevant to understand the cells’ behaviour in at least 

three different environments, in order to understand what would be the best conduct to adopt in the 

future. 

 

3.2.4.1. 2D Static Conditions 

 

To study the cells under 2D static conditions, two 8-well culture plate (Thermo Scientific™ 

Nunc™ Cell-Culture Treated Multidishes) were used, in which only four wells from each plate were used, 

each well with a total working volume of 3 mL. For the eight wells, it was prepared the coating solution, 

containing 42 µL of iMatrix and 12 mL of PBS, from which 1.5 mL were added to each well. The vessels 

were then shaken to homogeneously spread the coating solution, before incubating the plates at 37oC 

and 5% CO2 concentration for an hour. At 𝑡 = 0, the procedure for harvesting the precultured cells at an 

initial seeding density of 2.50 x 103 cells/cm2 and seeding them into the designated wells was as 

described in 3.2.2. Cells’ Harvesting and Passaging. To harvest the cells from these wells for counting, 

the technique used was the same as it was described, although the quantities of the reagents had a 

slight change: instead of 3 mL from each reagent, it was used 1 mL per well. The culture was maintained 

for a total of 120 hours, and the medium was changed every 24 hours, adding 2.1 mL per well. The 

ROCK inhibitor was added at 𝑡 = 0, and not added anymore after the first medium change, at 𝑡 = 24 h. 

To count the cells and estimate the cell density, the culture from one of the plates was used at 𝑡 = 72 h, 

while the second one was used at the end of the culture time, at 𝑡 = 120 h. 

 

3.2.4.2. 3D Static Conditions 

 

To study the formation of aggregates in a three-dimensional setting without agitation, 6-well 

dimple plates (Elplasia™, Kuraray Co., Ltd.) were used. Two different dimple plates in which the first 

plate, used at 𝑡 = 24 h for counting and discarded afterwards, contained two wells for culturing the cells 

at initial density of 1.00 x 105 cells/mL, one with ROCK inhibitor (10 µM) for 48 hours, until when it was 

performed the first medium change, and the other one with it for 96 hours. As for the second plate, 

whose wells underwent the same ROCK inhibitor treatment and left untouched, apart from when mthe 

(1) 
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edium was changed, from 𝑡 = 0 until 𝑡 = 96 h, was used for counting at the latter referred time. Each 

well had a working volume of 6 mL of medium and the calculated volume of cells were seeded into it 

before being incubated at 37oC and 5% of CO2. The medium change was performed at 𝑡 = 48 h and at 

𝑡 = 72 h. 

When counting the cells, 3 mL from each well were first carefully discarded. From the remaining 

3 mL, around 800 µL were used to rinse and then collect the aggregates that were formed inside the 

dimples. The progression of the aggregate collection was followed under the microscope, adding PBS 

until all of the aggregates were collected into a 15 mL Falcon tube. The total volume collected from each 

well should not have exceeded the initial working volume of 6 mL per well. Counting was performed as 

previously described in 3.2.3. Cells’ Counting. 

 

3.2.4.3. 3D Dynamic Conditions 

 

As to study the formation of aggregates in a three-dimensional environment with continuous 

agitation, cells at the initial density of 1.00 x 105 cells/mL were seeded and then maintained in culture 

for 96 hours in a 30 mL disposable bioreactor (ABLE Corporation & Biott Co., Ltd). Two of these 

bioreactors were used, one in which ROCK inhibitor (10 µM) was present in the culture for 48 hours, 

before changing the medium for the first time, while in the other one it was maintained for the entire 

culture time. After seeding, the bioreactors were incubated at 37oC and 5% of CO2, with a continuous 

agitation of 55 rpm. The medium change was performed at 𝑡 = 48 h and at 𝑡 = 72 h. Counting was 

performed as previously described in 3.2.3. Cells’ Counting. 

 

3.3. Cryopreservation 

 

The preservation of the aggregates of cells was done at the end of the culture time of 96 hours, 

for both the dimple plate and the bioreactor. 

Three samples of 500 µL were taken from each vessel into Eppendorf tubes, which were after 

vortexed for about 10 seconds and the supernatant discarded afterwards. Cells were carefully placed in 

between two layers of Tissue-Tek™ O.C.T. (Optimum Cutting Temperature) Compound (Sakura®), 

removing the excess of medium, and spreading the cells evenly. Cells were cryopreserved using liquid 

nitrogen (-196oC) and frozen at -80oC before sectioning. 
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3.4. Aggregates’ Sectioning 

 

The frozen aggregates were cut using the cryostat Leica Biosystems CM1850 in order to 

proceed with immunostaining later. The aggregates were first left for an hour at the temperature of -

18oC to facilitate their sectioning. The aggregates were sectioned with a thickness of 10 µm and placed 

in a glass slide for the immunostaining. 

 

3.5. Characterization of hiPSCs 

 

In order to understand the differences encountered in both vessels and in all conditions, a set 

of parameters and characteristics were quantified and analysed. 

 

3.5.1. Attachment Efficiency and Live Cell Ratio 

 

Cell density at a certain time (𝑋𝑡) could be calculated using the data obtained from the 

automated cell counter. 

As for rating the viability of the cells, it was possible to calculate the attachment efficiency, in 

2D culture systems, (𝛼 (−)), or the live cell ratio, in 3D culture systems, (𝛼∗ (−)), using the same 

expression, as shown in equation (2). 

𝛼 (−) = 𝛼∗ (−) =  
𝑋24

𝑋0

         (2) 

In which 𝑋24 and 𝑋0 represent the cell density, in cells/mL, at 𝑡 = 24 h and 𝑡 = 0, respectively. 

In 2D culture, the cell density was determined at 𝑡 = 24 h by taking images and counting the 

cells using ImageJ from Fiji software, and calculating it by using equations (3) and (4). 

