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Abstract 
 

 Mesenchymal stem cells (MSCs) are found to bring many advantages in the field of regenerative 

medicine, opening doors for new and improved therapeutic options. Degenerative diseases and several 

immune disorders have now bigger chances of being treated, resorting to these human-origin cells and 

whose isolation can be easily performed from a variety of tissues. 

 In the present work, adipose-derived MSCs (adMSCs) were cultivated using two approaches: 

dynamic expansion of cellular aggregates in a stirred tank reactor and MSC static isolation from a fat 

tissue explant, in human platelet lysate (hPL) matrix. The goal was to improve the cultivation conditions 

in order to achieve a high cell number. To assure this, different parameter combinations were tested: 5, 

7 and 10% supplied O2 and an agitation of 100, 250 and 400 rpm for the bioreactor experiments. 

Afterwards, metabolic, senescence and migration assays were performed and, together with 

proliferation, oxygen and glucose/lactate measurements it was possible to study the impact of the 

conditions used on MSCs. For the three-dimensional (3D) isolation on hPL matrix, cryopreservation of 

fat tissue, outgrowth period and cell harvest were optimized. 

 In dynamic expansion, results point to a higher cell number achieved with lower oxygen supply 

(5%), and formation of bigger spheroid for lower impeller velocities. Considering the 3D isolation, cells 

isolated from fat tissue frozen without cryomedium presented higher viability. For higher O2 supply 

(21%), 3D conditions using hPL matrix were found to be more advantageous than two-dimensional (2D). 
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Resumo 
 

As células mesenquimais estaminais (MSCs) trazem várias vantagens ao ramo da medicina 

regenerativa, abrindo portas a novas e melhoradas opções terapêuticas. Doenças degenerativas e 

imunológicas têm agora novas hipóteses de ser tratadas recorrendo a estas células de origem humana, 

facilmente isoladas a partir de uma variedade de tecidos. 

 Neste trabalho, cultivaram-se células mesenquimais derivadas de tecido adiposo (adMSCs) 

através de dois métodos: expansão dinâmica de agregados celulares num reator agitado e isolamento 

estático a partir de explante de tecido adiposo numa matriz de lisado de plaquetas humanas (hPL). O 

objetivo foi melhorar as condições de cultivo de modo a atingir um maior número de células. Para este 

efeito, testaram-se diferentes combinações entre parâmetros no bioreator: 5, 7 e 10% de O2 e agitação 

de 100, 250 e 400 rpm. Posteriormente, realizaram-se testes para viabilidade metabólica, senescência 

e migração e, juntamente com medições de proliferação, oxigénio e glucose/lactato, estudou-se o 

impacto das condições aplicadas nas MSCs. Para o isolamento a três-dimensões (3D) na matriz de 

hPL, otimizou-se a criopreservação do tecido adiposo, período de cultivo e colheita das células. 

 Na expansão dinâmica, os resultados apontam para uma maior proliferação atingida através 

do fornecimento de uma percentagem de O2 mais baixa (5%) e formação de agregados maiores para 

menores velocidades de agitação. Relativamente ao isolamento 3D, as células isoladas do tecido 

adiposo congeladas sem meio de criopreservação apresentaram maior viabilidade. Para maior 

fornecimento de O2 (21%), as condições 3D usando a matriz de hPL mostraram-se mais vantajosas do 

que a duas-dimensões (2D). 
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I. Introduction 
 

I.1. Mesenchymal stem cells - Origin and properties 
 

 Mesenchymal stem cells (MSCs) are multipotent non-hematopoietic stem cells that can self-

renew and differentiate into the lineages of mesenchymal tissues (Figure I-1), such as osteocytes, 

chondrocytes, neurocytes and adipocytes, in response to chemical, hormonal or structural stimuli. MSCs 

can be isolated from adult tissues, such as bone marrow (BM), adipose tissue (AT), menstrual blood, 

and from birth associated tissues, such as placenta and umbilical cord blood [1]. All these sources are 

good options for regeneration of damaged tissues in clinical applications, due to their ability of self-

renewing with a high proliferative capacity, mesodermal differentiation potential and also for being 

characterized as undifferentiated cells [2]. 

 

Figure I-1 Multilineage differentiation of MSCs into adipocytes, chondrocytes, osteoblasts, muscle cells and 

neurons [3]. 

 

 In general, a significant number of characteristics is shared by MSCs, even if isolated from 

different sources. To be classified as MSCs, cells need to fulfil three criteria, as suggested by the 

International Society of Cellular Therapy (ISCT): capability to adhere to plastic surfaces, expression of 

CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and 

HLA-DR surface molecules and multipotent differentiation capacity in vitro - osteoblasts, adipocytes and 

chondroblasts [4]. What distinguishes MSCs from hematopoietic precursor cells and leukocytes is the 

absence of the referred surface markers [1], which can be assured by fluorescence-activated cell sorting 

(FACS). This technique allows the isolation and characterization of subpopulations of cells within a 

heterogeneous population [5], by passing through a detection device in a fluid stream. 

 Furthermore, MSCs are characterized by a fibroblast-like morphology, secretion of chemokines, 

cytokines, growth factors and extracellular matrix (ECM) that together play an important role in the 

regulation of haematopoiesis, angiogenesis and in immune and inflammatory response [1]. 
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Due to their multipotency, MSCs are a very attractive choice for clinical applications in skin grafting 

[6], immune disorders, such as encephalomyelitis [7] and arthritis, and in regenerative diseases, 

including diabetes [8]. The potential for tissue regeneration is related to the low immunogenicity of these 

cells, high proliferative activity and ability to differentiate into cells that regenerate damaged tissue, by 

migrating to these specific areas. 

 The wound healing process includes three stages: inflammation, proliferation and remodelling. 

MSCs are involved in all of them, and their presence supports the healing development. Many biological 

and molecular events are required for this, mainly cell proliferation, migration (in response to 

chemotactic signals from inflammation [9]) and ECM deposition [10]. When a decrease in cytokine 

production and reduction of angiogenesis occur, consequences leading to nonhealing wounds are 

verified [10], [11]. Conditions like trauma, diabetes or vascular insufficiency are some examples where 

wound closure is not physiologically possible. Moreover, tissue repair mediators can also be found in 

MSC-conditioned medium, and either with it or with MSCs it is possible to achieve a faster wound 

restoring [12]. Differentiation and paracrine signalling have both been implicated as mechanisms by 

which MSCs improve tissue repair. The first one contributes by regenerating damaged tissue, whereas 

MSCs paracrine signalling regulates the local cellular responses to injury [12], being the primary 

mechanism for the beneficial effects of MSCs on wounds. 

 

In spite of all the promising studies around this topic, there are still numerous areas of future 

study, including the effect of MSC’s source, the benefits of MSCs alone or within a matrix, the timing 

and frequency of MSCs administration, and the number of cells administered [12]. 

 

I.1.1. Hypoxia pathways in mammalian cells 
 

 As mentioned before, MSCs have the capacity of self-renewal and differentiation into multiple 

lineages. This capacity is crucial for a maintenance of tissue homeostasis, since they replenish ageing 

mature cells and keep themselves in existence. This homeostasis is maintained through a combination 

between cell-intrinsic networks and the signals from the microenvironment [13]. Adult stem cells are 

generally sensitive to intracellular reactive oxygen species (ROS), and they avoid cellular damage 

caused by these to ensure a more prolongated tissue renewal capacity. Hypoxia, together with glycolysis 

and redox reactions, has an effect on stem cell homeostasis, regeneration and ageing [13]. 

 

 Mitochondria are often said to be the most important intracellular source of ROS: mitochondrial 

electron transport chain generates these species in vivo, causing damage in the mitochondrial DNA, 

which turns to be higher than the damage caused to nuclear genetic information. It is increasingly 

proposed that ROS play a key role in human cancer development, and they can have effects in 

modulating the activity of the proteins and genes that act to regulate cell proliferation and differentiation 

[14]. Giving this, and since high concentrations of oxygen can lead to oxidative stress via ROS synthesis 

(which can damage lipids, proteins and DNA), then by lowering the oxygen concentration it might be 

possible to reduce cellular stress caused by these species. Furthermore, some effects observed in 
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MSCs under hypoxic conditions are increased proliferation, delayed senescence, prolonged genetic 

stability [15], altered differentiation capacity (attenuation of osteo- and adipo- differentiation and the 

enhancement of chondrogenic potential) [16] and altered glucose metabolism [17]. 

 

The key adaptive response to hypoxic conditions is the stabilization of hypoxia inducible factor 

(HIF-1), which is a heterodimer constituted by two subunits: HIF-1β and HIF-1α. Synthesis of HIF-1α is 

regulated via oxygen-independent mechanisms, whereas its degradation is oxygen-dependent 

processed by prolyl hydroxylases (PHD) [13]. HIF-1β is constitutively expressed [18] and when it binds 

to HIF-1α they form a transcription factor that connects and activates the promoters of glycolytic genes 

[19]. The presence of environmental stresses, like the previously discussed ROS, nitric oxide, and heat 

shock, contribute to the activity of this inducible factor [17]. By altering the mitochondrial function, 

suppressing mitochondrial respiration, HIF-1 might play the role of switching between oxidative 

phosphorylation (OXPHOS) and anaerobic glycolysis [16], two pathways that allow cells to obtain 

energy. 

 In anaerobic glycolysis, glucose is converted in two molecules of pyruvate, by reaction from 2 

NAD+ to 2 NADH molecules, resulting in 2 ATP molecules. In the absence of oxygen, this process 

continues to the formation of lactate as a by-product, by the transference of electrons from NADH to 

pyruvate. When in aerobic conditions, the same process occurs, however, pyruvate molecule can have 

a different destination: it can be converted in acetyl-coenzyme A (acetyl- CoA), which goes into the 

OXPHOS [20]. 

OXPHOS is the final biochemical pathway involved in the production of cell’s main fuel - ATP - 

and it occurs in mitochondria. This system takes place in the lipid bilayer of the mitochondrial inner 

membrane and it is composed of five multiprotein enzyme complexes (I–V) and two electron carriers — 

coenzyme Q and cytochrome c [21]. The system main function is electron and proton transport, leading 

to ATP production from ADP and inorganic phosphate. Energy is released from this electron circulation, 

being largely stored in the form of a proton gradient across the inner mitochondrial membrane. Some of 

the ATP is used for mitochondria own needs, but most of it is transported outside the organelle and used 

for diverse cell functions [21]. 

 

Giving these two processes, the fate of pyruvate, the end-product of glycolysis, depends on the 

activity of two enzymes: pyruvate dehydrogenase (PDH) and lactate dehydrogenase (LDH). PDH 

converts pyruvate into acetyl-CoA, which enters the Krebs cycle, where is successively converted and 

transformed [16]. The activity of PDH is controlled by pyruvate dehydrogenase kinase 1 (PDK1), the 

enzyme that phosphorylates and inactivates PDH. HIF-1 has been shown to upregulate PDK1, thereby 

inactivating PDH. In addition, HIF-1 stimulates expression of the LDH-A, that converts pyruvate into 

lactate. Taken together, these factors suppress the delivery of acetyl-CoA to the Krebs cycle and 

mitochondrial respiration [16], thus using the available glucose for the anaerobic metabolism to maintain 

a high rate of glycolytic ATP production [17]. 
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 Anaerobic glycolysis is then an effective hypoxia survival strategy only under conditions of high 

intracellular glucose availability, responding to change bioenergetic demand more rapidly, despite the 

fact that oxidative metabolism is more energetically efficient [17]. 

 

I.2. Mesenchymal stem cell isolation 
 

 Like BM, AT is derived from the mesenchyme and it is supported by a connective tissue easily 

isolated (Figure I-2). Based on this, AT may represent a source of stem cells that could bring promising 

results on regenerative medicine, for liver regeneration [22] for instance, and clinical research in cellular 

and gene therapy [8], [11], [23]. Embryonic and adult stem cells multilineage potential from the BM has 

been extensively characterized. As adult cells, adipose-derived MSCs (adMSC) do not present tumour 

formation or immunogenic limitations like embryonic stem cells [22]; moreover, ethical and political 

issues might be more easily overcome with adMSCs [24]. 

 

 

Figure I-2 Human adipose tissue isolation. 

 

During the isolation of MSCs from adipose or umbilical cord tissue there are two widely used 

methods: enzymatic digestion of the donor tissue or outgrowth from explanted tissue pieces. 

The most common approach is the isolation by enzymatic digestion, and the procedure is well 

established and frequently used [15], since the tissue is digested and cells can migrate from it to the 

outside more easily. This approach includes several washing and centrifugation steps and cells are 

selected by plastic adherence [1]. A disadvantage of using enzymes, typically collagenase, is the high 

endotoxin activity. Vargas et al. [25] suggested that during collagenase digestion, cells are exposed to 

high concentrations of endotoxin which might have negative consequences in altering its function. 

Furthermore, some problems related with enzymatic digestion methods were verified, since they caused 

decreased cell viability due to lytic activity and to the different sensitivity to collagenases from different 

species [26]. Ishige and co-workers [26] were also able to conclude that isolation by explant cultivation 

can be more efficient than the enzymatic one, at least for what concerns to MSCs isolation from umbilical 

cord tissue. 

Regarding isolation by explant cultivation, the original tissue is excised into smaller pieces which 

are placed in culture flasks. In this approach, cell outgrowth is slower than in enzymatic digestion 

isolation, since cells have to migrate through an intact ECM, subsequently adhering to the culture 
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surface [27]. The tissue pieces need to be washed several times in order to remove hematopoietic cells, 

and adherent non-stem cells are excluded during the first subcultures due to their limited ability to 

proliferate and reproduce themselves [27]. For the goal of isolating MSCs, it seems that either enzymatic 

or explant cultivation approaches provide acceptable cell yield [27]. The presence of viable tissue during 

the first steps of primary culture is very important and can positively influence the outgrowth of MSCs, 

since it has the original elements of the niche (non-stem cells, ECM and soluble molecules) to maintain 

cells undifferentiated state [27], [28]. Furthermore, explanted tissue pieces release growth factors and 

cytokines, promoting directional migration of cells, having thus, an important contribution in wound 

healing response [27]. 

