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Chapter 1

Introduction
This thesis focuses on the metabolism of mesenchymal stem cells during in vitro
expansion. This introduction chapter provides the reader with an overview on both stem cells
and metabolism. We first describe stem cells in general and mesenchymal stem cells in
particular. As the majority of the expansion experiments have been performed using
microcarriers in bioreactors, these subjects will be addressed as well. Thereafter, general
background information on cell metabolism is given. Finally, the aims and outline of this thesis
are described.

Stem cells
What defines a stem cell?
A stem cell is a cell in the human body or other multi-cellular organism that is
characterized by the capacity of self-renewal and the ability to provide additional
undifferentiated cells and differentiated cells towards a diverse range of specialized cell types
and tissues (Figure 1).
Stem cells are maintained by symmetric cell division and asymmetric cell division. For
symmetric cell division, two identical daughter cells are produced and for asymmetric cell
division, one identical daughter cell and a non-identical daughter cell (progenitor cell or
differentiating cell) are produced or two non-identical daughter cells are produced. A
progenitor cell is a cell that is a precursor to differentiated cells towards a specific cell
phenotype. These cells are assumed to have reduced self-renewal and a reduced ability to
differentiate towards specialized cell types. In other words, progenitor cells have a different
potency compared to undifferentiated stem cells.

11.

1

General introduction

1

Figure 1.

Self-renewal and differentiation of a stem cell

A: stem cell, B: progenitor cell, C: differentiated cell

The terms totipotent, pluripotent and multipotent are commonly used to describe the
potency of stem cells to differentiate towards a range of specialized cell types and tissues;
-

A totipotent cell has the capacity to form an entire organism. Totipotent cells have full
potential. With regard to human development, a totipotent cell is formed by the
fertilization of an egg by a sperm cell. The first hours after fertilization, identical totipotent
cells are produced.

-

A pluripotent cell has the capacity to develop into most, but not all, cell types and tissues.
These cells are found in the inner cell mass of blastocyst 5 to 8 days after fertilization.
They have the ability to develop cell and tissues of the three primary germ layers called
ectoderm, mesoderm, and endoderm. These are the primary layers of cells in the embryo
from which all tissues and organs develop.

-

A multipotent cell has the capacity to form mature cells and tissues from multiple, but
specific lineages from differentiated cells within a germ layer. For example, multipotent
blood stem cells give rise to erythrocytes, white cells and platelets in the blood.
Stem cells can be subdivided into two main groups: embryonic and somatic stem cells.

Embryonic stem cells (ESCs) are pluripotent cells that do not exist in the body. They are
isolated from the inner cell mass of the blastocyst, a thin-walled hollow structure in early
embryonic development from which the embryo arises, and can be massively expanded in
vitro. In 1981, the first mouse ESCs were isolated1; 2 and in 1998 the first human ESCs were
isolated3.
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Somatic stem cells are multipotent cells that reside in differentiated tissues. The primary
roles of adult stem cells in a living organism are to maintain and repair the tissue in which they
are found. The trigger of differentiation and self maintenance of stem cells in vivo are
controlled by a micro-environment described as the ‘niche’4; 5. The first somatic stem cells
were discovered in the bone marrow: haematopoietic stem cells that give rise to all red and
white blood cells and the blood platelets6. Nowadays, it is known that somatic stem cells can be
isolated from many animal and human tissues such as bone marrow, muscle, skin, liver,
pancreas, dental pulp, fat, and the heart.

Mesenchymal stem cells
In addition to haematopoietic stem cells, Friedenstein discovered that the bone marrow
also contains bone marrow stromal cells7. Currently these cells are referred to mesenchymal
stem cells (MSCs), because of their ability to differentiate into cells of the mesodermal lineage
(Figure 2). Initially, it was established that these cells could differentiate towards osteocytes,
chondrocytes, adipocytes, and myoblast8-11, from the mesodermal lineage. However, more
recent literature also showed differentiation towards neuronal12, cardiac13, hepatic14,
endothelial15, pancreatic16, and renal17 cell types. Differentiation towards cell types which do
not belong to the mesodermal lineage is also described as stem cell plasticity. How plasticity
occurs and if it is a tissue culture artifact is still under discussion18; 19.
MSCs are primarily enriched from the bone marrow. The bone marrow is normally
harvested under local anaesthesia from the upper part of the hip, the iliac crest. Other
populations of MSCs have been found from peripheral blood20, adipose tissue21, skin tissue22,
thymus and spleen23, trabecular bone24, umbilical cord blood25 and other sites26. MSCs can be
easily enriched by their adherence ability to tissue culture plastic27. MSCs cannot be
recognized and selected by expression of specific markers. Instead, they express a complex
pattern of molecules including CD105, CD90, CD73, CD166, CD44, CD29, CD54, STRO-1
and show a negative expression for CD14, CD45 and CD348; 28; 29. MSCs are characterized by
their fibroblast-like morphology, colony forming unit, and multipotency7. Moreover, they have
high proliferation capacities, up to 40 population doublings and 25 for elderly donors30, which
make them an interesting candidate for tissue engineering applications and cell therapy.
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Figure 2.

