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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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1. Introduction 
1.1. 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, 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]. 
     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 [3]. 

     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]. 
     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 [4]. 

1.1.1. Hypoxia pathways in mammalian cells 

     Hypoxia, together with glycolysis and redox 
reactions, has an effect on stem cell homeostasis, 
regeneration and ageing [5]. Furthermore, some 
effects observed in MSCs under hypoxic 
conditions are increased proliferation, delayed 
senescence, prolonged genetic stability [6], 
altered differentiation capacity (attenuation of 
osteo- and adipo- differentiation and the 
enhancement of chondrogenic potential) [7] and 
altered glucose metabolism [8]. 
     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-
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dependent processed by prolyl hydroxylases 
(PHD) [5]. HIF-1β is constitutively expressed and 
when it binds to HIF-1α they form a transcription 
factor that connects and activates the promoters 
of glycolytic genes [9]. The presence of 
environmental stresses, like reactive oxygen 
species (ROS), nitric oxide, and heat shock, 
contribute to the activity of this inducible factor [8]. 
By altering the mitochondrial function, 
suppressing mitochondrial respiration, HIF-1 
might play the role of switching between oxidative 
phosphorylation (OXPHOS) and anaerobic 
glycolysis [7], two pathways that allow cells to 
obtain energy. 
     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-Coenzyme A (acetyl-CoA), 
which enters the Krebs cycle, where is 
successively converted and transformed [15]. 
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 [7], thus using 
the available glucose for the anaerobic 
metabolism to maintain a high rate of glycolytic 
ATP production [8]. 
     Anaerobic glycolysis is 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 [8]. 

1.2. Mesenchymal stem cell isolation 
     Like BM, AT is derived from the mesenchyme 
and it is supported by a connective tissue easily 
isolated. Based on this, AT may represent a 
source of stem cells that could bring promising 
results on regenerative medicine, for liver 
regeneration [10] for instance, and clinical 
research in cellular and gene therapy [11]–[13]. 
     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 [6], 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, which 
might alter cell function [14]. 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 [15]. 

     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 surface [16]. 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 [16]. 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 [16], [17]. 

1.3. 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) [18], [19]. 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 [20], [21], 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 [22]. 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 [23]. Donor-to-
donor variability, microbiological contamination, 
potential tumorigenicity of the transplanted cells, 
among others, are examples of such issues [19]. 

1.3.1. 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 [24]. 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 [25]. 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. 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 [25], [26].  



3 
 

     Actually, it is known that MSC aggregates 
undergo considerable compaction in culture [25]. 
The transition from two-dimensional (2D) to 3D 
presupposes a cytoskeleton rearrangement and 
adaptation to the new structural network [26]. 
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 [27] 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 molecules may either 
decrease (oxygen) from the surface to the centre 
of the aggregate, or increase, in the case of 
lactate [27]. 

1.3.2. 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 [20]. 
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. 
     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 
[22]. 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. 
Among the mechanically driven are the wave-
mixed systems, rotating bed bioreactor and 
stirred systems [22].  
     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 [28]. The 
final cell yield is dependent on parameters such 
as oxygen concentration, stirrer velocity and 
medium composition (among others). 
 
1.3.3. 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 [22] (i.e. temperature, pH, 
oxygen and shear effects). 

     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 [29] and allowing 
cells to adapt to their native morphology, also 
affecting cellular signalling [24]. As a result, 3D 
culture methods provide a cellular environment 
more consistent with that in vivo. 
     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 [24]. 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 [30] 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 [31]. 

2. Materials & Methods 
2.1. Cell harvest 
     The medium inside the cell culture flask is 
carefully removed by suction pump with a sterile 
Pasteur glass pipette. 10 mL of phosphate 
buffered saline (PBS) are added as a washing 
step and then it is also removed using the suction 
pump. Subsequently, accutase solution (Sigma 
Aldrich) is added (volume depending on the flask 
area) and the flask is incubated at 37°C for 15 
min. Subsequently, expansion medium I (2.5% 
(v/v) hPL, 0.5% (v/v) gentamycin, 1 U/mL heparin 
(Ratiopharm) in α-MEM (Thermo Fischer 
Scientific)) is added (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. 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 
(Brand). 
 
2.2. Cell cryopreservation 
     After cell harvesting and cell counting, the cell 
suspension is centrifuged at 300 g for 5 min. The 
supernatant is then taken off by suction, the pellet 
flicked and the cryomedium solution (10% hPL, 
10% DMSO in α-MEM) is added to the tube with 
cells, in 1 mL of total volume. Vials are then 
stored at -80ºC for 3 - 4 days inside freezing 
containers (Fischer Scientific) which allow their 
inner temperature to decrease 1ºC/min. Vials are 
transferred to the Nitrogen chamber (Parker). 
 
2.3. Cell isolation from human fat tissue 
     The explanted human fat tissue (provided by 
Wilhelminenspital, Vienna) 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 
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then collagenase IA (Sigma Aldrich) solution 
(2 mg/mL in Hank’s buffer I, Sigma Aldrich) 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. 40 mL of Hank’s buffer II (2.5% (v/v) 
hPL in Hanks buffer I) 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. 
 
2.4. Bioreactor initialization 
     Before autoclaving the bioreactor (provided by 
University Hospital Wurzburg), 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 
(10% (v/v) hPL, 0.5% (v/v) gentamycin, 1 U/mL 
heparin in α-MEM). 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. 
 
2.5. 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. 
 
2.6. Bioreactor - Cell harvest 
     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 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). 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. 
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. 