 

I.3. Mesenchymal stem cell expansion 
 

The need to develop new strategies for cell expansion comes not only from the limited number 

of cells that can be obtained from available donors, but also from the need to obey to strict regulatory 

guidelines coming from Food and Drug Administration (FDA) and European Medicines Agency (EMA) 

[29], [30]. Concerning the first question, the low frequency of MSCs in the various tissues hinders clinical 

practice, since a large number of cells is needed. For a therapeutic dose, at least 2⋅106 cells per kg body 

weight are needed [31],[32], however, the exact dosage depends on the type of disorder. When 

expanding MSCs for particular therapies, for instance allogeneic or autologous transplantations, donor-

to-donor characteristics (age and tissue source) have to be taken in account, since it can have 

consequences on cell in vitro proliferation [9]. Regarding the second issue – FDA, EMA -, since the 

desired products are cells, further challenges related to good manufacturing practices (GMP) and 

product safety also need to be overcome [33]. Donor-to-donor variability, microbiological contamination, 

potential tumorigenicity of the transplanted cells, among others, are examples of such issues [30]. 

 

I.3.1. From single cell to spheroids 
 

 The most common method is the cultivation on 2D plastic surfaces, although some reports 

demonstrate the loss or inhibition of some capabilities like replication, colony-forming and differentiation 

[34]. With a goal of mimicking in vivo microenvironmental conditions, it has been shown that aggregates 

composed with 500 – 10000 cells could better preserve the phenotype and properties of MSCs [35]. 

Indeed, the formation of these three-dimensional (3D) structures, promoted the secretion of anti-

inflammatory cytokines, proangiogenic, and chemotaxic factors, all important for the regenerative 

capacity of MSCs. Bartosh and co-workers [35] demonstrated that after being dissociated from 3D 

spheroids, cell expansion was slow. However, for later passages, the opposite occurred, and they were 

able to grow faster than adherent MSCs. In addition, the dissociated cells could generate colonies 

(CFUs) when plated at clonal densities. When comparing the number of CFUs formed, the same 

happened: in the beginning it was low, but in later passages this number turned greater than what was 

observed for adherent cultures [35]. Studies indicated that MSCs can be non-chemically activated by 

using the hanging drops method to form aggregates in plates. This was shown to increase secretion of 
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anti-inflammatory proteins as well as the expression of anti-tumorigenic molecules. Moreover, MSCs 

dissociated from spheroids presented a smaller diameter than adherent cells, which allowed the 

intravenous-injection and therefore its circulation in mouse organism, thus showing advantages for 

therapeutic applications [35], [36]. Also regarding their in vivo properties, MSCs aggregates were shown 

to accelerate the wound closure by secretion of important chemokines and soluble factors [37]. Giving 

this, culture of MSCs as 3D aggregates is then thought to more accurately mimic cellular adhesions and 

signalling, properties verified when in vivo [38]. 

 

 The mechanisms by which MSCs organize into the aggregates only recently started to be more 

deeply investigated. The differential adhesion hypothesis proposed by Steinberg M. [39] suggests that 

cell-to-cell adhesion in embryonic tissues are driven by the need to minimize interfacial energy and cells 

affinity to each other is dependent on the cell type. Cell populations displaying high cadherin expression 

were found at the interior, whereas cells with high integrin expression at the exterior of the spheroids. 

 Integrin receptors are αβ heterodimers that first recognize the components of the ECM and then 

bind to them, as well as to counter-receptors on cells’ surface, allowing the link between ECM and actin 

cytoskeleton. Moreover, integrin receptors also act as signalling receptors, transducing information from 

the ECM, thus affecting cell behaviour and gene expression [40]. Cadherins are transmembrane 

glycoproteins that promote calcium-dependent homophilic cell–cell adhesion. They share the same 

structural functions as integrins, linking to the actin cytoskeleton, and also acting as signalling receptors 

that affect cell behaviour, mainly cell proliferation and differentiation [40]. 

Spheroid formation in vitro includes three stages: initial cell–cell contacts, cadherin 

accumulation, and aggregate compaction. This model explains the establishment of cell–cell contacts 

through spatial proximity where signalling communication is facilitated and consequently, physical forces 

are increased. Self-assembly in 3D aggregate involves the homophilic cadherin and/or integrin 

interaction and its binding to the ECM proteins, enabling the formation of bridges between cells [36]. 

Actually, it is known that MSC aggregates undergo considerable compaction in culture – for 

example a reduction in diameter from 632 to 353 mm over 21 days [35]. It has been demonstrated that 

interaction between fibronectin and cell surface promotes the formation of stress fibers, which are 

organized in response to cell contraction [41]. Cells cultured within a mechanically stressed environment 

develop these fibers, which suggests bigger aggregate compaction [41]. 

The transition from two-dimensional (2D) to 3D presupposes a cytoskeleton rearrangement and 

adaptation to the new structural network [36]. Understanding the role of cytoskeleton in MSC aggregate 

formation and how it is involved in compaction process and structural organization can give an important 

input regarding aggregate properties, enabling to improve its formation and expansion methods. 

 

Sutherland S. and co-workers [42] verified that for increasing spheroid diameters in the range 

of 200 – 600 µm, oxygen consumption per viable aggregate decreased around 3-fold, which the authors 

associated with the development of quiescent populations of cells. A presence of oxygen concentration 

gradient is not discarded, as well as for other metabolites and catabolites. The concentration of these 
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molecules may either decrease (oxygen) from the surface to the centre of the aggregate, or increase, 

in the case of lactate [42]. 

Histological sections through the centre of spheroids with diameters between 450 – 500 µm 

showed necrotic regions starting to be formed. Usually, too big spheroids (> 700 µm diameter) present 

necrotic centres, leading to toxic effects and causing a decrease in its size. Furthermore, the regions 

with viable cells in these 3D structures might be influenced by the cell line and by factors in the culture 

medium, like glucose concentration [42]. The size of the necrotic centre can be increased by decreasing 

the glucose concentration in the medium [43]. In single cells, glucose deprivation has been associated 

with differentiation, quiescence, synthesis of stress proteins, decreasing hypoxic toxicity, increasing 

oxygen consumption rates and decreasing glucose metabolism. However, in spheroids, when glucose 

concentration decreases in the medium, oxygen also decreases at the spheroid centre [43]. 

 

I.3.2. Expansion in dynamic conditions 
 

 In order to take advantage of MSCs potential as therapeutic agents for a wide range of 

applications, culture conditions need to be optimized to achieve large scale and clinical grade MSCs 

with defined safety standards [31]. Nevertheless, the number of cells needed can be extreme, thus 

hardly reached by using only standard culture techniques. Giving this, the development of scalable 

culture systems with optimized culture parameters and controlled culture environment is a better way to 

overcome this issue, since it can not only allow clinical grade assays, but also higher quantities of cells 

in the end. 

 For this, bioreactors are an important and widely used option. There are different types of 

bioreactors and their classification is related with the type of power input: mechanically, pneumatically 

and hydraulically driven systems [9]. These last ones are more often used, and they include parallel 

plate bioreactors, hollow fiber bioreactors and fixed bed bioreactors, for which the power input is 

generated by pumps. Cells are grown on perfused plastic surfaces, hollow fibers or packed particles. 

Among the mechanically driven are the wave-mixed systems, rotating bed bioreactor and stirred 

systems [9]. Except for spinner flasks (as simple stirred bioreactors), mechanically driven bioreactors 

generally include sensors to enable monitoring and control of temperature, pH value, DO and carbon 

dioxide concentration, gas and liquid flow rates and impeller speed. 

 

As one of the most basic bioreactors, the stirred tank induces mixing of oxygen and nutrients 

throughout the medium, thus allowing a higher homogeneity inside the system [44]. The final cell yield 

is dependent on parameters such as oxygen concentration, stirrer velocity and medium composition 

(among others). 
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I.3.2.a. Critical cultivation parameters 

 

Oxygen concentration 

 

Conventional in vitro cell cultivation is carried out under ambient oxygen concentration which is 

approximately 21% O2, also defined as “normoxic”. In contrast, in vivo MSCs usually are not exposed 

to such a high concentration of oxygen. Depending on the cell type, these cells are developed in certain 

environment niches with a low oxygen tension varying between 1% and 7% O2 in BM and between 10% 

and 15% O2 in AT [45]. Tissue vascularization and its metabolic activity are important factors in the level 

of oxygenation. Therefore, in situ, concentrations between 3 – 5% O2 are generally accepted. 

Short-term oxygen reduction can lead to apoptosis, whereas long-term hypoxia can lead to a 

faster adaptation to the microenvironment, by switching cells metabolism from OXPHOS to anaerobic 

glycolysis. Furthermore, this process is accompanied by the maintenance of an undifferentiated 

multipotent state. This demonstrates cell adaptation to low oxygen concentrations which is made by 

activation of signalling pathways [16]. Studies made with human MSCs in hypoxia have been reporting 

lower oxygen consumption rates than for normoxia [45], [46], which stands in agreement with the 

hypothesis previously mentioned. Moreover, glucose consumption by MSCs decreases when 

prolongated periods of hypoxia (like 48 or 96 hours) are applied [47]. However, when comparing different 

oxygen concentrations, it is observed that the lower the O2 %, the higher the glucose consumption and 

lactate production, due to the switch from OXPHOS to anaerobic glycolysis [45], [46]. 

 

Agitation 

 

Environmental factors are determinant for MSCs ability of regulating differentiation and 

maintaining their multipotency. These include biochemical factors, cell–cell interactions, cell–matrix 

interactions, and mechanical stimuli [38]. Regarding this last one, it is well established that the system 

mass transfer can be increased by convective forces transmitted through hydrodynamic mixing, thus 

improving nutrient and waste transport. Consequently, more frequent collisions between particles (such 

as cells) suspended in the fluid are promoted. 

The hydrodynamic conditions in a mixed bioreactor (Figure I-3) can generate high shear stress 

(i.e. the force per unit area acting on and parallel to a surface), reaching values around 75 dyn/cm2 on 

vessel wall [38]. These values depend on the rotation speed and on the vessel design. Furthermore, the 

resulting stress effects also depend on the cell line, where a decline in the growth yield is more likely to 

occur for more sensitive cells [48]. 
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Figure I-3 Stirred tank reactor used in the present Master thesis project for MSCs cultivation [15]. 

 

Studies suggest that alterations in the collision probability between cells and in their adhesion 

mechanisms at molecular level are regulated by the increased transport and shear introduced by mixed 

systems [38]. Most of the studies found in literature with dynamic cultivation providing agitation are 

performed with embryonic stem cells. Due to their pluripotency, these cells are seen as a promising 

research tool to understand the differentiation mechanisms that lead to an entire organism formation 

[49]. Thus, spheroid-shape structures might share some characteristics with blastocyst-structures, being 

then considered the “starting point”. Sargent C. and co-workers [50] observed that slower speeds create 

lower-shear conditions, thus resulting in quicker initial cell aggregate formation from single-cell 

suspensions. Consequently, larger embryoid bodies (EBs) were formed, compared to faster speeds. 

Furthermore, bigger EBs from lower speeds contained larger necrotic cores, while the smaller EBs from 

faster speeds exhibited more homogeneous nuclear distribution throughout [50]. The authors also 

concluded that the size of these structures can influence the relative proportions of differentiated cells. 

Furthermore, fluid shear stress directly alters stem cell differentiation pathways, mostly 

osteogenic and chondrogenic [9], [50], [51] By applying hydrodynamic forces associated with agitation,  

the gene expression pattern of differentiation markers and the percentage of stem cells expressing 

distinct germ lineage markers can be influenced [50]. 

 

Medium composition 

 

There is a difficulty associated with MSCs purification when coming directly from the tissue, due 

to its complexity and the diversity of cells that share the same niche. Therefore, they are usually 

cultivated and expanded in vitro in order to obtain enough cells for further clinical application [52]. The 

culture medium properties can influence MSCs proliferation efficiency and the most common 

approaches include the use of fetal bovine serum (FBS) as a supplement. Although it contains a very 

low level of antibodies and a variety of growth factors, FBS also has many disadvantages. Among these 

are included batch to batch variation, high risk of contamination (virus, mycoplasma, and prions), high 

cost of serum, risk of transmitting unknown infectious agent mediated diseases, and also initiate 
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xenogeneic immune responses [53]. Since it is not a fully defined media, concerns have been raised 

regarding its safety. Therefore, protocols which have the purpose of cell cultivation for clinical application 

should avoid usage of animal serum, according to GMP [52]. 

More recently, it has been demonstrated that replacing FBS with human platelet-derived growth 

factors (in the form of human platelet lysate - hPL) can maintain differentiation potential and cell 

immunophenotype when expanding MSCs to clinical cell numbers [54]. Griffiths and co-workers [55] 

showed that hPL culture in high-passage and senescent MSCs may rejuvenate cells, allowing them to 

be expanded to clinically relevant cell numbers ex vivo even after being cultured for a short period with 

FBS supplementation. Regarding what concentration to use, most of studies either used 5 and 10% or 

1 and 10% hPL, however, Gottipamula and co-workers [53] found that 10% hPL results in the highest 

cumulative cell number for the cultivation of BM-MSCs. 

Another important component of the culture medium is the carbon source – glucose. High 

glucose concentrations are known to have detrimental effects on many cell types [56]. Studies made by 

Sotiropoulou P. and co-workers [57] demonstrated that α-MEM (alpha-modified Eagle’s medium) based-

mediums are more suitable for expansion of MSCs, due to its low glucose concentration. Some negative 

effects observed for higher levels of this compound were observed on colony formation and 

differentiation for rat BM-MSCs [58] and the suppression of BM-derived endothelial progenitor cells [59]. 

On the other hand, other studies determined that short-term exposure to high glucose does not affect 

neither the proliferative capacity of MSCs nor their ability to produce paracrine growth factors [56]. In 

contrast, it helps to prevent replicative senescence and increases mitochondrial respiration [60]. 

The effect of high glucose concentrations on MSCs fate depends on the medium formulation: 

type, serum concentration or growth factor concentration. For practical reasons, cultivation at high 

glucose levels has some advantages, since in low glucose medium more frequent medium changes are 

required, mainly for higher cell densities [9]. 

 

I.3.3. 3D expansion in solid matrices 
 

In vivo stem cells live in a highly specialized microenvironment, which interacts with a variety of 

factors, such as the ECM surrounding the cells and growth and differentiation mediators. In order to 

expand cells in vitro, these factors have to be simulated to find an appropriate matrix for cell adhesion, 

suitable growth factors and the physical environment [9] (i.e. temperature, pH, oxygen and shear 

effects). 3D conditions have significantly higher metabolic requirements (increased oxygen and nutrients 

supply) when compared with 2D, which vary based on cell/tissue type and the physical properties of the 

3D matrix [61]. 