 

𝑋𝑡 =  
Nlive cells

Aimage

         (3) 

  

𝑋𝑡 =  
[Cells] × Vsuspension

Awell

         (4) 

 

 

(2) 

(3) (3) 

(4) 



45 

 

3.5.2. Specific Growth Rate and Apparent Specific Growth 

Rate 

 

Furthermore, it was also possible to determine the growth and proliferation rate of the cells until 

they reached an exponential growth rate. The increase in cell population during this stage could be 

defined by equation (5). 

𝑑𝑋

𝑑𝑡
=   · 𝑋             (5) 

 

In which, 𝑋 represents, once again, the cell density, in cells/mL; 𝑡 represents the time, in h, and 

  represents the specific growth rate, in h-1. 

Thus, from equation (5) it is possible to obtain the expression that permits calculating the specific 

growth rate, which is given by equation (6). 

 

𝑑𝑋

𝑑𝑡
=   · 𝑋 <=>

1

𝑋
· 𝑑𝑋 =   · 𝑑𝑡       (6) 

 

When the data is collected twice during the culture time, as for the case of 3D culture conditions, 

then, from equation (6), it is possible to obtain the apparent specific growth rate (app), in h-1, which was 

given by equation (7). 

 

app =
ln (

𝑋96

𝑋24
)

𝑡96 − 𝑡24

         (7) 

 

In which again 𝑋24 and 𝑋96 represent the cell density, in cells/mL, at 24 hours and 96 hours, 

respectively, and 𝑡96 and 𝑡24 the time at 𝑡 = 96 h and 𝑡 = 24 h, respectively. 

 

3.5.3. Aggregates’ Diameter 

 

At both 𝑡 = 24 h and 𝑡 = 96 h, 500 µL samples were collected from both vessels and placed into 

a 6-well plate, together with 2 mL of PBS in order to capture images of the cells. The aggregates’ 

diameter was measured using a bright field system, IN Cell Analyzer 2000 (GE Healthcare Life 

Sciences). The images were then analysed using the ImageJ software from Fiji image process package 

to determine the area of each aggregate. Knowing the area, the aggregate diameter could be measured 

according to equation (8). 

(5) 

(6) 

(7) 
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𝑑 = 2 × √
𝐴

π
             (8) 

In which 𝑑 represents the aggregate’s diameter, in µm, and 𝐴 represents its area, in µm2. 

 

3.5.4. Aggregates’ Morphology 

 

As commented before, the ROCK inhibitor plays an important role in the survival of hiPSCs in 

culture, and also in the structure of their cytoskeleton. Therefore, it was also taken samples of 500 µL 

from both vessels and placed into a 6-well plate, together with 2 mL of PBS to take images using phase 

contrast microscopy and to conclude about the shape, size and other visible characteristics that could 

lead to assumptions about which was the most efficient technique to be adapted regarding these cells. 

 

3.5.5 Immunostaining 

 

To all the previously sectioned aggregates placed in glass slides, it was added the volume that 

would completely cover the sectioned aggregates, usually quantities of about 200 µL. It started by 

removing the Tissue-TekTM O.C.T. compound by washing the samples three times with PBS, followed 

by one washing with 4% paraformaldehyde (FUJIFILM Wako Pure Chemical Corporation) for the fixation 

of the cells in a period of 10 minutes. After this time, it was discarded, washed twice with PBS and added 

the solution composed of 50 µL Triton X-100 (Sigma-Aldrich®), 0.5% dilution, and 10 mL Mili-Q® (Mecrk 

Millipore). After 5 minutes, this solution was discarded, and the samples were washed using the dilution 

buffer which was composed of 40 mL from a previously prepared solution, named antibody dilution, 

containing 2.5 mL of Block Ace (DS Pharma Biomedical Co., Ltd.) and 47.5 mL of Mili-Q®, and 40 µL of 

Tween® 20 (Sigma-Aldrich®). After discarding, the dilution buffer was added once again for 15 minutes, 

before it was discarded once again, and the Block Ace added for 90 minutes. During this time, the 

primary antibody solution could be prepared, containing the working volume of 200 µL of the antibody 

dilution, 1 µL of E-cadherin and 4 µL of Ki-67, as seen in Table 2. After said time, the Block Ace was 

discarded, the samples were washed once with TBS (tris-buffered saline) and the solution of the primary 

antibodies was added. The samples were left overnight, ideally for 16 hours, in the fridge at 4oC. 

In the following day, what was left was discarded and then washed once with the dilution buffer, 

before adding it again for 15 minutes. After this time, it was discarded, and TBS was added, also for 15 

minutes. During this period, and in the darkness, the secondary antibody solution was prepared 

containing 200 µL of the antibody dilution, 1 µL of Alexa Flour® 594 anti-rabbit and 1 µL of Alexa Flour® 

488 anti-mouse, as checked in Table 3. This solution was then added for 1 hour after discarding the 

TBS. After this time, it was discarded, TBS was added again for 20 minutes, discarded, added for 10 

minutes, discarded and finally added once again for another 10 minutes. During this sequential process, 

(8) 
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the DAPI (4′,6-diamidino-2-phenylindole) solution was prepared by mixing 200 µL of PBS with 0.6 µL of 

DAPI (initially with a dilution rate of 1:50, and then diluted again 3 µL/mL). This solution was then added 

for 20 minutes after discarding the previous one. When done with this time, the DAPI solution was 

discarded and PBS was added and discarded according to the following sequence: washed twice, added 

for 10 minutes, discarded and then, right after adding for another 10 minutes, washed and finally 

discarded. 

Two or three drops of SlowFade (ThemoFisher Scientific), an antifade reagent which extends 

the primary antibody action, were added before analyzing the results using a confocal laser scanning 

microscope, the FluoView FV1000 (OLYMPUS®). 

 

Table 2 - Primary antibodies’ information regarding the type of host, clonality, reactivity, 

catalogue identity and supplier and working dilution. 