Multipotency of mesenchymal stem cell

This scheme is a simplified depiction of the stepwise cellular transitions from the MSCs to differentiated
phenotypes. Adapted from Caplan and Bruder31.

Clinical applications
Both ESCs and MSCs are interesting sources as regenerative medicine for clinical
applications, using tissue engineering and cell therapy. However, MSCs are preferred because
they are ethically non-controversial and present in every human body. When applying patient
own MSCs as cell source, the graft-versus-host reaction is also prevented. On the other hands,
allogenic MSCs could have immunomodulative properties, although clinical studies still need
to verify this32; 33.
The term ‘tissue engineering’ is used for tissue which is ex vivo engineered using
autologous or allogenic cells, and implanted back into the patient. A commonly applied
definition of tissue engineering, as stated by Langer and Vacanti, is "an interdisciplinary field
that applies the principles of engineering and life sciences toward the development of
biological substitutes that restore, maintain, or improve tissue function or a whole organ"34. A
commonly used technique for cell-based bone tissue engineering is shown in Figure 3. In
addition to bone engineering35-37, other possible applications are possible using patient own
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cells are, for example, the tissue engineering of cartilage38; 39, skin40-42, the nervous system43; 44,
blood vessels45, cardiac tissue46, and organs47-49.
An example of tissue engineering that is already clinically applied is skin transplantation.
A range of constructs are commercially available, such as IntegraTM, AllodermTM and
DermagraftTM. For example, DermagraftTM is a cryopreserved human fibroblast-derived dermal
substitute, which is composed of fibroblasts, extracellular matrix, and a bioabsorbable
scaffold50.

Figure 3.

The concept of cell-based bone tissue engineering

1. Cell isolation from patient’s bone marrow. 2. Cell expansion. 3. Cell seeding on suitable scaffold with
or without presence of bioactive molecules. 4. Culture of the scaffold with cells expressing extracellular
matrix. 5. Implantation of the construct in the defect of the patient. Adapted from Tissue Engineering
book edited by CA van Blitterswijk51.

Cell therapy describes the process of introducing new cells into a damaged tissue in order
to treat a disease or injury. For this, autologous or allogeneic stem cells can be used, but also
mature, functional cells or transdifferentiated cells from patient own differentiated cells are
used. With regard to stem cells, adult stem cells are isolated from the patient and expanded
when necessary (step 1 and 2, Figure 3). Thereafter, they are injected back into the patient,
either in the blood stream or at local sites.
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A cell therapy already used in the clinics for over 30 years is the transplantation of bone
marrow, or more recently, umbilical cord blood stem cells, to treat cancer patient with

1

conditions such as leukemia and lymphoma. During the chemotherapy, the haematopoietic
stem cells within the bone marrow are killed. By reintroducing the functional stem cells after
the chemotherapy, the patient regains the ability to produce healthy blood cells.
A number of other potential treatments are under investigation nowadays. Stem cells may
be used to treat brain diseases, such as Parkinson52; 53 and Alzheimer54, or other neurological
disorders, such as Huntington’s disease55, multiple sclerosis56;

57

and spinal cord injury58; 59.