Advantages of the 3D cultivation include increased cell–cell contacts and interactions of cells 

with the ECM, promoting normal cell surface polarity (which allows the interaction of ions such as Ca2+, 

K+) and differentiation [62] and allowing cells to adapt to their native morphology, also affecting cellular 

signalling [34]. As a result, 3D culture methods provide a cellular environment more consistent with that 

in vivo. 
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For 3D cultivation, cells are initially seeded on scaffolds, being this the first step in establishing 

a 3D condition, which can be determinant for the progression of tissue formation. Seeding cells into 

scaffolds at high densities has been verified to have positive consequences in 3D-tissue formation. 

These include higher rates of cartilage matrix production and an increase on bone mineralization and 

on cardiac tissue structure [44]. 

 Typical matrices for 3D cultivation include the use of porous scaffolds, collagen gels, and 

biomaterials, which have been successfully employed with a variety of cell types [34]. 3D environments 

that mimic in vivo microenvironments should maintain cell surface polarity and differentiation capacity 

and, for this, they have been successfully used as model systems for mammary and prostate cancer 

progression [63]. Moreover, the physical state of a 3D matrix can affect the cellular response to a specific 

signalling molecule [63]. 

 In vivo microenvironments are very complex, so it is always a challenge when trying to mimic it 

in vitro, with all the particularities that cells need to face, mainly for what concerns to cell-matrix 

adhesions. Due to this complex network of interactions, conclusions from one specific type of biomaterial 

may not always be true for a different one. 

 One example of a matrix that can be used is the hPL gel. hPL is generated from platelet units 

by a simple freeze-thawing procedure [64] and it was found to be a very compatible 3D system, used to 

provide a 3D scaffold for MSCs cultivation. This scaffold consists of the same components as the culture 

medium and it offers a uniform distribution of growth factors throughout the cell culture system. Cells 

can grow in several layers at the interface gel-outer space, which minimizes contact inhibition with any 

artificial biomaterials, like culture flaks or well-plates [65]. Thus, it has been demonstrated that replacing 

FBS for human platelet-derived growth factors (in the form of hPL) enables the maintenance of 

differentiation potential and cell immunophenotype, when expanding MSCs to clinical cell numbers [54]. 

However, for conventional cell culture, medium gelation needs to be avoided, and this is usually 

achieved by addition of heparins [64]. 

 

I.4. Aim of studies 
 

 The aim of this project was to optimize the cultivation conditions of adMSCs aggregates in a 

scaffold-free stirred tank reactor and to improve MSCs static isolation by outgrowth from a fat tissue 

piece in hPL gel. 

 

 First, a differentiation procedure into the three MSCs lineages (osteogenic, adipogenic and 

chondrogenic) is presented, as well as the analysis of surface marker expression, in order to confirm 

two of the minimal criteria for MSCs characterization. 

 

 Dynamic scaffold-free cultivation in the stirred tank reactor is presented, where different oxygen 

concentrations (5, 7 and 10%) and agitation velocities (100, 250 and 400 rpm) were combined. The 

main goal was to optimize the cultivation parameters to achieve a higher MSC proliferation and 

metabolically viable cells that present a migration capacity and a non-senescent state. 
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 Finally, an approach for MSC isolation by outgrowth from a fat tissue piece in static conditions 

is presented, where hPL gel is used as a matrix. Three tissue cryopreservation conditions are tested in 

order to verify if it promotes or affects MSC outgrowth and viability. Furthermore, cell proliferation in 

different cultivation periods is analysed using the same harvest procedure, in order to define the 

optimum cultivation period in which is possible to achieve a suitable number of viable cells and the 

minimum cell lost. 
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II. Materials and Methods 
 

II. 1 Materials 
 

 In this section, which is divided in seven categories form a. to g., there is a list of the materials 

used for the various experimental projects presented in section III – Results and discussion. 

 

a. Instruments and laboratory equipment 
 

Table II-1 Equipment used and respective manufacturer. 

Product Manufacturer 

Autoclave, Varioklav 500E Thermo Scientific 

Balance, AW-9202 and AW-224 Sartorius 

BD FACS Canto II Becton Dickinson 

Cell counting chamber, Neubauer improved Brand 

Centrifuge, 5702 Eppendorf 

Centrifuge, HERAEUS AC017 Thermo Scientific 

Fluorescence microscope DMIL LED Leica 

Fluorescence microscope camera DFC42C Leica 

Fluorescence microscope light EL6000 Leica 

Freezing container, Mr. Frosty™  Thermo Scientific 

Incubator, HERACEL 150i Thermo Scientific 

Incubator, HERACEL 240i Thermo Scientific 

Incubator HERAEUS Thermo Scientific 

Liquid nitrogen tank, Cryotherm 55121 BiosafeMD 

Magnetic stirrer IKA-Labortechnik 

Microscope (transmitted light), DMIL LED Leica 

Microscope camera, ICC50HD Leica 

Nitrogen generator Parker 

Oxygen sensor transmitter, OXY4Mini Presens 

Pipettes Research® Plus Eppendorf 

Pipetting aid Pipetboy acu IBS Integra Biosciences 

Platereader, Infinite® M1000 Pro Tecan 

Scanner Epson V33 Epson 

Shaker, Skyline Orbital Shaker ELMI 

Smart fluorescent cell analyser, JuLI™ Digital Bio 

Sterile work bench, HERAsafe KS Thermo Scientific 

Stirred tank reactor University Hospital Wurzburg 

Vortexer, Vortexgenie 2 Scientific Industries 
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Water bath GFL 

Glucose/lactate measurement, YSI 2700 
SELECT 

YSI Incorporated 

 

b. Disposables 
 

Table II-2 Disposables used with respective manufacturer and order number. 

Product Manufacturer Order number 

6, 24, 96 well plates Sarstedt 83.3920, 83.3922, 83.3924 

12-well plate TPP 92012 

Cell strainer Flacon® 352340 

Cell culture flask 25, 75, 175 cm2 Sarstedt 83.3910, 83.3911, 83.3912 

Centrifuge tube 15, 50 mL Greiner bio-one 188271, 227261 

Cryo tube, CRYO.S, 2 mL Greiner bio-one 122278 

Culture-Insert 2 well Ibidi 250210 

Parafilm® M Brand 291-1213 

Pasteur pipettes Brand 747720 

Pipette tip 0.5 – 50 µL Roth 9260.1 

Pipette tip 10 – 200 µL; 50 – 1000 µL Brand 732008, 732012 

Reaction tube, 1.5 mL Sarstedt 72.706 

Sterile filter, Filtropur S 0.2µL Sarstedt 83.1827 

Syringe 5 mL Braun 4617053V 

Syringe 10 mL Terumo® SS-10L 

Serological pipettes (2 – 50 mL) Greiner bio-one 
710180, 606180, 

607180,760180, 768180 

 

c. Chemicals 
 

Table II-3 Chemicals used and respective manufacturer and order number. 

Product Manufacturer Order number 

α-MEM basal medium Thermo Fisher Scientific 12000 

Accutase® solution Sigma Aldrich A6964 

Accumax™ solution Sigma Aldrich A7089 

Alcian Blue 8GX Sigma Aldrich A3157 

Alizarin Red S Carl Roth 0348.2 

Calcein Sigma Aldrich C0875 

Calcium Chloride Sigma Aldrich C1016 

Collagenase IA Sigma Aldrich C2674 – 1G 

Collagenase II Sigma Aldrich C6885 – 100MG 

Cryopreservation medium TNCBio XFZ – beta 2 

DAPI Sigma Aldrich D8417 
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Dispase (5 U/mL) Stemcell Technologies 07913 

DMSO Sigma Aldrich D8418 

EDTA sodium salt dihydrate Sigma Aldrich ED2SS – 100G 

Elastase (1000 U/mL) Stemcell Technologies 07453 

Ethanol 96% AustrAlco Ps-025-14 

Fibronectin Biochrom GmbH L7117 

Formaldehyde solution 38% Sigma Aldrich F8775 

Gentamycin (10 mg/mL) Lonza LZBE02-012E 

Hank’s Buffer Sigma Aldrich H2387 

Heparin Ratiopharm 3029820 

Human Platelet Lysate PL Bioscience PL-S-100-01 

Hyaluronidase (1000 U/mL) Stemcell Technologies 07461 

NH AdipoDiff Medium Miltenyi Biotec GmbH 130-091-677 

NH ChondroDiff Medium Miltenyi Biotec GmbH 130-091-679 

Oil Red solution (0.5%) Sigma Aldrich O1516 

Phosphate buffered saline Thermo Fisher Scientific 21600044 

PLMATRIX PL Bioscience PLM-005.01 

Potassium chloride Sigma Aldrich P9333 – 1KG 

Sodium benzoate Sigma Aldrich 71300 – 250G 

Sodium bicarbonate Sigma Aldrich 401676 – 2.5KG 

Sodium chloride Sigma Aldrich S5888 

Sodium hydrogen carbonate Sigma Aldrich 401676 

Sodium phosphate dibasic 
dihydrate 

Sigma Aldrich 30435 – 500G 

Sodium phosphate monobasic 
dihydrate 

Sigma Aldrich 71500 – 250G 

Sigmacote® Sigma Aldrich SL2 – 100ML 

TripLE® Gibco 12604-013 

Tris buffered saline Sigma Aldrich T5030 

Trypan Blue Sigma Aldrich T8154 

Trypsin Sigma Aldrich T4174 

 

d. Buffers and solutions 
 

Table II-4 Solutions used and respective composition. 

Solution Composition 

Alcian blue solution 1% (w/v) alcian blue in 3% acetic acid 

Alizarin red solution 0.5% (w/v) alizarin red in ddH2O 

DAPI stock solution 20 mg/mL DAPI in ddH2O 

Flow cytometry buffer 0.5% FBS, 2 mM EDTA in PBS 

Hank’s buffer I 9.5 g/L in ddH2O 
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Hank’s buffer II 2.5% hPL in Hank’s buffer I 

YSI buffer 

0.15 g/L EDTA disodium salt dihydrate, 

gentamycin sulfate (10 mg/mL), 0.97 g/L sodium 

benzoate, 1.84 g/L sodium phosphate 

monobasic dihydrate, 9.14 g/L sodium 

phosphate dibasic dihydrate, 3.29 g/L sodium 

chloride, 0.027 g/L potassium chloride in ddH2O 

Von Kossa decolorization solution 5% Na2CO3, 0.2% formaldehyde in ddH2O 

 

e. Kits 
 

Table II-5 Kits used and respective manufacturer and order number. 

Product Manufacturer Order number 

In vitro toxicology assay kit (TOX8) Sigma Aldrich TOX8-1KT 

MSC Phenotyping kit, human Miltenyi Biotec GmbH 130-095-198 

Senescence β-galactosidase staining 

kit 
Cell Signalling Technology 9860S 

 

f. Media 
 

Table II-6 Media used and respective composition. 

Media Composition 

Cryomedium 
Culture medium I, 10% (v/v) hPL, 10% (v/v) 

DMSO 

Expansion medium I 
2.5% (v/v) hPL, 0.5% (v/v) gentamycin, 1 U/mL 

heparin in α-MEM 

Expansion medium II 
10% (v/v) hPL, 0.5% (v/v) gentamycin, 1 U/mL 

heparin in α-MEM 

Osteogenic medium 

2.5% hPL, 5 mM β-glycerol phosphate, 0.1 µM 
dexamethasone, 0.2 mM L-ascorbate-2-
phosphate, 0.5% gentamycin, 1 U/mL heparin in 
α-MEM 

 

g. Software 
 

Table II-7 Software used and respective company. 

Product Company Version 

BD FACS DIVA™ BD Bioscience  

Excel Microsoft 2013/2016 

Motion Manager FAULHABER 5 

Fiji (ImageJ) Open source  

Kaluza Flow Cytometry Beckman Coulter, Inc. 1.3 
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II. 2 Methods 
 

This section contains all the methodology applied in section III – Results and discussion. The 

cells used for the presented thesis experimental work are described in Table II-8. 

Table II-8 List of cells used and their donor information. 

Label Sex 
Age 

(years) 
Origin 

Isolation 
Date 

Section 
used 

adMSC291117 Female 58 Backside/thighs 29-11-2017 III.1; III.2 

adMSC180118 Female 52 Abdomen 18-01-2018 III.3 

 

a. Cell isolation from human fat tissue 

 

 For the isolation by enzymatic digestion, the explanted human fat tissue is cut into small pieces 

and placed in 50 mL Falcon tubes until a total amount of approximately 20 g. Portions are minced until 

the mixture reaches homogeneity so then collagenase IA solution (2 mg/mL in Hank’s buffer I) is added, 

vortexed and subsequently incubated for 1 h at 37ºC. Afterwards, the tubes are vortexed again, half of 

the volume is transferred to a new 50 mL Falcon tube, topped up to 40 mL of Hank’s buffer I and 

centrifuged for 5 min at 200 g. The resulting fatty supernatant is then transferred to a new 50 mL Falcon 

tube, the middle layer is discarded with the suction pump and the pellet is resuspended and put together 

with the initial supernatant. Then 40 mL of Hank’s buffer II are added. Tubes are again centrifuged for 

10 min at 400 g. After this, the supernatant is discarded, the pellet flicked, and the cell suspension is 

topped up to 30 mL with cell expansion medium I, from where 15 mL are submerged to T-175 flask. The 

flasks are incubated at 21 or 5% O2 for 3 to 7 days until adherent cells are observed. The medium is 

then changed to fresh one and the remaining tissue pieces removed. When reaching 80 – 90% 

confluency, cells are harvested and cryopreserved. 

 

b. Cell thawing 

 

The selected cell vials are taken from the liquid Nitrogen Tank and quickly submerged and 

swirled in a 37°C water bath for 1 – 2 min. While still cool to the touch but completely thawed, the sample 

is removed from the water bath, sprayed with ethanol (70%) and placed inside a flow hood. 1 mL of α-

MEM medium is added to the sample vial and then 2 min waiting. The content is transferred to a 50 mL 

tube, the sample is rinsed with 2 mL of α-MEM and this is again transferred to the same Falcon tube. 