 

Primary 

Antibody 
Host Clonality Reactivity 

Catalogue 

Identity, 

Supplier 

Working 

Dilution 

E-cadherin Mouse 
Monoclonal 

(Clone 67A4) 
Human, Rat 

sc-21791, 

SCB 
1:200 

Ki-67 Rabbit 
Monoclonal 

(Clone SP6) 

Mouse, Rat, 

Human, Common 

Marmoset 

ab16667, 

abcam 
1:50 

 

Table 3 – Targeted primary antibodies’ information regarding the type of host, clonality, 

reactivity, catalogue identity and supplier and working dilution. 

 

Targeted 

Primary 

Antibody 

Host Clonality Reactivity Conjugate 

Catalogue 

Identity, 

Supplier 

Working 

Dilution 

E-cadherin Goat Polyclonal Mouse 
Alexa 

Flour® 488 

A11001, 

ThermoFisher 
1:200 

Ki-67 Goat Polyclonal 

Mouse, Rat, 

Human, 

Common 

Marmoset 

Alexa 

Flour® 594 

A11012, 

ThermoFisher 
1:200 

 

 

 

 



48 

 

4. RESULTS AND DISCUSSION 

 

4.1. hiPSCs’ Divergence 

 

As previously explained in topic 1.3.2. Process Standardization, one of the top priorities in stem 

cells engineering is to fully understand the behaviour and characteristics of the cell line under study. 

This certainly includes the final establishment of protocols that would allow to obtain of cells with 

determined parameters of quantity and quality whenever and wherever it would be necessary. 

Initially, it was studied what would be the optimal initial seeding density to culture the cells in a 

30 mL bioreactor in order to establish a range of values that could be beneficial for future experiments. 

However, from the parameters collected only after 24 hours of culture, it was possible to undoubtedly 

conclude that cells from a specific stock have undergone a transformation process when comparing to 

the laboratory’s data of the same line of cells from other stock. 

Therefore, in the scope of this work, it was necessary to understand the behaviour of two 

different stocks of the same line of hiPSC, the 1383D2 line. It was of interest to understand and speculate 

how and why did this culture suffered changes comparing to another from the same hiPSCs line. By 

studying the behaviour of the cells in 2D (Figure 9) and 3D culture, under static and dynamic conditions 

(Figure 10), and understanding how the permanence of the ROCK inhibitor influenced the culture, it was 

possible to take conclusions about the best course of action to culture these cells in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - Overall design of the experiment. hiPSCs were cultured in 2D static environment, 

using 8-well plates, with a culture time of 120 hours and ROCK inhibitor in the culture for 24 hours. 
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Figure 10 – Overall design of the experiment. hiPSCs were cultured in 3D static and dynamic 

environment, using 6-well dimple plates and 30 mL bioreactors, respectively, for a culture time of 96 

hours and ROCK inhibitor in the culture for 48 and 96 hours. 

 

Thus, and to better distinguish the type of cells throughout the present work, to the stock with 

no issues or modifications of any kind, it was given the name “Type A”, while the cells which were 

suspected to have undergone changes, were named “Type B”. In order to understand their behaviour, 

different variables were studied, and images were collected to better assess what would be the best 

strategy to adopt when working with these cells, while maintaining their undifferentiated state. It was 

also necessary to understand the differences that were possible to observe depending on the type of 

culture system they were inserted into. Data from two-dimensional and three-dimensional cultures were 

collected regarding the cells attachment efficiency, in 2D, or live cell ratio, in 3D, specific growth rate, 

apparent specific growth rate, aggregates’ diameter and morphology to further take conclusions about 

Type B cells’ state. 

 

 

4.2.  Culturing in 2D Environment  

 

Cells were cultured for 120 hours in 8-well plates, using the StemFit® medium with the ROCK 

inhibitor present in the first 24 hours of the culture. At seeding time, Type A cells could be described as 

having a spherical, until they attach to the surface, becoming mainly bilaterally branched, as seen in 

Figure 11A, after 24 hours. When forming colonies, the cells have a spherical shape in the centre of the 

colonies and they are branched in the periphery of it. The colonies were usually large and their shape 
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irregular at the end of the culture time (Figures 11B and 11C). Similar phenotypical characteristics were 

observable in Type B cells, as seen in Annex I. 

 

 

 

 

  

 

 

 

 

Figure 11 - Images captured using phase contrast microscope of hiPSC for Type A cells. 

Images were taken at (A) 𝑡 = 24 h, (B) 𝑡 = 72 h and (C) 𝑡 = 120 h. Dead cells correspond to the yellow 

floating spheres (n = 1). (Scale bars = 500 µm). 

 

 

 The specific growth rate () could be calculated using equations (6) and (9). Since data was 

collected at 𝑡 = 24 h, 𝑡 = 72 h and 𝑡 = 120 h, it was possible to draw the graph as it is represented in 

Figure 12, from which it is possible to determine the value for . 

 

Cell Density, 𝑋 (cells/cm2) = b ×  𝑒  (h−1) × 𝑡 (h)              

 

Figure 12 - Growth curve for the Type A culture in 2D static conditions. The graphic was 

plotted using a semi-logarithmic scale on the y-axis, at 𝑡 = 24 h, 𝑡 = 72 h and 𝑡 = 120 h. The error bars 

represent the standard deviation (n = 3). 
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Cells cultured under the same conditions, for 120 hours and with the ROCK inhibitor for 24 

hours, for both cells from Type A and Type B, presented the results for the attachment efficiency and 

the specific growth rate as calculated from equation (2) and equation (8), respectively. These 

parameters are shown in Table 4, for both types of cells. 

 

 

Table 4 – Growth kinetics parameters, the attachment efficiency (𝜶) and the specific 

growth rate (µ), for Type A and Type B cells, in 2D static culture. The values represented are the 

average at 𝑡 = 24 h and 𝑡 = 120 h, respectively, for the condition of study of the effect of the ROCK 

inhibitor in the culture for 24 hours, followed by the standard deviation (±). Type B cells’ unpublished 

results were kindly provided by laboratory members (n = 1). 