Heart diseases, such as myocardial infarctions or heart failure, are another application for
which stem cells are examined as cell therapy60-63. Other examples of cell therapy using
mature, functional cells or transdifferentiated cells from patient own differentiated cells are
replacements of cartilage64; 65, liver66, and pancreas67-69.
A challenge for both tissue engineering and cell based therapy is the availability of
sufficient functional cells for the application. It has been reported that the average amount of
adult stem cells that can be differentiated into the osteogenic lineage from a patient is only
about 1-10 per 100.000 cells present in the bone marrow70. For autologous tissue engineering,
the cells are isolated from the patient and expanded in tissue culture flasks if necessary prior to
seeding them on an appropriate scaffold. For cell-based therapy, millions, if not billion of cells
are necessary. For example, for treatment of a spinal cord injury approximately 2*108 - 2*109
bone marrow cells are injected58; 59, for chronic heart failure about between 28*106 to 300*106
bone marrow cells71-74 or till 6*109 MSCs75, and for successful liver transplantation it is
hypothesized that 1*1010 hepatocytes are needed66. This numbers of cells are based on the
methods used for several clinical trails. These cell numbers are not fixed yet, meaning that less
or more cells are necessary for future clinical applications.

Bioreactor technology
To obtain sufficient cells for clinical applications, the cells or tissue need to be harvested
from the patient and the required cells need to be isolated and expanded in vitro. In the case of
MSCs, the MSCs are isolated from the source (e.g. the bone marrow) by plastic adhesion
selection27;

76; 77

. The isolated population is heterogeneous and the number and population

composition of adherent cells differs between patients78-80. The so called donor-to-donor
variation makes it a challenge to develop a standard culture process.
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The isolated cells can be in vitro expanded by monolayer culture on tissue culture treated
plastic in the presence of culture medium supplemented with growth factors, serum, vitamins
and other additives, such as the energy substrate glucose and amino acids. Examples of plastic
culture systems are T-flasks, well-plates and Petri-dishes. After expansion, the cells can be
seeded on a scaffold for tissue engineering applications, or administered to the patient for cellbased therapy.
The expansion of cells in these monolayer culture systems (2D) is far from optimal. It is
labour intensive and susceptible to contaminations due to the number of necessary cell
passages as a result of the limited availability of surface area and the manual medium
refreshments. Furthermore, culture conditions are suboptimal due to the lack of monitoring and
control of the cultivation81. Also in terms of logistics and costs, expansion of stem cells in 2D
systems is unfavoured as this will possibly takes place in another location than in the hospital.
This will bring in extra cost as the biopsy and the expanded cells need to be transported using
protected transportation. In addition, extra costs are necessary for the labour needed to passage
he cells. To expand stem cells in a controlled, reproducible, cost reducing and more efficient
way, more and more research is being performed on the development of controlled bioreactors
for both tissue engineering applications and cell therapy application81-86.

Bioreactors for tissue engineering
The most typical application of bioreactor technology in tissue engineering aims to
optimize the quality of the engineered tissue construct to closely resemble patient own tissue
and to limit handling between cell harvesting and implanting the tissue construct back into the
patient. Another application of bioreactors in tissue engineering is to make tissue or a
composition of cells and scaffolds that will be implanted as a catalyser that will transform to
the proper tissue after implantation.
The tissue culture in bioreactors can be controlled for temperature, pH, and oxygen and
nutrients can be supplied optimally. In addition, mechanical stresses can be applied to improve
the engineered construct based on the original tissue characteristics, for example for heart
tissue87 and cartilage88. Spinner flasks89, wavy-walled reactors90, and rotating wall vessels91
(schematically shown in Figure 4) are only a few examples of the numerous bioreactor devices
found in the literature. A promising approach, enabling efficient and uniform seeding of
different cell types in scaffolds of various morphologies and porosities, proved to be the
perfusion bioreactor92-99.

Homogeneous cell distribution throughout the whole three-
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dimensional scaffold is obtained due to the perfusion during the seeding phase. In addition,
during expansion good mass transport of oxygen and nutrients to all the cells is obtained92-96; 98;

1

99

. This principle of perfusion had been described for e.g. the engineering of bone94; 97 and heart

valves95.

Figure 4.

Simplified schematic depiction of a rotating wall vessel

This vessel is used as tissue engineering bioreactor and cell therapy bioreactor for a wide variety of cell
types91; 100; 101. Due to rotation of the chamber and the oxygenator, microgravity forces are generated in
the culture, improving cell culture as minimal mechanical forces are generated and a high mass transfer is
obtained.