After waiting 2 more minutes, it is necessary to top up the tube to 10 mL with α-MEM. Subsequently, it 

is a centrifugation step at 300 g for 5 min. The supernatant is then removed by suction with sterile 

Pasteur glass pipette and the pellet is flicked and then resuspended with culture medium I (volume 

depending on the experiment). A fraction is taken for the hemocytometer for cell counting. The cell 

suspension in the Falcon tube is topped up to 15 mL with culture medium I and all of its content is then 

transferred to a T-75 cell culture flask. This is incubated at 37°C, 5% CO2 overnight. If necessary, the 

medium is changed after 24 hours. 
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c. Cell passaging 

 

 The medium inside the cell culture flask is carefully removed by suction pump with a sterile 

Pasteur glass pipette. 10 mL of PBS buffer are added as a washing step and then it is also removed 

using the suction pump. Subsequently, accutase solution is added (volume depending on the flask area) 

and the flask is incubated at 37°C for 15 min. Subsequently, expansion medium I is added to stop 

accutase reaction (the necessary volume is dependent on flask area). All the content is transferred to a 

50 mL Falcon tube and it is subsequently centrifuged at 300 g for 5 min. Then the supernatant is 

removed by suction with a Pasteur glass pipette, the pellet is flicked and resuspended in culture medium 

(volume depending on the experiment) so it can be possible to count cells in a Neubauer chamber. The 

desired volume of cell suspension is transferred to new culture flasks, having in account the final cell 

density. 

 

d. Cell counting 

 

 The Neubauer chamber is prepared with the cover glass. A 20 µL sample is taken from the cell 

suspension and mixed with 20 µL of Trypan Blue. 20 µL of the resulting solution (for a dilution 1:2) is 

carefully transferred to both sides of the chamber and cell counting is made under a bright field 

microscope, using a manual counter. 

 

e. Cell cryopreservation 

 

 After cell harvesting and cell counting, the remaining cell suspension is centrifuged at 300 g for 

5 min. The supernatant is then taken off by suction, the pellet flicked and the necessary volume of 

cryomedium solution is added to the tube with cells, in a way that each vial contains 1 million cells, in 

1 mL of total volume. Vials are then stored at -80ºC for 3 - 4 days inside freezing containers which allow 

their inner temperature to decrease 1ºC/min. Vials are transferred to the Nitrogen chamber. 

 

f. Enzyme testing 

 

 The procedure before seeding the cells is cell harvesting from the flasks and cell counting. For 

spheroids formation, a 96-well plate (transparent and round bottom) is used for cell seeding, with 

100 000 cells/well. Each well has 200 μL of cell suspension prepared with a density of 500 000 cell/mL. 

 The number of wells that is necessary to fill is dependent on the number of enzymes to be 

tested, and each sample is triplicated. The plate is incubated at 37ºC for 2 days. Subsequently, the 

content of 3 wells is transferred from the 96-well plate to the same reaction tube (eppendorf). The 

medium is taken off and the eppendorf rinsed with 200 μL of PBS. 250 μL of enzyme solution are added 
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to each eppendorf, which are incubated at 37ºC and 5% O2 (incubation period depending on the 

experiment). Samples are taken each 15 min for cell counting in a Neubauer chamber. 

 

g. Bioreactor initialization 

 

 Before autoclaving the bioreactor, the inner part of the glass vessel is coated with a Sigmacote® 

solution (Sigma Aldrich) and dried in the oven at 100ºC. Moreover, the O2 sensor is calibrated at 0% 

concentration, followed by autoclave. After cell harvesting and cell counting, a cell suspension 

containing 100 000 cell/mL for a total of 130 mL is prepared with expansion medium II. Inside the sterile 

flow hood, a total of 25 mL of medium together with the cell suspension are transferred to the bioreactor. 

Subsequently, the same Falcon tube which contained the cell suspension, is rinsed with 25 mL of 

expansion medium II. Finally, 80 mL of expansion medium II are added directly to the bioreactor. After 

closing the bioreactor under the sterile flow hood, it is placed inside the incubator and the oxygen sensor 

and mechanical stirrer are connected and turned on. O2 calibration 100% must be done previously to 

the measurement starts. The cultivation period takes 6 days, having only one interruption on day 3 for 

medium change. Medium samples (1 mL) are taken on day 0 (fresh medium), 3 (before adding the fresh 

medium) and 6. 

 

h. Bioreactor – medium change 

 

The oxygen sensor and mechanical stirrer are first turned off. The bioreactor is placed under 

the sterile flow hood for 2 – 5 min so cells can settle down. 25 mL are taken from the bioreactor and 

transferred to a 50 mL Falcon tube. This process is repeated three more times, with the respective 

volume transferred to separate tubes. Each tube containing 25 mL each is centrifuged for 5 min at 300 

g. Subsequently, for all tubes, supernatant is removed with a glass pipette and suction pump and the 

pellets are flicked. 25 mL of fresh expansion medium II is added to the first tube, resuspended and the 

content transferred to the second tube. The previous step is repeated until it gets to the 4th tube, from 

where the content is transferred to the bioreactor. 25 mL of expansion medium II is again put in the first 

tube, being transferred until the fourth and then going inside the bioreactor. 50 mL of fresh medium are 

directly added to the bioreactor, which is closed and placed again inside the incubator; the oxygen 

sensor and mechanical stirrer are again turned on to start a new measurement for 3 more days. 

 

i. Bioreactor – cell harvesting 

 

 After turning off the oxygen sensor and mechanical stirrer, the bioreactor is placed under the 

flow hood and cells are left to sink down for 5 – 10 min; a picture from the bottom is taken. 45 mL of the 

bioreactor’s cell suspension is transferred to only one 50 mL Falcon tube. With a cell scraper, cells that 

remained in the impeller, baffles and glass vessel are gently scraped and submerged in the cell 

suspension again. The Falcon tube is centrifuged for 5 min at 500 g. Subsequently, the supernatant is 
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removed with a 25 mL pipette, transferred to a new Falcon tube and the pellet is flicked. Another 45 mL 

are taken out from the bioreactor and the procedure made for the previous tube is repeated 2 more 

times, so all the bioreactor’s content can be collected (~130 mL). By this point, there should be 3 tubes 

with cell suspension and one tube with cells. From one of the medium tubes, a medium sample (1 mL) 

is taken for posterior glucose/lactate analysis. Only 20 mL of conditioned medium are frozen (for further 

experiments). Subsequently, the bioreactor is rinsed with 40 mL of PBS and this is transferred to the 

tube that contains the cells, which is centrifuged for 5 min at 500 g. The supernatant is removed with a 

sterile glass pipette and suction pump and the pellet flicked. 10 mL of the enzyme solution (collagenase 

IA (2 mg/mL) and hyaluronidase (1000 U/mL) in PBS) is then added to the tube with cells and incubated 

at 37ºC on a horizontal shaker working at 300 g. 

 Triplicated samples of cell suspension are taken after 15, 30, 45 and 60 min for cell counting. 

Due to increased cell density over time, dilution factors can be applied: 4x (20 µl of cell suspension, 

40 µl of Trypan Blue, 20 µl of PBS) or 8x (20 µl of cell suspension, 80 µl of Trypan Blue, 60 µl of PBS). 

By the end of total incubation time, cells are centrifuged for 5 min at 300 g. Supernatant is removed, 

pellet is flicked and 10 mL of expansion medium I is added. 

 

j. 3D cultivation in hPL gel (PLMATRIX) 

 

Gel preparation  

 

To prepare the gel, 1 mL of ddH2O is added to PLMATRIX and it is vortexed to promote dissolution. 

Expansion medium usual components are added to the same 15 mL Falcon tube, with exception of 

heparin, since it would keep the medium liquid, which is not the desired physical state [64]. Volumes of 

total hPL solution prepared (both for top and bottom layers) are shown in Table VI-1 and Table VI-2 

(section VI. Appendix, Part A), for hPL experiments I and II, respectively. For both experiments, 24-well 

plates were used. 

For the 3D cultivation, the bottom layer is first prepared by addition of 0.500 mL of hPL solution 

in each well and the plate is incubated for 1 hour (37ºC, oxygen concentration depending on the 

experiment) without agitation. Vials containing the tissue pieces (from isolation made on 18th January 

2018) are thawed for approximately 3 min in a 37ºC water bath. 1 mL of cold α-MEM is added followed 

by 2 min of waiting. The vials supernatant is then removed, and one piece of tissue is placed in each 

well. Plates are again incubated to promote the remaining medium to dry and the tissue to adhere to the 

surface/gel. The solution for the top gel layer is prepared and 0.333 mL of it are added to each well. 

Plates are incubated for 14 days, and photos are taken each 2 – 3 days. 

 In what concerns to the 2D control, wells are filled with one tissue piece each, dried in the 

incubator for 1 hour (37ºC, oxygen concentration depending on the experiment), followed by the addition 

of 0.833 mL of expansion medium II (10% hPL). Plates are incubated for 14 days, and photos are taken 

each 2 – 3 days. 
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Cell harvesting 

 

 To harvest the cells from the gel, an experimental approach combining mechanical and 

enzymatic techniques was performed. The content of each well is mixed with a needle and syringe, 

pushing and pulling it up and down until it turns liquid. With the 1 mL pipette, and for each condition, the 

content of the three wells is transferred to a 15 mL Falcon tube (in the case of experiment I – section III. 

3.1; for experiment II, the content of each well was transferred to a separate tube – section III. 3.2), 

including the tissue piece. The wells are rinsed with 1 mL of PBS, which is then transferred to the 

respective Falcon tube. Tubes are centrifuged at 500 g, for 5 min. With a pipette, the supernatant is 

transferred to a new tube (for posterior pellet verification). Pellet is flicked, and 2 mL of collagenase IA 

solution (for experiment I: 2 mg/mL in PBS; for experiment II: 30 units/mL with 3 mM of CaCl2 in Hank’s 

buffer I) are added, and the tubes are incubated for 60 and 120 min (respectively for experiment I and 

II) at 37ºC, in 5 or 21% O2 (agitation at 100 rpm is used on a horizontal shaker). A 20 µL sample, from 

each condition, is taken every 15 min, in triplicates, for cell counting. By the end of the incubation period, 

tubes are centrifuged for 5 min at 500 g and the supernatant is discarded. 2 mL of expansion medium I 

(2.5% hPL) is added to the pellet and cells are seeded on a 24-well plate, at 10 000 and 4000 cell/cm2 

(experiment I and II, respectively) for TOX8 assay, followed by incubation overnight (37ºC, 5 or 21% 

O2). 

 For 2D control wells, the medium and tissue piece are removed, and wells are rinsed with 1 mL 

of PBS. 0.4 mL of accutase is added, and the plate is incubated for 15 min (37ºC, 5 or 21% O2). 0.6 mL 

of expansion medium I (2.5% hPL) is added to stop accutase reaction, and the total volume (enzyme 

and medium) is transferred to a 15 mL Falcon tube which is centrifuged for 5 min, 500 g. Supernatant 

is removed and changed for a new Falcon tube. The pellet is flicked and resuspended in the necessary 

amount of expansion medium I (2.5% hPL). Cells are counted in a Neubauer chamber and, if possible, 

seeded on a 24-well plate at 10 000 and 4000 cell/cm2 (experiment I and II, respectively) for TOX8 

assay, followed by incubation overnight (37ºC, 5 or 21% O2). 

 

k. Metabolic viability assay - TOX8 

 

 4 wells of a 24-well plate are seeded with cells in expansion medium I, using a cell density of 

10 000 cell/cm2 in a total volume of 1 mL. 4 other wells (controls) are filled with the same medium and 

the plate is incubated overnight at 37°C (oxygen concentration depending on the experiment). 

Subsequently, 10% of well’s volume is filled with TOX8 kit solution and the plate is incubated for 2 – 4 

hours, at 37ºC (5 or 21% O2) and 100 rpm. Afterwards, 100 µL are taken from each well, three times 

(for having triplicates of each well) and seeded in a 96-well plate. The read-out is made in a plate reader 

and parameters adjusted for fluorescence intensity at 560 nm/590 nm (excitation and emission length, 

respectively). 
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l. Migration assay 

 

 Cells are seeded in 3 wells of a 6-well plate at a density of 8000 cell/cm2, in a total volume of 

3 mL of expansion medium II. The plate is incubated for 4 days, at 37°C, 5% O2. Subsequently, the 

scratch is made with a 20 – 100 µL pipette-tip, from the top until the bottom of the well, and under the 

sterile flow hood. The plate is incubated at 37ºC with 5% O2, but under the JULI microscope, which is 

programmed to take one picture in each 10 min, for a total period of 24 hours. 

 

m. β-galactosidase senescence assay 

 

 Cells are seeded in 3 wells of a 6-well plate, with a cell density of 2000 cell/cm2 and incubated 

at 37°C, 5% O2 for 4 days. Subsequently, β-galactosidase staining kit (Cell Signalling Technology) is 

applied according to manufacturer instructions. First the medium is removed from the wells and these 

are rinsed with 2 mL of PBS. Cells are fixated and left for 10-15 min at room temperature. A washing 

step with PBS is then performed and cells are covered with the staining solution from the kit. The pH is 

adjusted to approximately 6.0, by the addition of 20 µL of HCl (0.1 M solution). The plate is incubated 

(CO2-free conditions) overnight at 37°C. Staining documentation is made by bright-field microscopy. 

 

n. Flow Cytometry 

 

 After cell harvesting and cell counting procedures, the necessary cell suspension volume to 

have 500 000 cells is transferred to the respective eppendorf. Cells are stained with MSC phenotyping 

kit (Miltenyi Biotech GmbH) according to manufacturer instructions. Stained cells are resuspended in 

100 µL flow cytometry buffer and data acquisition is carried out on the BD FACS Canto II, using BD 

FACS DIVA™ software and recording 1.0E+05 events per sample. Data analysis is performed using 

Kaluza Flow Cytometry software. 

 

o. Adipose derived-MSCs differentiation 

 

 For differentiation assays, 12-well plates are used. These are manually coated with 2 µg/cm2 of 

fibronectin (152 µL of a 50 µg/mL fibronectin in ddH2O) and subsequently dried for 1 hour at room 

temperature, sealed with parafilm and stored at 4ºC. Before using the plates, they are rinsed once with 

PBS. Cells from adipose isolation made on the 29th November 2017, either for hypoxic and normoxic 

conditions, are seeded (4000 cell/cm2) in passage 2 (P2), on the described plates. After reaching 100% 

confluency (2 – 3 days), medium is changed to the respective differentiation solution. Cells are cultivated 

for 21 days, and medium change is made every 2 – 3 days. By the end of differentiation period, cells 

are fixated with ethanol or paraformaldehyde, according to the respective staining, and stored at 4ºC. 
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p. Adipose derived-MSCs differentiation - cell fixation 

 

Ethanol fixation 

 

 Cells are rinsed three times with PBS and then covered with -20ºC cold ethanol 96%. Incubation 

takes 1 hour at 4ºC and it is followed by three washing steps with PBS. Subsequently, they are covered 

with 1 mL of PBS and stored at 4ºC. 