 

 24 h ROCK Inhibitor 

 𝜶 (−)  (10-2 h-1) 

 Type A Cells Type B Cells Type A Cells Type B Cells 

2D Static Culture 1.54 ± 0.00 1.38 ± 0.09 4.24 ± 0.35 5.00 ± 0.00 

 

 

Interestingly, from the results in Table 4, it was demonstrated that both the 𝛼 and the  from the 

Type B cells were not drastically different when comparing to Type A cells. 

From these results, it was possible to observe that the 𝛼 values from Type B, of 1.38 ± 0.09, is 

slightly lower than Type A cells’, of 1.54 ± 0.00, even though it is still within a range of 10% discrepancy. 

As for the  value, the discrepancy is a bit higher, but not enough to be alarming and compromise the 

culture in any way. Actually, the variation might be due to technique differences of the operator, since 

in Annex II, the data provided by the laboratory members, it is possible to observe that, for the same 

cells, namely Type A cells, the specific growth rate value was (4.91 ± 0.00) x 10-2 h-1, which is similar to 

Type B cells’. 

This might show that the physical stress and aggregate formation are both factors that might 

have a strong influence in the proliferation of these Type B cells compared to the Type A cells. In the 

conventional 2D system culture, and as in this case, cells are grown in dishes coated with ECM 

components, which will aid to their attachment since the moment they are seeded into the vessel. This 

2D culture brings a stable environment for the proliferation of cells from Type B, although, and as 

referenced before, it is widely known that 2D culturing limits greatly the scalability of some processes.69 
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4.3. Effect of the Exposure to ROCK Inhibitor in 3D 

Culture 

 

As commented before, it was aimed to understand how the ROCK inhibitor would contribute to 

the survival, maintenance and proliferation of Type B cells. Therefore, it was tested if the time of 

exposure of the ROCK inhibitor would or not be beneficial to these cells, as well as to understand how 

it could contribute for their sustainability when forming aggregates, in both 3D static and dynamic culture 

and finally how the morphology of the aggregates varied regarding the time exposure to the ROCK 

inhibitor and the type of vessel used. 

 

4.3.1.  Influence of Exposure Time to ROCK Inhibitor 
 

As a first approach, it was thought that the time of cell exposure to the ROCK inhibitor in the 

culture would contribute largely to the survival and proliferation of these cells in a 3D culture 

environment. 

Cell growth was maintained for a total of 96 hours, in 6-well dimple plates, that simulate static 

conditions, and in 30 mL bioreactors, with continuous agitation of 55 rpm. Despite the number of wells, 

two dimple plates were used in order to minimize the risk of contamination and to avoid non-

homogenous aggregate formation inside the dimples from moving the plate more times than it was 

necessary. 

In both culture systems, it was studied the exposure of the ROCK inhibitor in the culture for 24 

hours and 96 hours (the total culture time). 

The variation of cell density measured using the automated cell counter at 𝑡 = 24 h and 𝑡 = 96 

h, for both the dimple plates and the bioreactors, under the effect of the ROCK inhibitor for the time 

length of 48 hours and 96 hours, is represented Figure 13. 
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Figure 13 - Variation of Type B cells’ density in both 3D static and dynamic cultures with 

different exposure times to the ROCK inhibitor. Graphic plotted in a semi-logarithmic scale on the y-

axis at seeding time (𝑡 = 0), 𝑡 = 24 h and 𝑡 = 96 h, for the condition of study of the effect of ROCK inhibitor 

in the culture for 48 hours and 96 hours (n = 1). 

 

In Figure 13 it is possible to observe an overall drop in the values of cell density, a clear 

indication of the adversities that Type B cells have to go through to adapt to the new domain, regardless 

of the type of vessel used. Despite of the culture system used, at 𝑡 = 24 h, the exposure time of the cells 

to the ROCK inhibitor was exactly the same, so the cell density value between the static cultures and 

the one between the dynamic cultures should be exactly the same. The discrepancy of results, however, 

might be due to the handling technique and the time gap between the detachment of the cells and the 

seeding into the designated culture vessels to be then incubated. 

Even so, it was possible to observe the cell density practically doubled when comparing the 

static culture to the dynamic one with the ROCK inhibitor for 96 hours, which is a good representation 

of the adaptation turnover of the cells after passaging and seeding into the new vessels and incubated 

for more than 24 hours. 
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Moreover, even though the size of the aggregates is a morphological characteristic, it was also 

an aspect that was thought to be related to the duration of exposure of the cells to the ROCK inhibitor. 

Therefore, samples from each culture vessel were collected and images were captured using bright field 

microscopy. By using the ImageJ software, it was possible to calculate the area of the aggregates and, 

therefore, their diameter, by using equation (8). The vertical scatter plots of the results obtained are 

represented by Figures 14 and 15. 

 

 

 

 

 

 

 

 

 

 

Figure 14 - Variation of the aggregates’ diameter. Data collected at 𝑡 = 24 h, in both 3D static 

and dynamic culture, for the conditions of study of the effect of ROCK inhibitor in the culture for 48 hours 

and 96 hours (n = 1). 

 

 

 

 

 

 

 

 

 

Figure 15 - Variation of the aggregates’ diameter. Data collected using at 𝑡 = 96 h, in both 

3D static and dynamic culture, for the conditions of study of the effect of ROCK inhibitor in the culture 

for 48 hours and 96 hours (n = 1). 
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Type B cells can form lasting aggregates, whose the diameter increased as the culture times proceeded 

from the 24 hours analysis to the 96 hours analysis. After one day, the dynamic culture presented, not 

only a bigger dispersion of diameter results, but also higher values, when comparing to the static culture. 
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However, the higher density of the results revealed to be between 75 and 150 µm in all cases (Figure 

14). 

After 96 hours, it was possible to conclude two different aspects, regarding the dimension of the 

aggregates and the time dependency. 