Bioreactors for cell therapy
Cell expansion for cell therapy requires another bioreactor design. In contrast to the
general tissue engineering approach, the cells only need to be expanded and harvested from an
expansion surface and no scaffold containing cells is implanted. In addition, depending on the
application the expanded cells should either be triggered or not to be triggered to differentiate
by for example biological stimuli or bioreactor stimuli as used for tissue engineering.
In case of autologous use of cell therapy, cells need to be isolated from the patient,
expanded, harvested and injected back into the patient, with or without cell differentiation prior
to delivering the cells to the patient. For this application also numerous bioreactor devices are
described in literature, such as packed and fluidized bed bioreactors (used for the expansion of
hapatocytes, cardiomyocytes, cartilage cells and others, e.g. from Cesco Bioengineering Co.)85,
the rotating wall vessel (see Figure 4; used for expansion of haematopoietic stem cells,
chondrocytes, cardiac cells and others, e.g. from Synthecon Inc.)100; 101, the Wave bioreactor
(e.g. from GE Healthcare) 102, and the stirred cultures in spinner flasks or stirred vessels, shown
in Figure 5 (used for the expansion of MSCs, embryonic stem cells, various tumour cells and
others)103-108. The main difference in bioreactor designs are associated with mass transport,
shear stresses and removal of metabolites109.
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Figure 5.

Schematic depiction of a stirred vessel bioreactor

A: reactor vessel, B: heat exchanger with baffles, C: pH sensor, D: temperature sensor, E: stirred with
blades controlled with a stirrer motor, F: Oxygen probe

Being anchorage dependent cells, MSCs need to be attached to a surface for expansion.
Independent of the bioreactor system, the expansion scaffold should have a large
surface/volume ratio, not toxic for cells, inert, and able to release cells. As limited groups of
expansion scaffolds are available, an obvious approach for stirred cultures of adherent cells
would be the use of microcarriers. Microcarriers offer the advantage of providing a large
surface area for monolayer cell growth during proliferation in a homogenous suspension
culture. Since its introduction in 1967 by Van Wezel110, microcarrier culture has been applied
successfully for growing primary cells and anchorage-dependent cell lines either for the
production of vaccines or pharmaceuticals or for cell population expansion111. A variety of
commercial microcarriers for cell expansion are available differing in chemical composition,
charge, surface coatings and porosity112.
The Cytodex microcarriers, which are composed of cross-linked dextran matrix, are most
commonly used for a wide range of cells, such as Chinese hamster ovary (CHO) cells113, Vero
(African green monkey kidney) cells114, Madin-Darby canine kidney (MDCK) cells115, and for
the expansion of animal derived stem cells116-119, these commercially available microcarriers
have been used. Figure 6 depicts a schematic overview of a Cytodex 1 microcarrier, which is
positively charged and attracts cells based on this charge yielding a higher initial attachment
rate. Weather microcarriers can also be used for the expansion of human MSCs in a stirred
culture system has not yet been investigated to date.
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Figure 6.

Schematic representative of Cytodex 1 microcarrier

These carriers have positively DEAE charges throughout the matrix

Metabolism
To optimize a bioreactor culture, with respect to pH, oxygen tension and nutrient
addition/metabolite removal for cell growth improvements, cellular metabolism should be
evaluated. Cellular expansion and cell maintenance in cell culture requires energy. Energy, in
the form of the storage molecule adenosine triphosphate (ATP), can be metabolized by animal
cells using proteins, carbohydrates and fats as substrates (Figure 7).
Respiration involves glycolysis, the Krebs cycle, and electron transport120. The first two
stages, glycolysis and Krebs cycle, are the catabolic pathways that decompose glucose and
other organic fuels. Glycolysis, which occurs in the cytosol, starts the degradation by breaking
glucose into two pyruvate molecules. The Krebs cycle, which takes place within the
mitochondria, decomposes a derivate of pyruvate, Acetyl-CoA, to carbon dioxide (CO2). In the
third stage, the electron transport chain accepts the electrons from the breakdown of the first
two stages (usually via NADH). With oxidative phosphorylation in the mitochondria, the
energy from the transport of the electrons to the end of the chain is used to synthesis ATP.
With regard to the substrates, proteins are digested to amino acids, which are mainly used
for building new proteins. However, excess amino acids are converted by enzymes to
intermediates that can enter the glycolysis and the Krebs cycle. For cell culture, amino acids
are important constituents of the culture medium. During the conversion of amino acids, the
amino group of the amino acids must be removed, which is called deamination, yielding
ammonia, urea, or other waste products.
Lipids are separated into glycerol and fatty acids by digestion. Afterwards, glycerol is
concerted to an intermediate of glycolysis and fatty acids are broken down via the beta
oxidation to two-carbon fragments, which enter the Krebs cycle.
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Figure 7.