 

Paraformaldehyde fixation 

 

 Cells are rinsed three times with PBS and then covered with 4% paraformaldehyde in PBS. 

Subsequently, the plate is incubated for 10 min at room temperature. Subsequently, cells are rinsed 

three times with PBS and stored at 4ºC. 

 

q. Adipose derived-MSCs differentiation - cell staining 

 

DAPI (Osteogenic differentiation) 

 

 Usually DAPI staining is applied as counter-fluorescence stain of nuclei for osteogenic 

differentiation. Cell fixation is made using ethanol 96% at -20ºC. After fixation, cells are washed three 

times with PBS, 1 mL of DAPI staining solution is added (1 µg/mL) and cells are incubated at room 

temperature for 15 min, in the dark. Another washing step is performed three times with PBS and results 

are documented by microscopy with a 360/460 nm filter. 

 

Calcein (Osteogenic differentiation) 

 

 Calcein is applied for the detection of mineralization of the ECM by building a chelate complex 

with calcium ions, for osteogenic differentiation. For proper visualization of this staining, cells are fixated 

with -20ºC ethanol 96%. Subsequently, cells are washed three times with ddH2O, 1 mL of calcein 

solution (5 µg/mL) is added and plates are incubated over night at 4ºC, in the dark. Three washing steps 

are performed with ddH2O and fluorescence results are documented by microscopy with a 485 nm 

excitation and 535 nm emission filter. 

 

Von Kossa (Osteogenic differentiation) 

 

Von Kossa staining can be applied to osteogenic differentiated wells after calcein and DAPI, 

and this allows the proof of phosphate deposit formation by osteocytes. Cells are washed three times 

with ddH2O and then covered with 1 mL of silver solution (5% AgNO3 in ddH2O), followed by 30 min of 

incubation at room temperature. Cells are then exposed to UV light for 2 min and washed with 
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decolorization solution (5% NaCO3; 0.2% formaldehyde) also for 2 min. Results are documented by 

microscopy and scanner. 

 

Alizarin Red S (Osteogenic differentiation) 

 

Alizarin forms a chelate complex with bivalent cations such as calcium, resulting in bright red 

staining of ECM. The staining is used to confirm osteogenic ECM deposition, and prior to it, cells need 

to be fixed with -20ºC ethanol 96%. Three washing steps are performed with PBS and then cells are 

covered with Alizarin Red S staining solution (0.5% Alizarin Red powder in ddH2O). Incubation occurs 

for 15 min at room temperature, followed by several washing steps with PBS, until the supernatant 

remains clear. Staining is documented by microscopy and scanner. 

 

Oil Red O (Adipogenic differentiation) 

 

 This staining is used to prove lipid droplet accumulation inside the cells, as a result of adipogenic 

differentiation. Cells need to be previously fixated with a 4% paraformaldehyde solution in PBS. 

Subsequently, they are washed three times with ddH2O and covered with 1 mL of Oil Red solution (0.5% 

in propylene glycol), taking to incubation for 20 min at room temperature. The wells are rinsed with 

ddH2O until supernatant remains clear. Staining is documented by microscopy and scanner. 

 

Alcian Blue (Chondrogenic differentiation) 

 

 Alcian Blue allows to distinguish the cartilage formed during chondrogenic differentiation, which 

has a distinct ECM. Fixation is made using -20ºC ethanol 96%, and the washing made with a 3% acetic 

acid solution in ddH2O, applied for 3 min. Subsequently, cells are covered with 1 mL of Alcian Blue 

staining solution (1% Alcian Blue 8 GX powder, in 3% acetic acid in ddH2O) and incubated for 30 min, 

at room temperature. This is followed by several washing steps until supernatant remains clear. Results 

are documented by microscopy and scanner. 
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III. Results and Discussion 

 

III. 1 Characterization of Mesenchymal Stem Cells  

 

 In this section, the characterization results of adMSCs used in sections III. 2 and III.3 are 

presented. The characterization was performed to demonstrate that these cells stand accordingly to 

ISCT minimal criteria in order to be classified as MSCs [4]. Giving this, section III.1. includes 

differentiation experiments (section III.1.1), performed in order to obtain adipocytes, chondrocytes and 

osteocytes, and also cell surface marker profiling conducted by FACS (section III.1.2). 

 

III. 1.1 Adipose-derived mesenchymal stem cells differentiation 

 

 The isolated adMSCs cells were characterized in terms of multilineage differentiation ability, i.e. 

the ability of MSCs to differentiate into adipocytes, chondrocytes and osteocytes under specific in vitro 

tissue culture-differentiating conditions. In order to achieve this stage, cells were cultivated for 21 days 

with the respective differentiation medium, performing medium changes in each 2 – 3 days. Day 0 and 

day 21 controls were also included in the experimental set, where expansion medium I (2.5% hPL) was 

used. 

During the differentiation process, some cells detached form the plate’s surface after reaching 

extreme confluency. This situation was observed mainly in chondrogenic wells and in some controls. 

 

Adipogenic differentiation 

 

 In order to detect the lipid droplets formed by adipocytes, Oil Red O staining was used. The lipid 

droplets were visible and identified by bright field microscopy (Figure III-1), either for hypoxic and 

normoxic conditions. Control wells didn’t show any staining, which stands in agreement with what was 

expected. 

Regarding differences between variations in the differentiation capacity dependent on supplied 

O2, it was demonstrated that for adMSCs, differentiation to adipocytes is not so robust when in lower 

oxygen concentrations. On the other hand, for BM-derived MSCs, the opposite happens [66], from what 

is possible to conclude that there might be a differential phenotype between different types of stem cells 

and even cell lines. 

From the results obtained, lipid droplets appear to be more frequent on normoxic cells. This fact 

comes into agreement with literature and confirms the finding that for adMSCs, adipogenic differentiation 

is more robustly induced for lower oxygen concentrations. In this experiment, no significant differences 

in cell proliferation were noticed. 
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Figure III-1 Adipogenic differentiation results of adMSC291117 (P3), for hypoxic (top row) and normoxic (bottom 
row) conditions, cultivated for 21 days. Oil Red O staining was used to detect lipid droplet accumulation inside 

cells. Scale bar represents 250 µm in all pictures taken with bright field microscopy in 10x magnification; pictures 
for differentiated cells (first column on the left) include zoom-in with 20x magnification. 

 

Chondrogenic differentiation 

 

 In order to detect chondrogenic differentiation, proteoglycan aggrecan accumulation was 

assessed by alcian blue staining. After one week incubated with chondrogenic medium, cells had 

already detached to form a spheroid, which appear to happen often [67], however, the same was not 

observed that soon for osteogenic or adipogenic conditions. In Figure III-2 are represented the results 

for chondrogenic differentiation, after alcian blue staining application. 

 

 
Figure III-2 Chondrogenic differentiation results of adMSC291117 (P3), for hypoxic (top row) and normoxic 

(bottom row) conditions, cultivated for 21 days. Alcian blue staining was used to detect cartilage with a 
chondrogenic specific ECM. Scale bar represents 250 µm in all pictures taken with bright field microscopy in 10x 

magnification. 

 

In all pictures black spots belonging to the alcian blue solution are observed. It was not possible 

to dissolve all powder, although it has been for some hours in water bath and subjected to vortex steps. 

Despite wells being covered with it, it is still possible to detect light blue-shadow areas, mainly for 
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normoxic differentiated cells (first column, bottom row). Chondrocytes proliferate and differentiate in a 

hypoxic environment when in vivo [67], and in vitro they have a good adaptation capacity for hypoxia 

[68]. However, it remains unclear which oxygen concentration to use in order to differentiate, when in 

vitro. Studies performed with human BM-MSCs, showed that chondrogenic differentiation was more 

robust in cells with 2% oxygen compared with those differentiated in 20% oxygen [69]. However, this 

was not observed for all cases [67], [70], being dependent on the cell line. For the results obtained 

(Figure III-2), it is possible to conclude that for human adMSCs, chondrogenic differentiation is increased 

in normoxic conditions (21%). 

 

Osteogenic differentiation 

 

For detection of mineralized matrix as a result of osteogenic differentiation, two sets of staining 

were performed: using Alizarin Red S (Figure III-3) and a combination with DAPI and calcein (Figure 

III-4), followed by von Kossa staining (Figure III-5), which was applied on the same wells as these 

previous two. 

In all stainings applied, a positive result was obtained, being this highlighted for the cells 

incubated in normoxic conditions. 

As seen in Figure III-3, there is a huge difference between results from hypoxic and normoxic 

conditions, with alizarin red staining. This compound forms a chelate complex with bivalent cations, such 

as Ca2+, resulting on bright red staining of ECM. Such a stronger red colour is not observed in hypoxic 

pictures, which can mean one of two things: either the staining didn’t work and there was no binding to 

calcium ions or cells didn’t differentiate to osteocytes. Further observation of DAPI, calcein and von 

Kossa stains are necessary for final conclusions. Control wells show the expected result (no red stain). 

The difference between morphology and confluency is observed, since the day 0-cells were fixated 

immediately after being seeded on the plates and day 21-cells were cultivated during the differentiation 

period. 

 

Figure III-3 Osteogenic differentiation results of adMSC291117 (P3), for hypoxic (top row) and normoxic (bottom 
row) conditions, cultivated for 21 days. Alizarin Red S staining was used to detect the Ca2+ present in the 

osteogenic ECM. Scale bar represents 250 µm in all pictures taken with bright field microscopy in 10x 
magnification; pictures for differentiated cells (first column on the left) include zoom-in with 20x magnification. 
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Calcein and DAPI stain are fluorescent dyes whereby it is possible to detect the mineralization 

of the ECM also by binding to calcium ions and the nuclei, respectively. For this, DAPI acts like a counter-

fluorescence stain, which can be applied on the calcein wells. In Figure III-4 are represented the results 

of this procedure for both hypoxic (A) and normoxic (B) conditions. 

 

 

Figure III-4 Osteogenic differentiation of adMSC291117 (P3) in hypoxic (A) and normoxic (B) conditions. 
Differentiated cells (top row) and respective controls for day 21 (middle row) and day 0 (bottom row) are 

represented for each case. Cells were stained with DAPI, followed by calcein and the results documented by 
fluorescence – 360/460 nm and 485/535 nm, respectively. DAPI and calcein pictures were merged (last column 

on the right) for each condition. Scale bar represents 250 µm in all pictures taken with 10x magnification. 

 
Due to cell detachment, day 21 control in hypoxia had only a few cells. As concluded before, 

also for this fluorescent stain, higher ECM mineralization is observed for higher oxygen supply, as 

confirmed by the strong green net obtained (Figure III-4 – B (row 1, column 2)). Previously, with alizarin 

red in hypoxia, no stain was observed for the supposed differentiated cells. However, for calcein stain, 

a green shadow is visible, although not so intense as for normoxia. This confirms that cells started to 
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differentiate in osteocytes and might also mean that calcein staining is more sensitive than alizarin red. 

Furthermore, control wells present green colour only along the cell shape, whereas background is 

presented with black colour. Thus, calcein bound only to intracellular calcium, since the black colour 

represents an absence of mineralized matrix. The high confluency of normoxic cells of day 21 control 

wells (as confirmed by bright field microscopy), led to a more spread green stain, which doesn’t indicate 

the presence of a mineralized matrix. 

Another staining that is used for osteogenic differentiation is the von Kossa colorization. This 

compound proves the existence of phosphate deposit formation by osteocytes, which is seen by the 

black track left on the differentiated cells in Figure III-5 (first column on the left), both for hypoxia and 

normoxia. Control wells are absent from this stain, supporting the observation made for normoxic day 

21 control-cells stained with calcein. 

 

 

Figure III-5 von Kossa staining for osteogenic differentiation, applied for the same cells stained with DAPI and 
calcein: differentiated cells (first column), day 21 controls (middle column) and day 0 controls (last column), both 

for hypoxic (top row) and normoxic conditions (bottom row). This stain is the proof for phosphate deposit 
formation by osteocytes. Scale bar represents 250 µm in all pictures taken by bright field microscopy in 10x 

magnification. 

 
The overall result for osteogenic differentiation was positive, although, for hypoxia, either alizarin 

red staining was not sensitive enough for osteogenic ECM detection or the cells did not differentiate that 

much as observed in normoxia. It was observed before that hypoxic conditions reduce osteogenic 

differentiation [66], [67] for adMSCs. It was tried to recapitulate the osteoblast maturation in vitro, which 

have allowed the identification of closely regulated transcription factors (e.g. Runx2 and others) and 

osteogenic markers (e.g. collagens, alkaline phosphatase, and osteocalcin) [71]. Specifically for Runx2, 

it is known that it is both necessary and sufficient for osteoblast differentiation [72], and when in low 

oxygen concentrations, a downregulation is verified, as well for alkaline phosphatase activity and 

calcium matrix formation [73]. Actually, there is a need of finding a balance between osteogenic 

differentiation and proliferation capacity, where the key regulator is the oxygen concentration: for lower 

values an increase in proliferation happens, although a maintenance of non-differentiated state in MSCs 

is verified [73]. However, the effects of hypoxia don’t appear to be the same in MSCs from different 
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species [68], [74]–[76], where, for example, for rat MSCs, osteogenic differentiation was found to be 

enhanced in normoxic conditions. 

 

III. 1.2 Characterization of surface marker profile 
 

 Cells from the isolation procedure performed on 29th November 2017 (adMSC291117) were 

characterized according to their surface marker profile. Normoxic cells were thawed at P0 and passaged 

until reaching P2, whether hypoxic ones were passaged from P2 to P4. After applying the procedure 

described in section II.2.n Fluorescence-activated cell sorting, the cell samples were then analysed by 

FACS, using 100 000 events per sample. The main goal was to confirm that human adipose-derived 

cells used for the experiments presented in this thesis (adMSC291117) met the minimal criteria defined 

by the ISCT [4]. 

The markers used were PerCP – biotin and Pacific Blue - biotin (surface markers: CD14, CD20, 

CD34, CD45), PE (for CD105 surface marker), APC (for CD73 surface marker) and FITC (for CD90 

surface marker). All these markers were added to both phenotype and isotype (fluorochrome-conjugated 

isotype-matched non-specific antibodies) samples, being this last one included in the negative controls, 

together with the unstained sample. 

 

Obtained results are presented in Figure III-6 for hypoxic and in Figure III-7 for normoxic cells. 

In both, gated population was chosen trying to exclude debris and platelets (dot chart (A) in both figures). 