Firstly, and once again, the dynamic culture overcame the static culture in terms of aggregate 

size (Figure 15). Even if in 3D static conditions shows to have extensive agglomeration, it is still lesser 

than the dynamic one, as expected57. This is a valuable aspect to be taken into consideration for future 

applications, since large numbers of cells are usually required for most of the regenerative medicine or 

tissue engineering applications34. The formation of larger aggregates in 3D dynamic culture could mainly 

have been due to the agitation of the bioreactors which promote the collision of the cells more efficiently 

and, thus their attachment to each other too. Also, surely that the continuous agitation promotes the 

collision among the cells, but also among the aggregates, as the culture time proceeds. This dynamics 

between the collapse and coalescence of the aggregates will influence the cells’ proliferation rate as the 

culture develops and the fate of their deviation. This merging of the aggregates also explains the smaller 

number of aggregates in the samples used to get the images, analyse and later draw the vertical plots 

represented in Figures 14 and 15. 

Secondly, it is possible to observe the size discrepancy, regarding day 1 and day 4 analysis, 

and also the different type of culture systems. After the first 24 hours the aggregates’ size was not larger 

than 300 µm, contrarily to after 96 hours of culture. It is curious to notice that the presence of the ROCK 

inhibitor for 48 hours or for the entire culture time barely brought any effect to the aggregate size in the 

case of the static culture, since the higher density of samples is confined between sizes 150 and 300 

µm. However, the same was not entirely true in the dynamic culture, since the extended permanence of 

the ROCK inhibitor showed to lead to a wider range of values and also to a beneficial increment of the 

diameter of the aggregates, an aspect to consider in future research. This could reinforce the hypothesis 

that altered cells like the ones from Type B have trouble adapting and adjusting to the dynamic culture 

and that the ROCK inhibitor might bring an advantage to their culturing. 

 

 

4.3.2.  Static and Dynamic Conditions 
 

In order to further understand the variances in the different cultures, it was calculated two growth 

kinetics parameters, namely the live cell ratio (𝛼∗) and the apparent specific growth rate (app), for static 

and dynamic conditions, with the ROCK inhibitor in the culture for 48 hours and 96 hours, for both cell 

types (Table 5). The unpublished results regarding Type A cells for comparison to Type B cells were 

kindly provided by members of the laboratory for the purpose of the present work. 
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Table 5 - Growth kinetics parameters, the live cell ratio (𝜶∗) and the apparent specific 

growth rate (𝒂𝒑𝒑), for Type A and Type B cells, in 3D static and dynamic culture. The values 

represented were collected at 𝑡 = 24 h and 𝑡 = 96 h, for the condition of study of the effect of ROCK 

inhibitor in the culture for 48 hours and 96 hours. Type A cell’s results for 3D dynamic culture with the 

ROCK inhibitor for 48 hours are followed by the standard deviation (±). Type A cells’ unpublished results 

were kindly provided by the laboratory members (n = 1). 

 

  𝜶∗ (−) 𝐚𝐩𝐩 (10-2 h-1) 

  Type A Cells Type B Cells Type A Cells Type B Cells 

48 h 

ROCKi 

3D Static Culture 0.55 0.61 3.00* 2.84 

3D Dynamic Culture 0.67 ± 0.04 0.20 2.30 ± 0.06 3.22 

96 h 

ROCKi 

3D Static Culture - 0.47 - 3.57 

3D Dynamic Culture - 0.16 - 3.14 

                                                                                                       *Calculated value from 24 – 120 h 

 

These parameters permit to evaluate the culture as it develops, providing an understanding of 

the quality of the cells right after the first 24 hours. 

The live cell ratio was determined after 24 hours in all cases, and so was the time exposure of 

the cells to the ROCK inhibitor in the cultures. Again, and as previously exposed by Figure 13, the values 

between the dynamic cultures and the static cultures should be exactly the same in theory, but 

experimental errors and timing might have contributed for the small variation in the values. 

Nevertheless, regarding the results for the live cell ratio, if the value varied between 0 and 1, it 

was possible to observe that, the Type B cells’ survival was largely compromised in the dynamic culture, 

since the success rate was only 20% and 16%, when comparing to the static culture, which was 61% 

and 47%. When comparing the value to Type A cells, it is was possible to conclude once again that that 

were no drastic changes in the 𝛼∗ value in the case of the dimple plates, since the value increases from 

0.55 to 0.61, but cell apoptosis seemed to have been aggravated in the case of dynamic culture, where 

Type B cells had a survival ratio of 20%, comparing to Type A, which was 67%. In Annex III, even if with 

different conditions, such as culture time of 120 hours and ROCK inhibitor exposure of 24 hours and 

120 hours, it is possible to observe that the live cell ratio is above 60% for Type A cells grown in 3D 

dynamic culture. In Annex IV, even if the culture time was of 120 hours and the exposure time to the 

ROCK inhibitor of 24 hours, it is possible to observe that the live cell ratio values are 0.70 or higher in 

3D static culture. This high discrepancy between Type B cells and Type A cells’ 𝛼∗ was the first alarmed 

evidence of the different state of Type B cells. As quoted before48,112, one reason for this might have to 

do with the increase of the shear stress caused by the continuous agitation in the bioreactor, compared 
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to the dimple plate, in which there is none. Even if manageable until a certain level, the shear forces still 

bring damage to the cells, which in this case could be one of the major factors that influence the cells’ 

adaptation and proliferation. 

Then, regarding the apparent specific growth rate, it was expected that the app would overall 

decrease in the Type B cells, compared to Type A, right after analysing the results from the first 24 hours 

of culture, even if the ROCK inhibitor was in the culture for a longer time. However, some aspects could 

be understood by the presented data.  

The first one was that the highest value obtained for the app was in static culture, with the 

presence of the ROCK inhibitor in the culture for 96 hours. One reason for the high value in this case 

has to do with what was quoted previously57. Even though different strains of hiPSC were used in this 

reference, it was concluded that 3D dynamic culture, compared to 3D static culture, resulted in higher 

shear stress that leads to the disruption of the cell-synthetized ECM, directly suppressing the activation 

of the cadherin-catenin signalling. This idea could be reinforced by checking the similarity of values in 

the 3D static culture with the ROCK inhibitor present for 48 hours, since the values of 2.84 x 10-2 h-1 has 

a discrepancy of only about 5.56% from the value of 3.00 x 10-2 h-1. 