Schematic diagram of cell respiratory catabolism

Proteins, lipids and carbohydrates are digested into their respective subunits or monomers and are then
processed by the cell to produce energy. Figure is based on information from Campbell et. al.120.

The main energy sources for cells are the carbohydrates. Starch, glycogen and other
carbohydrates are hydrolysed to sugars, mainly glucose, which is then metabolized to energy
by the glycolysis and the Krebs cycle. As in cell culture only hydrolysed carbohydrates can be
utilized, glucose is commonly added to the culture medium for energy generation and is used
as one of the main energy sources. Being one of the main energy sources, the metabolic routes
from glucose to ATP are described in more detail in the following section.
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Glycolysis
In glycolysis glucose, a six-carbon sugar, is broken down into two pyruvate molecules, a
three-carbon sugar. The pathway of glucose to pyruvate consists of 10 enzymatic steps, but the
most important steps are shown in Figure 8. During the first steps, energy is invested to obtain
a 3-carbon sugar. The final steps generate energy, ATP and nicotinamide adenine dinucleotide
in its reduced form (NADH). The net production of the glycolysis is 2 ATP molecules from 1
glucose molecule.

Figure 8.

An overview of the glycolysis

Figure is based on information from literature120.

After glycolysis, pyruvate can be converted to acetyl-CoA, and ATP production continues
in the Krebs cycle followed by oxidative phosphorylation. However, these pathways can only
be used by the cells in presence of oxygen. When no oxygen is present or no oxygen is used by
the cells, the fermentation to lactate, or also called the anaerobic glycolysis pathway, will be
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used. Per pyruvate molecule, one lactate molecule is produced and one NADH molecule is
converted to NAD+. To generate equal amounts of ATP, a cell using the anaerobic pathway
will consume far more glucose or at a higher rate than when using the aerobic pathways.

1

The Krebs cycle
The Krebs cycle, also known as the citric acid cycle or the tricarboxylic acid (TCA) cycle,
is a series of enzymatic and chemical reactions which is essential for aerobic metabolism121. As
shown in Figure 9, pyruvate from the glycolysis is converted into acetyl-CoA which is the start
of the Krebs cycle. This step already yields 1 NADH and 1 CO2 molecule. The acetyl group of
acetyl-CoA undergoes a series of oxidation reactions and transfers from citrate to oxaloacetate
during one cycle before the process re-starts. The cycle consists of eight steps where 2 CO2
molecules, 1 ATP molecule, 3 NADH and 1 flavin adenine dinucleotide in its reduced form
(FADH2) are produced. As per glucose molecule two acetyl-CoA molecules are produced, the
net production of the Krebs cycle is 2 ATP molecules.

Figure 9.

An overview of the Krebs cycle

Figure is based on information from literature120.
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Electron transport chain and oxidative phosphorylation
The electron transport chain is a collection of electron-carrier molecules (membrane

1

proteins) embedded in the inner membrane of the mitochondrion that shuttle electrons during
the redox reactions that release energy to make ATP120. For this, the FADH2 and NADH
molecules yielded from the Krebs cycle are oxidized to release the electrons from the
molecules and reform FAD+ and NAD+ that are recycled by the Krebs cycle. The electron
carriers are composed of four complexes (I-IV) which transports protons (H+) to the
intermembranous space, resulting in an electrochemical proton gradient. By re-entry of the
protons through complex V, or ATP synthase, the free energy released from the gradient is
used for ATP synthesis. This process is known as oxidative phosphorylation and yields 30-34
ATP molecules, depending on the activity and the type of the used electron shuttle complexes.
In total, the cellular respiration from glucose to ATP can produce 34-38 ATP molecules
from 1 glucose molecule.