2.7. 3D cultivation in hPL gel (PLMATRIX) 
2.7.1. Gel preparation 

     1 mL of ddH2O is added to PLMATRIX (PL 
Bioscience) and it is vortexed to promote 
dissolution. Expansion medium II usual 
components (10% PLMATRIX, 0.5% gentamycin 
(Lonza) in α-MEM) are added to the same 15 mL 
Falcon tube, with exception of heparin. For these 
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 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 
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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. 
     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. Plates are incubated for 
14 days, and photos are taken each 2 – 3 days. 

2.7.2. Cell harvesting 

     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 3.2.1; for 
experiment II, the content of each well was 
transferred to a separate tube – section 3.2.2), 
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 and hyaluronidase (1000 U/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 min 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 4000 cell/cm2 for TOX8 
assay, followed by incubation overnight (37ºC, 5 
or 21% O2). 
     For 2D control wells, the medium and tissue 
piece are removed, and the usual cell harvesting 
procedure is applied. Cells are counted in a 
Neubauer chamber and, if possible, seeded on a 
24-well plate at 4000 cell/cm2 for TOX8 assay, 
followed by incubation overnight (37ºC, 5 or 21% 
O2). 
 
2.8. 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 (Sigma Aldrich) 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 
Infinite® (Tecan) and parameters adjusted for 

fluorescence intensity at 560 nm/590 nm 
(excitation and emission length, respectively). 
 
2.9. 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 (Digital Bio), which is 
programmed to take one picture in each 10 min, 
for a total period of 24 hours. 

2.10. 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, Thermo Scientific) overnight at 37°C. 
Staining documentation is made by bright-field 
microscopy. 

3. Results and Discussion 
3.1. Stirred tank bioreactor 
     The bioreactor (Figure 3-1– A) consists in a 
glass vessel with an incorporated oxygen sensor, 
three baffles and a motor connected to a 
mechanical stirrer and it is placed inside an 
incubator (Figure 3-1– B) that provides a specific 
oxygen concentration and temperature. 

 
Figure 3-1 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. 

     For each experiment, MSCs from adipose 
origin (adMSC291117) were thawed (passage 0 - 
P0) and passaged each two days so they can be 
in P2 on the day that the system was turned on. 
     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. The experiments 

A B 
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performed, and their respective cell recovery are 
represented in Table 3-1. 

Table 3-1 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. 

 

3.1.1. Cell proliferation 

     To dissociate the aggregates after the 6 days 
of cultivation in the bioreactor, a combination of 
two enzymes was used – collagenase IA (2 
mg/mL) and hyaluronidase (1000 U/mL) in PBS -
, 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. 

     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) 
[32]. 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 Table 
3-1, 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 [33]. 
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. 

3.1.2. Metabolic analysis 

     Medium samples were taken on day 0, 3 and 
6 for analysing glucose consumption and lactate 
production (Figure 3-2). 

     Regarding experiments I, II and III (Figure 3-2- 
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 [34], 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 [34]. Figure 
3-2– A and B also confirm this same fact, 
between day 3 and 6 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 3-2– 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 [33], 
[35], 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 [36]. 
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) [33]. 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. 

     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. This hypothesis is 
supported by the fact that the glucose/lactate 
molar ratio (Figure 3-2 – C) is always close to 2.0, 
meaning that the conversion from 1 molecule of 
glucose to 2 molecules of lactate is occurring. 

3.1.3. Oxygen measurement 

     An important observation regarding oxygen 
measurement (data not shown) is related with the 
point where oxygen values reach the lowest 
value, which in the case of experiment I (5% O2, 

250 rpm) 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 [37], and lower when in 
hypoxic conditions (5% O2) [34]. 
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Figure 3-2 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. 

 

     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. 

3.1.4. Viability 

     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 (data not shown). 
     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 [7]. 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 [34]. 

     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 [27]. 
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. 

3.1.5. Migration assay 

     The migration speed was determined by 
measuring the distance between both sides of the 
scratch (data not shown). 
     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). 
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Figure 3-3 After 14 days of adipose explant tissue incubation in hPL matrix, expanded cells were incubated with 
collagenase IA (2 mg/mL) and hyaluronidase (1000 U/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. 

 

     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. 

3.1.6. β-galactosidase senescence assay 

     Senescence-associated beta-galactosidase 
(SA-βgal) activity allows the identification of 
senescent cells in culture and in mammalian 
tissues [38]. If cells are already in a senescent 
state, they are stained blue. A disadvantage of 
this senescence-dependent marker is that it can 
also be expressed when cells are maintained at 
confluence for prolonged periods. 
     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 (data not shown). 
     Regarding the cells from the bioreactor 
experiments, no staining was observed. In 
conclusion, immediately after dynamic cultivation, 
cells are not senescent. 

3.2. 3D isolation of MSCs 
3.2.1. hPL experiment I 

     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. For cell harvesting, an enzyme solution 
composed by collagenase IA (2 mg/mL) and 
hyaluronidase (1000 U/mL) in PBS was used. 
Figure 3-3 – 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. 

     Regarding data coming from the viability 
assay (Figure 3-3 – B), 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 [16]. 
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. 

3.2.2. 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 3.2.1), 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. For cell harvesting, an enzyme solution 
composed by collagenase IA (30 units/mL) with 3 
mM CaCl2 in Hank’s buffer I was used. 

     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. The difference between the number 
of cells isolated from the gel and from the control 
wells (2D) can be observed in Figure 3-4. 

. 
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Figure 3-4 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. 

 
     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. 

4. Conclusions 
     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 
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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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