Then, when comparing with the Type A cells’ value of 2.30 x 10-2 h-1 with Type B cells’ one of 

3.22 x 10-2 h-1, the latter is clearly higher than previously expected. This means that the number of 

passages of these cells or even the age of the donor might have affected their adaptation to a different 

vessel, but also proved to have the capacity of making a great recuperation with the progression of the 

culture time. Moreover, in static environment, it was shown before that the ECM accumulates at the 

periphery of the aggregates as time goes by. This difference in the distribution of the ECM could have 

happened in Type B cells, so their growth under dynamic conditions suggested that mechanical stress 

induced by the liquid flow was prevented because of the ECM covering the surface of the 

aggregates57,113. 

Surprisingly, the time length of ROCK inhibitor in culture barely changed the result in 3D 

dynamic culture, although it largely contributed to a higher value in 3D static culture. The 96 hours 

exposure of ROCK inhibitor showed to have increased the app value from 2.84 x 10-2 h-1 to 3.57 x 10-2 

h-1, an increase much more considerable than in dynamic culture, in which the values were very similar, 

of 3.22 x 10-2 h-1 and 3.14 x 10-2 h-1, with the ROCK inhibitor in the culture for 48 hours and 96 hours, 

respectively. This might be due to the way ECM is developed in both cultures. In the dynamic one, the 

effect of the mechanical stress from the fluid flow might have prevailed over the effect of ROCK inhibitor 

in these cells, hence the existence of no difference between the app values. Also, and obviously, the 

physical stress is much more residual in static culture, which might explain the greater contribution of 

the ROCK inhibitor when in culture for a longer time. 
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4.3.3.  Aggregates’ Morphology 
 

Images were taken at 𝑡 = 24 h and 𝑡 = 96 h, using phase contrast microscopy, and medium was 

changed at 𝑡 = 48 h and 𝑡 = 72 h. The culture’s physical characteristics such as turbidity, colour and the 

presence of any contamination, derived from bacteria or fungus, were also taken into account when 

analysing the data. At a seeding concentration of 1.00 x 105 cells/mL, the cells grew in both the dimples 

plates and the bioreactors, and the formation of aggregates in both cases was observable after 24 hours. 

Examples of the images captured using the phase contrast microscopy for the dimple plates 

can be observed in Figure 16A-D. 

 

  

  
 

Figure 16 - Phase contrast microscope images of aggregates composed of Type B cells 

in the dimple plate. These images were taken at 𝑡 = 96 h, with the ROCK inhibitor present in the culture 

for 48 hours in (A) and (B) and for 96 hours in (C) and (D) (n = 1). (Scale bars = 200 µm). 

 

Cells from this line generally form round aggregates, especially in static culture, with a smooth 

surface throughout the entire culture time, increasing the aggregate size considerably until the end of 

the culture time, as shown before and as shown in Annex V, for Type A cells. 

A B 
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After 96 hours, images were captured once more, from samples taken from the dimple plates 

and the bioreactors, having the ROCK inhibitor in culture for 48 hours and 96 hours, as shown in Figures 

17. 

 

  

  
 

Figure 17 – Phase contrast microscope images of aggregates composed of Type B cells 

from the culture 3D static culture, in dimple plates, and 3D dynamic culture, in 30 mL bioreactors. 

These images were taken at 𝑡 = 96 h, showing the aggregates obtained from 3D static culture, with the 

ROCK inhibitor present in the culture for (A) 48 hours and (B) 96 hours, and obtained from 3D dynamic 

culture, with the ROCK inhibitor present in the culture also for (C) 48 hours and (D) 96 hours (n = 1). 

(Scale bars = 200 µm). 

 

In the images from Figures 17A-D not only is possible to observe the clear difference between 

the two type of vessels, but also how the ROCK inhibitor influenced the cultures. With these results, 

three aspects can be taken into account solemnly from observing the images. 

The first one has to do with the evident discrepancy in size between the two types of vessels. 

Regardless of the exposure time of the cells to the ROCK inhibitor, the aggregate size was found to be 

larger in dynamic conditions than in static conditions. This was expected, since it has been previously 

stated that the dynamic environment, such as from bioreactors, might be the answer for the scaling-up 

process in regards to future applications that require a large number of cells. 

A B 

C D 
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Another aspect that is possible to observe after determining the aggregates’ diameter after 96 

hours (Figure 15), was that time exposure to ROCK inhibitor for both 48 and 96 hours did not affect the 

size of the aggregates in the case of the dimple plates, although the difference was more noticeable in 

the case of the bioreactors, as previously stated. 

Finally, the permanency of the ROCK inhibitor in the culture might have influenced the shape of 

the aggregates. It is notorious that the aggregates with higher exposure to the ROCK inhibitor presented 

a more regular spherical shape and smooth surface, when compared to the 48 hours exposure in both 

dynamic and static conditions. The same morphological characteristics can also be observed in Type A 

cells, even if the exposure to the ROCK inhibitor was longer (Annex V). The ROCK inhibitor is known to 

play a crucial role on the cytoskeleton of the cells, remodelling it and affecting the actomyosin 

contractility which is easily affected by the ECM disruption induced by the shear forces of the dynamic 

flow, hence the change in the aggregates’ morphology114. 

Lastly, it was applied an immunostaining technique in order to generally understand how the 

aggregate size influenced the quality of the cells. 

Subsequently to harvesting, counting and capturing images using phase contrast and bright-

field microscopy, the cells were frozen using liquid nitrogen and kept at -80oC for later immunostaining. 