Glutamine metabolism
In addition to glucose metabolism, cellular energy can also be generated by the glutamine
metabolism122. The nonessential amino acid, glutamine, is metabolically deaminated to
glutamate. For this, the amino group of glutamine is hydrolysed by glutaminase yielding
glutamate and ammonium. The glutamate is then converted to α-ketoglutarate by either the
transamination pathway yielding alanine or the deamination pathway using glutamate
dehydrogenase (GDH) yielding an extra ammonium. α-Ketoglutarate is then converted to
pyruvate via the Krebs cycle and the malate aspartate shuttle. The conversion of glutamine to
pyruvate is called the glutaminolysis. Pyruvate can next either be converted to lactate or
alanine or is completely oxidized in the citric cycle to CO2 or partly oxidized to asparatate123.
Glutaminolysis can be either energy efficient or energy inefficient. The energy efficient
catabolism, using GDH and complete oxidation to CO2, results in 27 moles of ATP and 2
moles of ammonia. Inefficient catabolism yields either 1 mole lactate, 1 mole ammonia and 9
moles ATP (using GDH) or yields 1 mole alanine, 1 mole ammonia and 9 moles ATP (using
the transamination pathway) or yields 1 mole aspartate, 1 mole ammonia and 9 moles ATP123128

.
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Amino acid metabolism
Although the glucose and glutamine metabolism are the most important metabolisms for
energy generation, cells also have an amino acid metabolism. Amino acid metabolism is
complex due to the number of amino acids (20 essential and nonessential amino acids) and
metabolites involved129-131. Amino acids are not only used for protein biosynthesis but also as
precursors for lipids, carbohydrates, signalling molecules, nucleic acids, and energy
production. Amino acid metabolism consists of amino acid synthesis and amino acid
catabolism. Figure 10 gives a schematic overview of amino acid metabolism, which is directly
linked to the Krebs cycle.
Different metabolites are produced during the synthesis and catabolism of amino acids.
The main waste product is ammonia (NH3). During several amino acid conversions, e.g.
mainly from glutamine to glutamate but also from serine to pyruvate, the amino group is
removed and excreted as ammonia123. In addition, ammonia is also produced due to
spontaneous decomposition of glutamine, as glutamine is chemically labile in a cell culture
medium132. Low levels of ammonia in the cell culture medium are known to inhibit cells
growth123.
Other metabolites from amino acid metabolism are lactate (from incomplete oxidation of
pyruvate)125; 135, alanine, aspartate, glutamate, and proline (from glutamine metabolism)125; 136;
137

, and glycine (from serine metabolism)137. To overcome that these metabolites inhibit cell

growth or that amino acids are limited in the culture medium, information on the amino acid
metabolism for each cell type is required. At this stage, information on the amino acid
metabolism (and energy metabolism in general) for (human) mesenchymal stem cells is
lacking.
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Figure 10.

An overview of amino acid metabolism

This network is based on literature for mammalian cells133; 134 and the pathways described in the Kyoto
Encyclopaedia of Genes and Genomes (KEGG). The general three-code abbreviations for the amino acids
are used. Other abbreviations are αKG: α-ketoglutarate, SucCoA: succinate coenzyme A, FUM: fumerate,
OAA: oxaloacetate.

Metabolism and cell culture
By having more knowledge on the metabolism of a cell line or cell type, cell culture can
be improved in terms of expansion, viability, and productivity. For many years, the metabolism
of a variety of cells has been investigated. By measuring the main nutrient and metabolite
concentrations in the culture medium over time, the main metabolic routes of the cells for
energy generation can be obtained and improved, based on the specific production and
consumption rates (q) and the yield of lactate from glucose (Ylac/glc). A change in culture
conditions or medium composition can redirect the preference metabolic route of the cells,
resulting in better and more efficient results. For example, by maintaining the concentration of
the C-sources glucose and glutamine at a defined level, metabolite production can be controlled
and cell growth and productivity can be improved, as was shown for BKH cell by Cruz and coworkers137 and for hybridoma cell-lines by Ljunggren and Häggstörm126.
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Another example is the replacement of nutrients to decrease the production of inhibiting
metabolites. Genzel and co-workers investigated the effect of glutamine replacement by
pyruvate to decrease the ammonia productions and thereby improving cell culture for several
mammalian cell-lines138. By having information about the glutamine metabolism, action can be
taken to decrease the production of metabolites, in this case ammonia, which is already
inhibiting at low concentrations 123; 135.
Culture conditions also have an influence on cellular metabolism and thereby the
expansion, viability of productivity. An example is the dissolved oxygen concentration in the
culture medium128; 139. When enough oxygen is present in the medium, the cells can oxidize
nutrients via the Krebs cycle. However, when oxygen is limiting, the anaerobic glycolysis to
the metabolite lactate is used, where the maximum yield of lactate is 2 moles per mole glucose.
High lactate concentrations can reduce the growth rate and cell viability, as was shown for
multiple cell types135. To maintain the oxygen concentration at a percentage that the optimal
metabolism is used by the cells, growth can be improved.
These are only a few examples how metabolic information can help improving a cell
culture. By knowing more about the metabolism of stem cells and the effect of culture
conditions on the metabolism of the stem cells, cell metabolism can be controlled140, resulting
in improvement of the cell culture and the product quality (cell viability, multipotency).