According to literature, and as mentioned in section I.1, one of the criteria for MSCs 

characterization is the expression of the surface markers CD73, CD90 CD105 and the absence of CD14, 

CD20, CD34, CD45 (among others) [4]. In both Figure III-6 -  and Figure III-7 – (B), it is possible to 

check for the emitted signal of each marker associated-fluorochrome, allowing to understand if cells are 

expressing it (green signals). On opposition to this, isotype controls are also represented by the red 

signal, which is denoted by a maximum intensity peak around 100. Both for hypoxic and normoxic cells, 

results show a positive signal (>100) for CD73, CD90 and CD105 and negative for CD14, CD20, CD34, 

CD45 and HLA-DR. Table (C) presented in both figures, represents the expression values for the 

markers tested and it confirms the previous observations regarding histogram results: more than 99% 

of the gated cells verify one of the 3 minimal criteria defined by the ISCT [4] regarding the surface 

markers. CD14-, CD20-, CD34- and CD45- values are slightly lower than 99% (approx. 93% and 89% 

for hypoxic and normoxic cells, respectively), however, it is still possible to infer that the greater part of 

the population verifies these characteristics. 
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Figure III-6 Evaluation of hypoxic adMSC291117 surface markers expression by FACS. (A) Gated flow cytometry 
dot chart in which only MSCs population is selected; (B) Histograms for CD73+, CD90+, CD105+, CD14-, CD20-, 

CD34-, CD45-, HLA-DR- surface markers (from left to right), both for isotope (red) and phenotype (green); (C) 
Surface markers expression values. 

 

Figure III-7 Evaluation of normoxic adMSC291117 surface markers expression by FACS. (A) Gated flow 
cytometry dot chart in which only MSCs population is selected; (B) Histograms for CD73+, CD90+, CD105+, CD14-

, CD20-, CD34-, CD45-, HLA-DR- surface markers (from left to right), both for isotope (red) and phenotype (green); 
(C) Surface markers expression values. 

 

In conclusion, human adMSCs (adMSC291117) mainly used during the practical works of this 

thesis, fulfilled the minimal criteria as defined by the ISCT [4]. 
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III. 2 Stirred Tank Bioreactor 
 

 In this section are presented the experiments made around the topic of MSCs cultivation in a 

stirred tank bioreactor. To achieve the optimum cultivation conditions and to improve cell harvesting 

protocol, a first approach was performed resorting to enzymatic digestion of spheroids, in an attempt to 

obtain single cells. 

 The resulting medium from each bioreactor cultivation was supposed to be tested for a migration 

assay, also called wound healing, since it contains several growth factors and cytokines secreted by the 

cells, acting like signalling molecules and inducing migration to an injured site [12], when in vivo. 

However, due to schedule and external factors, it was not possible to perform this assay. 

 

III. 2.1 Enzyme testing 
 

Different enzymes (Figure III-8 – A) as well as combinations of these (Figure III-8 – B) were 

tested for their efficiency to dissociate the spheroids formed in the bioreactor (section III.2.2 Bioreactor 

experiments) for further application after dynamic bioreactor cultivation. 

The spheroids were formed in 96-well plates, with a cell density of 100 000 cell/well. Each 

sample incubated with the enzyme had inside the content of three of these wells. 

 

Figure III-8 (A) Enzymes tested and respective concentration (mg/mL); (B) Combination of enzymes tested, their 
concentration (mg/mL) and total volume of solution (mL) or units/mL. 

 

Collagenase IA combined with elastase, combined with hyaluronidase and also collagenase II 

by itself (data not shown) most efficiently dissociated cellular aggregates. Between these three 

enzymes, another run of dissociation experiment was performed, in order to standardize the test 

conditions, and whose results are shown in Figure III-9. 
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Figure III-9 For the three enzymes which showed better results: A) evolution of the number of adMSC120713 
cells (P8) recovered and counted after 15, 30, 45 and 60 minutes of incubation in hypoxic conditions. B) viability 

variation for adMSC120713 cells (P8) after 15, 30, 45 and 60 minutes of incubation in hypoxic conditions. 
 

Regarding Figure III-9- A, is observed that samples incubated with collagenase II reached the 

highest cell number until 45 minutes of incubation. After this period, the combination between 

collagenase IA and hyaluronidase exceeded the previous cell number and viability, represented in 

Figure III-9– B. In general, the tested enzymes would be good candidates to use in spheroid dissociation 

of the bioreactor experiments, since all presented a high viability. However, the enzyme chosen was the 

combination between collagenase IA and hyaluronidase, due to its final recovery yield. 

 During the latest bioreactor runs was noticed that after 60 min of incubation with the referred 

enzymatic combination the cell number and viability kept increasing. This led to another experimental 

approach for the enzymatic dissociation of spheroids which included an extended incubation period of 

2 hours (data not shown), with some of the previously tested enzymes (accumax, tripLE, collagenase 

IA). Only for tripLE it was observed an increased cell recovery after 90 min, whereas for the two other 

enzymes, the highest cell number was obtained in 1 hour or less. Collagenase IA displayed the highest 

cell recovery (~40%) after 60 min, with viability higher than 90%, but still without showing a significant 

value, since it didn’t get to be half of what was initially seeded. 

 

III. 2.2 Bioreactor experiments 
 

The bioreactor (Figure III-10 – A) consists in a glass vessel with an incorporated oxygen sensor 

and a motor connected to a mechanical stirrer and it is placed inside an incubator (Figure III-10 – B) 

that provides a specific oxygen concentration and temperature. Both, the oxygen sensor and the 

mechanical stirrer are set and controlled by a specific software. 
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Figure III-10 Bioreactor settings and installation: A) bioreactor vessel with the motor stirrer on top and oxygen 
sensor connected to the black bracelet around the vessel; B) incubator to provide the correct temperature, CO2 

and O2 quantity. 
 

In previous bioreactor cultivations (data not shown), was verified a low cell proliferation using 

expansion medium I (2.5% hPL) and only mechanical stirrer and oxygen control. For the presented 

experiments, some aspects were modified, in an attempt to increase cell proliferation and also to 

improve and understand which cultivation conditions suit better for adMSCs. 

Regarding the mentioned improvements, it was added to the bioreactor vessel an oxygen 

sensor (Figure III-11 - B), mechanical stirrer and three baffles (Figure III-11 – A). In previous experiments 

performed by Egger D. [15], was noticed that cells started growing attached to the walls of the bioreactor 

as well as on the stirrer. Thus, the inner part of the bioreactor glass was coated with a silicon solution. 

Regarding the baffles, these were introduced to reduce the shear stress, while having the same 

aggregate formation. The medium used during bioreactor cultivation was complete expansion medium 

II, containing 10% hPL, instead of the 2.5% used in the beginning. 

 

For this set of bioreactor experiments, the effect of different: stirrer speeds (100, 250 and 400 

rpm) and the atmospheric oxygen concentrations (5, 7 and 10% O2) on proliferation of MSCs was 

investigated. 

 

 

Figure III-11 Bioreactor’s cap with the inserts for the three baffles and mechanical stirrer (A) and complete 
bioreactor vessel which includes the oxygen sensor (black arrow) (B). 

 

A B 

A B 
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 In Table III-1 are shown the five bioreactor experiments performed (I to V), each with a different 

condition combination. These combinations were chosen considering the results from previous 

bioreactor work that was made in the beginning of the internship (data not shown). 

 

Table III-1 Parameters and conditions tested for the different experiments performed in a stirred tank bioreactor, 
with 6 days of cultivation and using MSCs. Cell recovery for each experiment is also included in the present table. 

 Experiments 

Parameters I II III IV V 

CO2 (%) 5.0 5.0 5.0 5.0 5.0 

O2 (%) 5.0 7.0 10.0 7.0 7.0 

Cell density (cell/mL) 1.0E+05 1.0E+05 1.0E+05 1.0E+05 1.0E+05 

Total volume (mL) 130.0 130.0 130.0 130.0 130.0 

Motor velocity (rpm) 250 250 250 400 100 

Cell recovery (%) 72 73 71 39 46 

 

For each experiment, MSCs from adipose origin (adMSC291117) were thawed (P0) and 

passaged each two days so they can be in P2 on the day that the system was turned on. Only for 

experiment IV were used cells in P3, due to schedule adjustments. Cells were cultivated in the bioreactor 

for 6 days, changing the medium on day 3. By the end of the cultivation, cells were harvested, counted 

and seeded in the respective well-plates for being tested in different assays: metabolic viability assay 

(TOX8), β-galactosidase senescence assay and migration assay. A sample from each used cultivation 

medium was taken on days 0, 3 and 6 for further glucose and lactate concentration analysis. 

 

To dissociate the aggregates after cultivation, a combination of two enzymes was used – 

collagenase IA (2 mg/mL) in PBS) and hyaluronidase (1000 U/mL) -, with incubation for 60 minutes at 

37ºC and providing hypoxic conditions (5% O2). 

In the end, the cell number, oxygen variation, metabolic viability, migration capacity, proliferation 

capacity (senescence) and glucose consumption and lactate production were analyzed. 

 

III. 2.2.a. Cell proliferation 

 

By the end of each cultivation period, photos of the bioreactor vessel bottom were taken, in 

order to check for visual differences in cell proliferation and spheroid size - Figure III-12. Regarding this, 

experiment II resulted in a not so clear medium, with many small aggregates and a few bigger ones. 

Regarding their size, it was very similar in all the cases, except on experiment V, where the aggregates 

were very big and in much less quantity (only 5 or 6), although presenting some cells in suspension. 
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Figure III-12 Pictures of the bottom of the bioreactor vessel after 6 days of MSCs (adMSC291117, P2) cultivation 
in dynamic conditions: I) 5% O2, 250 rpm; II) 7% O2, 250 rpm; III) 10% O2, 250 rpm; IV) 7% O2, 400 rpm; V) 7% 

O2, 100 rpm. 

 

For counting the cells, the use of an effective enzyme solution was important in order to obtain 

as much single cells as possible. Samples from the bioreactor cell suspension diluted in the enzyme 

solution were taken each 15 min, in a total of 60 min of incubation. These results are presented in Figure 

III-13. The fact of not being able to have only single cells after the enzymatic incubation period can 

reduce the credibility of the results regarding cell proliferation during culture. Usually, MSCs have an 

average population doubling time of 12 – 24 h (which can vary among donors and with aging) [77]. This 

means that after 6 days was expected a much higher cell number than what was initially seeded, what 

was not observed. As seen in Figure III-13, the cell recovery didn’t get to reach half of the initial seeded 

cells (day 0) for some cases (experiment IV and V). Moreover, and after the enzymatic incubation period, 

only on experiment IV was possible to dissociate the spheroids almost completely, maybe due to their 

smaller size. This can be related to the agitation imposed during the 6 days of cultivation: as higher the 

agitation, higher the probability of cells colliding between each other and to impact on the baffles and 

stirrer, resulting in smaller aggregates [50]. Therefore, an increase of cells mechanically dissociated 

during the cultivation would be observed. Regarding the remaining experiments (I, II, III, V), all presented 

aggregates by the end of the 60 min, which reinforces the statement that proliferation results are not 

completely reliable, since is not possible to access the entire single cell population. 

 

With exception of experiment III, cell number and viability during enzymatic dissociation tended 

to increase over time (section VI. Appendix, Part B - Figure VI-1). Thus, another set of spheroid 

enzymatic dissociation was performed with a prolonged incubation period (2 hours), in order to 

understand if it was possible to obtain a higher cell recovery, keeping cells viability (generally > 90%). 
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However, results showed that the optimum incubation period for collagenase IA was 1 hour (section III. 

2.1 Enzyme testing). 

 

 
Figure III-13 Cell counting results. After 6 days of cultivation in a stirred tank bioreactor, adMSC291117 were 
collected and digested with the enzymatic combination of collagenase IA and hyaluronidase, for 60 minutes 

(hypoxic conditions, 70 rpm in an orbital shaker). Resulting cell growth-fold was the following for each 
experimental set: I) 0.72-fold (5% O2, 250 rpm); II) 0.73-fold (7% O2, 250 rpm); III) 0.71-fold (10% O2, 250 rpm); 

IV) 0.39-fold (7% O2, 400 rpm); V) 0.46-fold (7% O2, 100 rpm). 

 

 Regarding cell counting, the best result was obtained for experiment II, with a cell recovery of 

73%, followed by I (72%), III (71%), V (46%) and IV (39%). Despite not having a complete single cell 

population in the end, these results are still comparable, since the protocol was the same for all the 

experiments. 

In Figure III-13, the fold represents the counted cell population recovery, for which the value 1.0 

would mean that by the end of cultivation the same initial cell number would be obtained. However, the 

results were far from this value, which can mean that, either cells were dying or was not possible to have 

access to the total population. As mentioned before, previous experiments performed in the group 

showed that cells were growing attached to the glass vessel, what justified the application of a silicone 

coating. However, if in these experiments cells were dying, and since this coating was the only difference 

between the actual system and the one used before, then other explanation for the low cell recovery 

can be related to this coating toxicity. Further studies regarding the toxicity of the coating might be 

performed in the group to exclude this hypothesis. 

 When comparing the three experiments I to III (all performed with 250 rpm, variating only the 

oxygen supply), it is possible to observe that there are no significant differences between the resulting 

cell number. In contrast, Lavrentieva A. and co-workers [45] found increased proliferation under hypoxic 

conditions for 21, 5 and 2.5% O2, respectively. Therefore, and regarding the present experiments, a 

decreasing cell number should had been observed with the following order: I (5% O2), II (7% O2), III 

(10% O2). 

 Regarding experiments IV and V, the supplied oxygen was the same (7%) and the parameter 

here changed was the stirrer velocity – 400 and 100 rpm, respectively. Lower-shear conditions created 

by slower speeds result in more rapid initial cell aggregate formation of single-cell suspensions. 
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Subsequently, larger structures are formed compared with the ones from a faster stirrer speed [50]. This 

might explain the lower cell number obtained for the fastest agitation, since cells that compose these 

spheroids were fewer than the ones from experiment V. 

 

III. 2.2.b. Oxygen concentration 

 

 In Figure III-14, oxygen concentration variation during the 6 days of cultivation is presented for 

the experiments performed. For each graphic (I, II, IV, V) two curves are presented: the black represents 

the oxygen variation measured by the sensor, whereas the grey line is the relation between the 

measured O2 inside the bioreactor and the correspondent percentage inside the incubator (gas supply). 

For instance, the 5% of supplied O2 corresponds to a measurement of 20% O2 inside the vessel. This 

can be applied for the remaining concentrations (7% and 10%) following a linear relation. 