After meticulously sectioning several samples of aggregates obtained with a thickness of 10 µm, an 

immunohistological analysis was performed in order to elucidate about the state of development of the 

cells in the aggregates, especially regarding their size. 

The aggregates used to understand these characteristics were collected from the 30 mL 

bioreactor, with the ROCK inhibitor for 48 hours and culture time of 96 hours. The markers used 

targeted Ki-67, a proliferation marker, and E-cadherin, a cell-cell adhesion molecule. DAPI 

counterstaining was also used to detect the cells’ nuclei. Figures 18A-D and 19A-D show the 

expression of these three markers in two examples of aggregates, in which is visible the variation of 

expression depending on the diameter of the aggregates. 
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Figures 18 - Immunostaining images of Type B cells, cultured in a 30 mL bioreactor 

operating for 96 hours, with the ROCK inhibitor in the culture for 48 hours. The images represent 

the expression of (A) DAPI, (B) Ki-67, (C) E-cadherin and (D) the merge of the three late results (n = 1). 

(Scale bars = 100 µm). 
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Figure 19 - Immunostaining images of Type B cells, cultured in a 30 mL bioreactor 

operating for 96 hours, with the ROCK inhibitor in the culture for 48 hours. The images represent 

the expression of (A) DAPI, (B) Ki-67, (C) E-cadherin and (D) the merge of the three late results (n = 1). 

(Scale bars = 100 µm). 

 

From the previous immunostaining results obtained, it is possible to observe the expression of 

DAPI homogeneously in both aggregates’ sections, in Figure 18A-D and 19A-D, staining the cells’ 

nuclei. 

The protein Ki-67 is strongly associated with cell proliferation, so it works as an excellent culture 

growth marker.115 As it can be seen in Figure 18B, in smaller aggregates, the expression of Ki-67 is 

mainly homogenous in all cells of the aggregate’s section. However, in a larger aggregate such as the 

one from Figure 19B, the centre of the aggregate showed lower expression levels. This suggests that 

cells in the centre might have started entering the stationary phase of growth sooner than cells on the 
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periphery, due to the reduction of diffusion of components essential for the proliferation of the cells from 

the medium to the centre of the aggregates. This quiescence state would later lead to the triggering of 

apoptosis mechanisms, showed by the low or non-existent the expression of Ki-67 in the centre of the 

aggregates, comparing to the cells in the periphery106. 

As for the E-cadherin, this is a protein that mediates cell-cell cohesion, playing an important role 

in the cells’ survival and self-renewal, which can also be used as an undifferentiation indicator since it 

is able to tie to the transcription factor circuit that triggers the transcription factor OCT4, a widely used 

pluripotency marker116. 

By analysing the E-cadherin expression, it is possible to state that the aggregates’ size also 

influences its expression, since the one with smaller diameter, the E-cadherin expression is uniformly 

distributed in the periphery of the cells (Figure 18C), but the same is not true for aggregate in Figures 

19C. As central necrosis expanded, the excretion of ECM components would consequently decrease, 

resulting in a lower protein expression in the immunostaining results106,117. Even so, it is relevant to add 

that aggregates too small might also result in cell apoptosis due to the low cell-cell contact mediated by 

E-cadherin, leading to a lower survival rate. 

In conclusion, the larger the aggregates, typical from dynamic cultures, the lower is the diffusion 

rate of components into the middle of the aggregates, leading to the death of the cells in that area. The 

immunostaining results permitted to conclude that aggregates composed of Type B cells have a Ki-67 

and E-cadherin expression similar to other lines of hiPSCs from the literature, according to the size of 

the aggregate.  

Furthermore, even if the highest result obtained for the apparent specific growth rate was in 3D 

static culture, the obtained aggregates had an overall lower diameter when compared to the dynamic 

cultures. Due to this, the static culture’s aggregates could possibly have generated more uniform 

aggregates in terms of number of cells in an active phase of development, such as mitosis. Probably, if 

the culture time proceeded for more than 96 hours, the maintenance of the viability of the cells would 

have been seriously compromised, leading to a decrease in the proliferation rate of the cells and 

consequently to a drop in the apparent specific growth rate value, due to the inhibitory competition for 

the resources in the culture. 

Finally, it was possible to conclude from the results in this thesis that the cells from stock B might 

have undergone modifications at genetical level due to several aspects. 

One of them, might be related to the number of passages the Type B culture was subjected to. 

According to the information provided by the laboratory, Type A culture has suffered not more than 30 

passages, while in the case of the stock for Type B cells the number was at least 65 passages. Cells 

that were kept for a long time and thus suffered several passages might have begun changing their 

physiological and morphological proprieties, resulting in differences in their karyotype that affected their 

phenotype subsequently, when compared to Type A cells, from the same line, as previously tested out. 

Even so, this should not be a reason for the difference in characteristics of both groups, since 

pluripotent stem cells are known for having unlimited capacity for self-renewal, while maintaining their 
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pluripotency. The hypothesis falls on the fact that the maintenance protocol might have not have been 

followed truthfully and equally every passaging time. Since these cells are extremely sensitive to 

changes in culture conditions and handling techniques, this fact might have resulted in modifications in 

Type B cells at the genome level. 

Also, and as commented before, the age of the donor is an important factor when it comes to 

the quality of the cells, since it influences the activity and expression of proteins that regulate the cellular 

pathways under stress conditions. However, in this case, this factor is unknown and therefore impossible 

to discuss. 
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5. CONCLUSIONS AND FUTURE 
PERSPECTIVES 

 

Human induced pluripotent stem cells have shown to have clinical potential due to their self-

renewal characteristics, capable of taking cell therapies to a new level. The fact that hiPSCs have the 

advantage of few incompatibility problems with the patient and also overcome some ethical issues that 

hESCs do not, is highly motivating to continue the research on these cells. Even so, the design of robust 

culture systems that would allow the scaling-up process with guaranteed reproducibility is still a topic 

under constant study. 