Between days 3 and 6 of experiment II, a technical problem occurred, and it was only possible 

to have the oxygen values for those days, which resulted in a linear relation, that does not correspond 

to reality (Figure III-14– exp. II). The problem remained for experiment III, where it was not possible to 

measure individual values, so this result is not shown. 

 On the beginning of the measurement (day 0 – cell suspension seeding), it is observed a slight 

increase that goes above 100% and a higher increase on day 3 (medium change). Before each run, the 

oxygen sensor was calibrated to 0% and 100%. When opening the incubator to place the bioreactor 

inside, oxygen goes in, thus resulting in a higher concentration than the one used for the calibration. 

This incoming oxygen is diffused to the cultivation vessel, and detectable by the sensor. Both cell 

seeding and medium change were performed under the sterile flow hood. 

 

Figure III-14 Oxygen variation for each experiment (black curve), during the 6 days of adMSC291117 cultivation 
in the bioreactor. I) 5% O2, 250 rpm; II) 7% O2, 250 rpm; IV) 7% O2, 400 rpm; V) 7% O2, 100 rpm. Grey line 

represents the control values which relate O2 concentration inside the bioreactor system with the concentration 
which is being supplied by the incubator: I – 20% O2 inside is for 5% O2 supplied; II, IV, V – 28% O2 inside is for 

7% O2 supplied. 
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An important observation is related with the point where oxygen values reach the lowest value, 

which in the case of experiment I it is around 2.5 – 3% O2. This means that inside the bioreactor, oxygen 

concentration becomes lower than what is being supplied. For fibroblasts and umbilical-cord-derived 

MSCs, it was higher for cells growing with higher O2 concentration supply [78], and lower when in 

hypoxic conditions (5% O2) [45]. Regarding cell proliferation, it was higher for 5% O2 rather than for 

normoxic concentrations (21%). The presented data does not correspond to what was observed in 

literature, thus speculating the possibility that maybe proliferation in experiment I was too high. 

Therefore, it could had led to a limiting O2 supply which was not able to correspond to the oxygen 

demand of the cell, after reaching a certain cell density. Furthermore, in experiment II it was observed 

slightly lower oxygen values than in IV and V (all operated at 7% O2), which stands in agreement with 

the final obtained cell number. However, more precise data regarding cell counting would be necessary 

to confirm this hypothesis. Also, further glucose and lactate consumption/secretion results need to be 

analysed. 

 

III. 2.2.c. Metabolic analysis 

 

Medium samples were taken on day 0, 3 and 6 for analysing glucose consumption and lactate 

production. Figure III-15 represents the results obtained for the 6 days of cultivation in the stirred tank 

bioreactor. 

 

 

Figure III-15 Glucose and lactate consumption and production (respectively) by adMSC291117, during the 6 days 
of cultivation in a stirred tank bioreactor. Cultivation conditions are described in section D of the present figure. A) 
Glucose consumption [mg] divided by the three first and last days of cultivation, for experiment I – V; B) Lactate 
production [mg] divided by the three first and last days of cultivation for experiment I - V; C) Molar ratio between 

lactate and glucose production/consumption (respectively), for each experiment. D) Total glucose/lactate 
consumption/production values in each experiment, by the end of 6 days of cultivation. 
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Calculations indicate that the consumed glucose for experiments I, II, III, IV and V was 0.468, 

0.431, 0.406, 0.316 and 0.306 g/L, respectively. Having the same experiment order, for lactate 

production: 0.452, 0.420, 0.389, 0.260 and 0.320 g/L (concentration calculations not shown). 

 

Regarding experiments I, II and III (Figure III-15- D), it is observed that the higher the supplied 

oxygen concentration, the lower the glucose consumption/lactate production. This situation was also 

verified by Lavrentieva A. and co-workers [45], in experiments made for different oxygen concentrations. 

At low oxygen tension, cells switch their metabolism from OXPHOS to anaerobic glycolysis, and an up-

regulation of the glucose transport into the cell occurs [45]. Figure III-15 – A and B also confirm this 

same fact, between day 3 and 6 of cultivation. The highest glucose consumption and lactate production 

observed for experiment I supports the previously mentioned hypothesis (section III.2.2.b Oxygen 

concentration), that probably the highest cell number should have been observed for these conditions 

(5% O2, 250 rpm), although cell counting results point in a different direction. Given this, the last three 

days of cultivation converged in the expected result, where a decrease in glucose consumption and 

lactate production was verified. 

Between day 0 and 3, the highest glucose consumption and lactate secretion values were 

observed for experiment I, accordingly to what was expected. However, the variation between 

experiments registered during this period might be justified by cell adaptation to the new environmental 

conditions, when changing from static (flasks) to dynamic cultivation (stirred tank): spheroid formation 

and different oxygen supply can lead to a “lag phase”, which is only overcome after 3 days of cultivation. 

Regarding experiments IV and V, these were performed with the same oxygen concentration 

(7%), differing only on the agitation imposed – 400 and 100 rpm, respectively. For the total glucose 

consumption and lactate production values (Figure III-15– D), it is observed that glucose consumption 

is lower for a lower agitation, whereas lactate production increases by lowering the agitation. Higher 

speeds can contribute for a better aeration rate and better transport and circulation of nutrients inside 

the system [50], [51], which could have led to a more homogenous glucose dispersion in the medium, 

for experiment IV, from which resulted a higher consumption. On the other hand, higher agitation can 

also cause more shear stress in the system, which may have consequences on cell proliferation [48]. 

Experiment V, performed with a lower agitation, resulted in a higher cell number than IV, because the 

stress felt by the cells might have been lower, in spite of the not so homogenous glucose distribution in 

the medium. Furthermore, the lowest glucose consumption observed for experiment V can be due to 

the fact that as lower the agitation, bigger the aggregate (since the impact against the stirrer and baffles 

is not so frequent) [50]. Consequently, nutrient transfer to the centre of the cellular structures by 

convection is not so effective, which causes a decreased concentration gradient from the outer to the 

inner part of the aggregate. 

 

Regarding Figure III-15 – C, it is observed that the molar ratio between lactate/glucose 

production/consumption was in all experiments close from 2.0, which means that almost all the 

consumed glucose was converted entirely to lactate. This usually happens when cells are using the 

anaerobic glycolysis pathway, where one molecule of glucose is converted in 2 molecules of lactate 
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[20]. For experiment IV, the molar relation was slightly lower than 2.0, meaning that cells didn’t produce 

that much lactate, also because the glucose uptake was low, fact that is supported by Figure III-15 – A, 

B. For experiment V, it was obtained a molar relation of 2.12 and, although the small difference to 2.0, 

this might mean that cells were proliferating, since there was more lactate than the one which was 

converted from the consumed glucose. This data supports the hypothesis previously mentioned that, in 

fact, the increase in lactate concentration verified from experiment IV to V can be due to a higher cell 

growth, resulting from a lower agitation speed. 

On the other hand, if the calculated molar ratio was around 1.0, then probably cells were using 

OXPHOS pathway, which is more often associated to aerobic conditions. In this case, the molecule of 

glucose would be either converted to one molecule of lactate instead of two, or to none, proceeding as 

pyruvate for the Krebs cycle. However, in this last option, the obtained ration would be lower than 1.0. 

 

In conclusion, in all the presented bioreactor experiments, cells were resorting to the typical 

hypoxia metabolic pathway – anaerobic glycolysis –, even the ones with the highest oxygen supply (III 

– 10%), which just by itself starts to go far from the typical hypoxia values. Glucose and lactate data 

converged to the hypothesis that cultivation with experiment I conditions (5% O2, 250 rpm) should have 

resulted in the highest cell number by the end of the cultivation period, showing that 5% O2 is probably 

the most suitable concentration for MSCs proliferation. 

 

III. 2.2.d. Viability 

 

After cell harvesting and cell counting, cells were seeded in four wells of a 24-well plate with a 

cell density of 10 000 cell/cm2
. Four control wells, containing only expansion medium I (2.5% hPL) were 

also added, for a total volume of 1 mL/well. This plate was incubated for 3.5 hours, with agitation (37ºC; 

70 rpm, orbital shaker) already with the TOX8 solution (10% of total well volume). Subsequently, 3 

samples of each well were taken and transferred to a 96-well plate. Results were documented by 

fluorescence. The TOX8 results obtained in the 5 bioreactor experiments are displayed in Figure III-16. 

 

 

Figure III-16 TOX8 assay results. The assay was performed after each bioreactor experiment for the harvested 
adMSC291117 (P2) and whose cultivation was done with different hypoxia levels and agitation velocity: I) 5% O2, 

250 rpm; II) 7% O2, 250 rpm; III) 10% O2, 250 rpm; IV) 7% O2, 400 rpm; V) 7% O2, 100 rpm. 
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The highest fluorescent intensity was observed for experiment V – 7% O2 and 100 rpm – and 

the lowest one was obtained in experiment III – 10% and 250 rpm. 

 

Regarding Figure III-16, the results show a decrease in metabolic viability, as higher the 

concentration of the supplied oxygen (for 5, 7 and 10% O2). This means that for 5% O2, and maintaining 

this concentration for a considerable period, cells are metabolically more active than the ones cultivated 

with less hypoxic conditions [16]. Furthermore, during the cultivation period in the bioreactor, cells from 

experiment II and III were subjected to an oxygen supply of 7 and 10%, respectively, and when seeded 

in the 24-well plate for 3.5 hours, the incubation concentration was changed to 5% O2. Even for a short 

period as this (3.5 hours), cells could have noticed the environmental difference, being, thus, reflected 

in their metabolic activity, which slows down until further environment adaptation [45]. 

Regarding experiment V, the aggregates obtained presented the biggest size, when compared 

with the other 4 experiments. Therefore, the hypothesis of an existing oxygen and nutrient gradient 

cannot be excluded [42]. The main principle in this case is the convective transport of the oxygen from 

the extracellular environment to the centre of the spheroid, which due to its longer distance from the 

aggregate’s surface, can only receive a small percentage of the supplied O2. Consequently, after 

spheroid dissociation by enzymatic digestion, these “inner” cells are more likely to respond well in 

hypoxic environments, since they got adapted when they were part of the 3D structure. Moreover, the 

difference of the stirrer speeds might also have some influence on these results, since experiment V 

had a slower agitation than IV, which makes it be closer from static conditions. 

Between the experiments performed with the same oxygen supply (7% - II, IV and V), results 

show a higher viability for the cells cultivated with the slowest agitation (100 rpm), followed by 400 rpm 

and 250 rpm. Giving this, results are inconclusive, since it is not possible to establish a relation between 

the stirrer speed and cells viability. 

 

III. 2.2.e. Migration assay 

 

 After 6 days of bioreactor cultivation in different dynamic conditions (experiments I – V), cells 

were harvested from the stirred tank bioreactor, seeded in a 6-well plate with a cell density of 8000 

cell/cm2 and left in the hypoxia incubator for 4 days, period necessary to reach confluency. 

Subsequently, a scratch was manually introduced with a 20 – 100 µL pipette tip, and pictures were taken 

each 10 min, for a total period of 24 hours, to observe migration. The migration speed was determined 

by measuring the distance between both sides of the scratch. 

It was expected to observe a decreasing distance between both sides of the gap, over time. As 

seen in Figure III-17, this was verified in all the assays performed, however, the velocity which cells took 

to achieve this point was different. 
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Figure III-17 Migration velocity of adMSC291117 (P2) after bioreactor cultivation in different experimental 
conditions, for 6 days: I) 166.13 µm/min (5% O2, 250 rpm); II) 243.16 µm/min (7% O2, 250 rpm); III) 155.56 
µm/min (10% O2, 250 rpm); IV) 41.67 µm/min (7% O2, 400 rpm); V) 90.97 µm/min (7% O2, 100 rpm). After 

cultivation, cells were then seeded in 6-well plate at 8000 cell/cm2 and incubated for 4 days to grow confluently in 
expansion medium I (2.5% hPL). Photos of the distance evolution were taken every 10 min, for 24 hours, and this 

distance was measured for the same time points in every experiment. 

 

The migration velocities, sorted from experiment I to V were the following: 166.13 µm/min, 

243.16 µm/min, 155.56 µm/min, 41.67 µm/min and 90.97 µm/min. Regarding this, experiment II, 

performed in 7% O2 and 250 rpm, had the fastest migration rate and the lowest one was verified for 

experiment IV (7% O2, 400 rpm). 

Regarding results on Figure III-17, cells cultivated with 7% O2 and 250 rpm presented the fastest 

migration, apparently responding well to the disturb (gap) caused in their extracellular environment, 

whereas cells from experiment IV, displayed the slowest migration. This fact can be related to the 

adaptation from the dynamic cultivation at a very high stirrer speed (400 rpm) to completely static 

conditions, as previously discussed. 

 

In Figure III-18 is presented the variation of distance during time, which can confirm the highest 

and lowest result obtained for migration velocity. Regarding experiment II, a very accentuated slope is 

observed, and the gap was closed in less than 24 hours (approximately after 16 hours – 960 min). In 

opposition to this, experiment IV shows a short lag phase in the first hours, followed by a longer one, 

which caused a delayed in gap closure. Experiment I reached this goal in approximately 20 hours 

(1220 min), showing a faster migration during the first hours. Although experiment V presents a more 

linear slope than III, its migration velocity was slower. The last minutes (1200 – 1400 min) probably had 

some influence on this result, since the slope presented for experiment III in this period was greater, 

thus meaning faster migration. 
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Figure III-18 Migration results after each bioreactor experiment performed (I – V) for adMSC291117. Photos 
taken each 10 min, for 24 hours with JULI microscope. Variation obtained by measuring the distance between two 

sides of the gap, using the same time points in all assays. Calculated velocity is also shown for all cases 
(µm/min). 

 

III. 2.2.f. β-galactosidase senescence assay 

 

Senescence-associated beta-galactosidase (SA-βgal) activity allows the identification of 

senescent cells in culture and in mammalian tissues [79]. If cells are already in a senescent state, they 

are stained blue. Some studies concluded that β-galactosidase marker is expressed by senescent 

(irreversible proliferation arrest), but not pre-senescent or quiescent (reversible growth/proliferation 

arrest) cells [80]. A disadvantage of this senescence-dependent marker is that it can also be expressed 

when cells are maintained at confluence for prolonged periods. However, it appears more frequently in 

aged tissues by the accumulation of senescent cells with age in vivo [80]. 

After each bioreactor cultivation, cells were seeded in 6-well plate wells at a low-density of 2000 

cell/cm2 and incubated for 4 days – 37ºC, 5% O2. Subsequently, β-galactosidase staining kit was applied 

to each well, according to manufacturer instructions. After 24 hours of incubation at 37ºC without neither 

agitation nor CO2, the staining was documented by bright field microscopy (Figure III-19). 