In this thesis, the two stocks from hiPSCs, both from the 1383D2 line, were compared, since 

one of them have suffered transformations that affected the phenotype of the cells. These altered cells, 

named Type B cells, were studied and compared to other stock with cells from the same line, named 

Type A cells, in order to take conclusions about the viability of Type B cells in future works. 

Even if with these outcomes, the fact that some of the results are not completely comparable or 

statistically relevant due to the lack of replicates of certain experiments, mainly due to time restraints, is 

still an aspect to be noted. Nevertheless, and taking into account the unexpected turn that this work 

came across initially, it was imperative for a laboratory specialised in the standardization of the 

processes regarding stem cells technology to understand the differences found in the stocks from the 

same line of cells. Comparing the exposure time of the cells to the ROCK inhibitor and the 2D with the 

3D culture environment, and the static with dynamic conditions, the shear stress was believed to be one 

of the most crucial factors that would affect the adaptation and further growth of Type B cells. Albeit 

these cells clearly presented modifications in regards to Type A cells, which were exactly from the same 

line, the high apparent specific growth rate proved to be a game-changer. Even if with low live cell ratios, 

Type B cells were able to proliferate more than Type A culture. This is a very motivating reason to use 

these cells in the future for other experiments, even though further research at genetical level must be 

done in order to proceed with their research. Moreover, the immunostaining results reinforced the idea 

that Type B cells are, in fact, prone to be viable to be used in upcoming research works, since their 

behaviour was expectable when compared to the literature. 

Overall, this work consisted of a first approach to the understanding of the behaviour, quality, 

morphology and other aspects of these altered cells. As future work, it would be of interest to test how 

other culture parameters might affect the development of these cells, such as the initial cell density, the 

concentration of ROCK inhibitor in the culture or the agitation speed, in the case of the bioreactor. 

Furthermore, testing pluripotency markers such as OCT4, NANOG or SOX2 would support the 

conclusions taken about the undifferentiated state of these cells. This work would include testing these 

markers and also the Ki-67 and the E-cadherin ones for aggregates grown in 3D static culture and 

possibly also in 2D culture.  
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As later work, certainly that a genome sequencing technique to both types of cells must be 

considered. Firstly, because it would show the variations that could have happened in the karyotype of 

Type B cells in regards of Type A cells and conclude if Type B cells are, in fact, safe to be used in future 

applications. If their karyotype showed to be within the approved standards from stem cell research, 

then these cells might lead to new and promising outcomes in future works. Moreover, this analysis 

could also finally help to elucidate which genes were affected that could have explained the change in 

phenotype and proliferation rate. 

In conclusion, this area of study embraces many features that must be carefully taken into 

account, so there is still further work to be done to wholly optimize the process of production of these 

cultures at a larger scale. The previous and still on-going investigations have brought encouraging 

results to continue the exploration in this branch of bioengineering, medicine and computer science, 

which, with truthful interest from the right institutions, will undoubtedly lead to a ground-breaking impact 

in the field. 
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ANNEXES 

 

ANNEX I 

 

  

  

 

 

 

 

 

Figure 20 - Images captured using phase contrast microscope of hiPSC, Type B cells. 

Images were taken at (A) 𝑡 = 24 h, (B) 𝑡 = 72 h and (C) 𝑡 = 120 h. Dead cells correspond to the yellow 

floating spheres. These unpublished results were kindly provided by a laboratory member (n = 1). (Scale 

bars = 500 µm). 

 

 

 

 ANNEX II 

 

Table 6 – Growth kinetics parameters for the hiPS cells 2D static culture in 8-well plates 

for Type A cells, for attachment efficiency (𝜶) and specific growth rate (). The values represented 

are the average at 𝑡 = 24 h and 𝑡 = 120 h, respectively, for the condition of study of the effect of the 

ROCK inhibitor in the culture for 24 hours, followed by the standard deviation (±). These unpublished 

results were kindly provided by laboratory members (n = 1). 

 

 24 h ROCK Inhibitor 

 𝜶 (−)  (10-2 h-1) 

2D Static Culture 1.57 ± 0.05 4.91 ± 0.00 
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ANNEX III 

 

Table 7 - Results from the Type A cells in 3D dynamic culture for the live cell ratio (𝜶∗) 

and apparent specific growth rate (𝒂𝒑𝒑). The values represented are the average, followed by the 

standard deviation (±), for the culture time of 120 h, for the condition of study of the effect of ROCK 

inhibitor in the culture for 24 hours and 120 hours. These unpublished results were kindly provided by a 

laboratory member (n = 1). 

 

 𝜶∗ (−) 𝐚𝐩𝐩 (10-2 h-1) 

24 h ROCKi 0.62 ± 0.14 2.45 ± 0.00 

120 h ROCKi 0.61 ± 0.15 3.29 ± 0.00 

 

 

 

 ANNEX IV 

 

Table 8 - Results from the Type A cells in 3D static culture for the live cell ratio (𝜶∗) and 

apparent specific growth rate (𝒂𝒑𝒑). The values represented are the average, followed by the 

standard deviation (±), for the culture time of 120 h, for the condition of study of the effect of ROCK 

inhibitor in the culture for 24 hours. These unpublished results were kindly provided by laboratory 

members (n = 1). 

 

 24 h ROCK Inhibitor 

 𝜶∗(−) 𝐚𝐩𝐩 (10-2 h-1) 

Results Member A 0.70 ± 0.24 2.44 ± 0.00 

Results Member B 0.88 ± 0.09 2.42 ± 0.00 
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 ANNEX V  

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 21 - Phase contrast microscopy images of aggregates composed of Type A cells from the 

culture in a 30 mL bioreactor. These images were taken at 𝑡 = 24 h, with the ROCK inhibitor present 

in the culture for (A) 24 hours and (B) 120 hours, and at 𝑡 = 120 h, with the ROCK inhibitor present in 

the culture also for (C) 24 hours and (D) 120 hours. These unpublished results were kindly provided by 

a laboratory member (n = 1). (Scale bars = 200 µm). 
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