In Figure III-19 – Control+, the positive control is represented (cells passaged in culture flasks 

until P22), where a slight blue stain is observed. Regarding the cells from the bioreactor experiments, 

no staining was observed. In conclusion, immediately after dynamic cultivation, cells are not senescent. 
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Figure III-19 β-galactosidase assay resulting images after 24 hours of incubation with β-gal staining solution in a 
37⁰C incubator, working without any CO2 supply. Before staining, adMSC291117 in P2 (pictures I to V) were first 
cultivated in the bioreactor, for 6 days, with the following conditions: I) 5% O2, 250 rpm; II) 7% O2, 250 rpm; III) 
10% O2, 250 rpm; IV) 7% O2, 400 rpm; V) 7% O2, 100 rpm. Positive control is also shown for senescent cells in 

P22 (Control+, black arrow), subjected only to static conditions. Scale bar refers to 250 µm in all pictures. 

 

Final remarks 

 

Literature points to an optimal O2 concentration of 5% O2 for MSCs, when cultivated in dynamic 

conditions [45], which can be slightly different, depending on the source. In fact, all the obtained data, 

with exception of cell proliferation result, supports this statement. However, the final result is only valid 

when analysing the collective effect of all the other involved parameters (stirrer velocity, initial cell 

density or cultivation period) together. 

For more reliable cell proliferation results, the enzymatic dissociation needs to be optimized in 

order to increase the number of single cells obtained from an aggregate structure. Improvements 

regarding this topic can include changes in the incubation period or in the appropriate solvent for each 

enzyme. 

Presented experiments allowed to conclude that, in fact, higher stirrer velocities lead to a 

decrease in the spheroids size, and also the opposite is verified – lower speed, bigger size, as already 

confirmed in literature [50]. The best combination of parameters that is possible to take from this set of 

experiments, performed for this specific vessel geometry and impeller shape, is an agitation between 

100 - 250 rpm and an oxygen concentration of 5%. 

When cultivating cells for application, for instance, in clinical relevant tests, with major 

implication in humans, it is important that cells would still maintain their origin properties and viability. It 

would also be interesting to perform other type of cell analysis after cultivation, such as differentiation 

and surface marker analysis, which would allow to confirm if they would still have their initial stem cell 

characteristics. 
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III. 3 3D Isolation of MSCs 

 

III. 3.1. hPL experiment I 
 

This experiment consists in the development of a protocol which allows the 3D isolation of MSCs 

when a tissue piece is incubated between two layers of hPL gel matrix. In order to collect the cells 

resulting from those conditions, some enzymatic and mechanic approaches were used. 

Three different freeze conditions were tested in order to evaluate which one could provide better 

cell numbers: without any medium, with cryomedium and with a commercially available TNCBio 

cryomedium. The pieces were frozen immediately after being isolated from human AT, when also each 

cryopreservation medium was added to the respective tissue vials. 

This experiment was performed in a 24-well plate, with triplicates. Control wells had only the 

tissue piece and expansion medium II (10% hPL). After 14 days of incubation in normoxic conditions, 

cells were harvested from the wells according to the protocol described in section II.2.j) and using 

collagenase IA (2 mg/mL) in PBS for the enzymatic digestion. 

 

 

Figure III-20 MSCs outgrowth and proliferation development for the 3 freeze conditions tested (without medium, 
cryomedium, TNCBio medium), for 3D cultivation wells in normoxic conditions, over 14 days of incubation. Day 7 - 
10x microscopic magnification; for days 11 and 13 a 4x microscopic magnification was used since cells were too 

expanded. Scale bar represents 250 µm in all pictures shown. 
 

In Figure III-20, was observed a higher cell expansion on the wells containing a tissue piece 

frozen in cryomedium and “no medium” conditions and whose difference is easier to detect after day 9. 
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Figure III-21 After 14 days of adipose explant tissue incubation in hPL matrix, expanded cells were incubated with 
collagenase IA (2 mg/mL) in PBS and counted each 15 min, for a total 60 min (A). After cell counting, cells were 

seeded in 24-well plates for metabolic viability assay – TOX8 (B). This was made for the 3 freeze conditions 
tested. 

 
Results of the first approach are presented in Figure III-21, for cell counting (A) and for the 

metabolic viability assay performed (B). Regarding this last one, the amount of control cells was not 

enough for cell seeding (data not shown), so this assay was only made for cells isolated from the gel. 

 

This first attempt was made mainly to understand from which freezing method could result a 

higher cell number, evaluated through outgrowth from a human fat tissue piece, and viability. Figure 

III-21 - A shows a better outgrowth for “no medium”- and “usual cryomedium”-conditions than the one 

obtained on TNCBio medium wells, for the first 45 minutes of incubation. This fact supports the 

observation made regarding Figure III-20, however, the order of magnitude which represents the 

difference between the two referred best conditions is not that significant. 

Regarding data coming from the viability assay, it is verified that “no medium”- and “usual 

cryomedium”-conditions can provide a higher metabolic viability - or at least they might have some 

influence on this aspect -, to cells cultivated in hPL gel matrix, when normoxic conditions are supplied 

for 14 days of incubation. It is known that explanted tissue pieces are a source of growth factors and 

cytokines, releasing them to the medium. These compounds might be released in the required amount 

which will allow cell migration. Therefore, the tissue presence during cultivation is important for the 

communication maintenance with the migrated cells, since they continue to transduce signals to regulate 

the secretory events [27]. TNCBio cryomedium presented the lowest viability values. An explanation for 

this could be related with a medium component affecting negatively the normal properties of the tissue 

during the freezing process. However, it was not possible to obtain its composition from the supplier. 

In conclusion, the simplest condition to use would be freezing the tissue pieces without any 

cryopreservation medium, since it does not affect cell viability. 

 

III. 3.2. hPL experiment II 
 

 The main goal of the second hPL experiment was to access the optimum cultivation period in 

this gel, using the condition, among the previously presented ones (Section III.3.1), from which resulted 

a higher cell isolation – no cryopreservation medium or the usual cryomedium could both be good 

options. For the present experiment, the “no medium” vials were chosen. The protocol was followed as 
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described in Section II.2.j, using an enzyme solution composed by collagenase IA (30 units/mL) with 3 

mM CaCl2 in Hank’s buffer I. 

The use of this enzyme solution was motivated by the fact that the previous combination, used 

in section III.2.2 Bioreactor experiments, was not completely successful for spheroid dissociation. It was 

reviewed that for some enzymes as collagenase and trypsin, among others, it is necessary to add 

calcium ions to the solution, in order to activate their catalytic activity [81]. Furthermore, both Ca2+ 

concentration and the buffer used have influence on dissociation capability. Lockhart R. and Hakakian 

C. [81] refer that for collagenase type I and II, Hank’s buffer I can be used with calcium addition in 

concentrations between 1 – 2 mM. 

 Cells were cultivated for 14 days in hypoxic (5% O2) and normoxic conditions (21% O2); 

however, for this experiment, three harvests were performed: on day 7, 11 and 14, both for gel and 

control wells. MSCs proliferation evolution is demonstrated in Figure III-22, for normoxic and hypoxic 

conditions and cell counting results are shown in Figure III-23. 

 

Figure III-22 MSCs outgrowth from tissue pieces frozen without any cryomedium, and proliferation development, 
for 3D cultivation wells and 2D control wells (with expansion medium II) in hypoxic and normoxic conditions, 
during 14 days of incubation. Photos taken before each harvest procedure: one on day 7 (10x microscopic 

magnification) and on days 11 and 14 (4x microscopic magnification). Scale bar represents 250 µm in all pictures 
shown. 

 
In Figure III-22 it is possible to observe a higher proliferation of cells cultivated in the gel, in both 

hypoxic and normoxic conditions, whereby a promotion of 3D cell growth was shown. On the other hand, 

cell proliferation in the control wells was shown to be improved by a hypoxic environment. This 

observation is supported by proliferation results represented in Figure III-23. The success verified on 

the use of matrices is associated to an efficient gas transport, as well as nutrients, proteins, waste 

products and cells mobility. In these structures, it is important to consider the rate and distance that a 

molecule is capable to diffuse in between the biomaterial, and which is dependent on the material itself 

and on the molecules’ characteristics and interactions. Therefore, diffusion rates are affected by the 

molecular weight and size of the diffusion species compared to the matrix’s pores [82]. Giving this, 
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diffusional events are promoted when the barrier between the cells and outer compounds is minimized, 

allowing molecules, like O2, to more easily diffuse into the medium. For a higher oxygen supply 

(normoxic, 21%), it is then possible to have a higher O2 concentration in the matrix than when supplying 

only 5%. 

 

 
Figure III-23 Cell counting results for A) 3D cultivation in hPL gel matrix and B) 2D control in 10% hPL expansion 

medium, after 7, 11 and 14 days of incubation in hypoxic (5% O2) and normoxic (21% O2) conditions. For cell 
counting, an enzyme solution with collagenase IA (30 units/mL) and 3 mM CaCl2 in Hanks buffer I was used. 

 

The difference between the number of cells isolated from the gel and from the control wells (2D) 

can be observed in Figure III-23. For 2D conditions with usual expansion medium, cells have a better 

proliferation in a hypoxic environment, although this difference between 2D and 3D would be more 

highlighted if a longer incubation period was applied with frequent medium changes. 

 

The harvesting protocol was formulated based on mechanical forces and on enzymatic 

dissociation. The mechanical approach included the use of a thin needle in order to promote the gel 

liquefaction and cell detachment, whereas the enzyme solution should digest the gel, thus breaking the 

bonds between cell’s ECM components and the gel matrix. There were some difficulties during the 

harvesting procedure, namely in the separation of the cell network formed around the tissue piece in 3D 

conditions. Some cells were attached to it and it was not possible to achieve a complete recovery, mainly 

on day 14, since they presented a high density and were completely spread in the well. Regarding this, 

it is possible to speculate that without such a cell loss, the number of isolated cells on the 14th day would 

have been higher than what was obtained for day 11. 

 

 In conclusion, for MSC isolation from a matrix, the adequate oxygen concentration to supply 

cannot be the same as it is used for 2D. It has to be higher in 3D, due to the increased difficulty of the 

oxygen molecules to diffuse within the hPL matrix. For this condition, the usual normoxic concentration 

(21% O2) presented promising numbers of isolated cells. A cultivation period of 11-12 days would suit 

better, since it still allows a good cell recovery, although cell density is not that high as it is after 14 days. 

Metabolic viability and differentiation capacity after 3D cultivation should be done in order to understand 

if the gel affects MSCs properties. 

 Further steps could include a scale-up of this cultivation method. Results were satisfactory in 

terms of the number of isolated cells, which was positive considering the scale used (24-well plate). 

However, material and solvents cost should be considered.  
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IV. Conclusions and Future Perspectives 
 

 The properties of MSCs have been more intensively studied being seen as a useful product for 

clinical application. The necessity to obtain a large number of cells in vitro has been highlighted as an 

important requirement and thus, understanding the in vivo properties and demands of MSCs is an 

essential step. Therefore, for MSCs expansion, different approaches have been explored, including 

static conditions, dynamic and in 3D, to try to mimic the in vivo environment. 

  

In this thesis, the expansion of adMSC aggregates in a stirred tank bioreactor was optimized 

and the isolation of adMSCs from adipose tissue into a 3D matrix was developed. 

Regarding the first one, many factors are involved in MSCs proliferation, and environmental 

ones have a big influence on this issue. Parameters like oxygen supply, stirrer velocity and shape, 

medium composition, reactor geometry, all have a contribution on cell behaviour. The present work 

investigated the influence and interplay of oxygen and agitation. Less oxygen supply still seems to be 

the most suitable adjustment for cell proliferation and, indeed, slower agitations lead to bigger resulting 

spheroids. Modifications in the dissociation protocol should be applied, in order to get more reliable 

results regarding cell proliferation. Besides this aspect, further investigations around the topic could 

include toxicity analysis of the coating used, to exclude the possibility of cell death during culture. 

Moreover, the analysis of the conditioned medium resulting from each experiment could be done, 

applying it in new migration assays, in order to evaluate if it alters cell “wound healing” capacity, due to 

the fact of containing the secreted growth factors and cytokines. Regarding the lag phase observed in 

the first 3 days of cultivation, justified by cell adaptation to dynamic conditions, it would be possible to 

avoid if the spheroids were pre-formed and were part of the bioreactor initial cell suspension. 

Furthermore, the cultivation period could also be extended, since it would probably allow higher cell 

numbers in the end. 

With the 3D MSC isolation it is concluded that there is a difficulty of environmental molecules, 

such as oxygen, to diffuse into the solid matrix and reach the cells. This can be overcome by increasing 

the supplied O2, resulting in better proliferation; however, the optimal concentration for this specific 

matrix is still unknown. In addition, MSC proliferation from the primary tissue using the hPL gel, resulted 

in an acceptable cell number for such a small area as a 12-well plate well, from where is possible to 

conclude that the harvesting method was suitable. Further approaches could include the test for 

proliferation in hPL gel against proliferation in medium. Obtained cell numbers should then been 

compared. If the use of the hPL provides better conditions for proliferation, then a cost analysis could 

be done in order to determine whether is reliable or not to start scaling-up this approach to bigger 

volumes. 

 

 In conclusion, there is still a lot of research to be done and topics to be developed, in particular 

regarding MSCs cultivation in dynamic conditions, due to the complexity of the in vivo environment and 

therefore, the difficulty of mimicking it in vitro. adMSCs isolation in hPL gel was shown to be a promising 

tool to obtain a reasonable number of viable cells for further application in clinical research.  
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VI. Appendix 
 

A. Materials and methods 
 

Table VI-1 Total hPL gel volume needed for the bottom and top solution, to use in a total of 9 wells - section 
III.3.1. hPL experiment I. In each well, 0.500 mL and 0.333 mL were added to the bottom and top layer, 

respectively. 

 

 

Table VI-2 Total hPL gel volume needed for the bottom and top solution, to use in a total of 18 wells - section 
III.3.2. hPL experiment II. In each well, 0.500 mL and 0.333 mL were added to the bottom and top layer, 

respectively. 

 

 

B. Results and discussion 
 

 

Figure VI-1 Cell counting results (black) after each bioreactor experiment performed (I – V) with adMSC291117, 
and also viability variation (grey) during their incubation with collagenase IA (2 mg/mL) and hyaluronidase 

(1000 U/mL) in PBS, for 60 min (5% O2 supply). 