Oxygen and stem cells
In the field of tissue engineering and regenerative medicine, oxygen is not only an
important parameter for cell metabolism to improve cell culture but also to maintain stem cell
multipotency. In vivo, the arterial bone marrow oxygen tension was measured to be 10-14%,
while MSCs reside within the bone marrow under hypoxic oxygen levels between 4-7%141. In
addition, a developing embryo contains oxygen tension of 1.5-5.3% to develop the blastocytes
and thus the embryonic stem cells142. When expanding MSCs in vitro under conventional
culture conditions, air with 5% CO2 is normally used to provide oxygen for cellular
metabolism and to control the medium pH. However, it was shown when expanding stem cells
at lower oxygen tensions, more population doublings were possible while maintaining stem
cell differentiation potential143-152. It was shown that their growth rate can be improved by
culturing under hypoxic (5% O2) conditions. Moreover, when expanding the MSCs under
hypoxic conditions, the multipotency was better maintained and less apoptosis was observed143;
147; 153; 154

. On the other hands, contradictory results regarding the effect of hypoxia on cell
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growth and MSC multipotency are also published145; 155; 156. In these studies no effect on cell
growth was observed and no positive effects by hypoxia on multipotency of the MSCs.
It is suggested that more population doublings at low oxygen tensions are obtained

1

because less and delayed cellular senescence occurs151; 157. Cellular senescence is induced by
DNA damage and/or by telomerase shortening154 which may be caused by oxidative stress.
When cells use the oxidative phosphorylation for energy generation, reactive oxygen species
(ROS), such as oxygen free radicals (O2-) and hydrogen peroxide (H2O2), are produced151; 158.
Normally, cells are protected against ROS by cellular anti-oxidants. However, cells can be
damaged by the ROS production if insufficient anti-oxidants are present. Due to the production
of ROS, premature aging of the cell can occur. However, when less ROS are produced by
redirecting the cellular metabolism with lower oxygen tensions in the cell culture, the cellular
senescence can be diminished159; 160 and cell expansion is prolonged.
At low oxygen tensions, in general the stem cell multipotency showed to be better
maintained. An exact explanation why the stem cells better maintain their differentiation
potential at hypoxic oxygen tension is not given in literature. Logically, when cells are
expanded without DNA damage, the cells maintain their viability and stem cell characteristics.
In addition, mimicking the in vivo conditions for bone marrow derived cells may also be an
obvious explanation to increase the differentiation potential compared to culture the cells at
different oxygen tensions in vitro. Despite the absence of an underlying mechanism, expanding
stem cells at hypoxic oxygen tension might yield more population doublings, while
maintaining and/or improving their stem cell characteristics.

Aims and outline of this thesis
Expansion of animal MSCs for multiple purposes has been shown in different types of
bioreactor designs and on a number of scaffolds. However, most research is focussing on
expansion of MSCs in the field of tissue engineering, i.e. expansion of MSCs on a scaffold
prior to implantation of the engineered construct into the organism.
This thesis focuses on expansion of viable and multipotent MSCs for cell-based
applications. It is hypothesized that MSCs can be expanded reproducibly in a process
controlled bioreactor system while keeping their viability and multipotency. By unravelling the
MSC cellular metabolism, a feeding regime can be defined and optimal culture conditions,
such as pH control and hypoxic oxygen tension, can be selected.
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As a first step, the expansion and energy metabolism of MSCs from several species in the
conventional 2D culture systems, T-flasks, has been evaluated (Chapter 2161). Multiple donors
per species were expanded and cellular metabolism was linked to cell growth. In addition, the
effects of metabolic waste products, such as lactate from anaerobic glycolysis and ammonia
from efficient glutamine metabolism, on growth rate were investigated. The inhibitory
concentrations for these two waste products are important input for the optimization of culture
conditions during expansion.
For clinical applications, the expansion of MSCs in a bioreactor is preferred over
conventional 2D culture. In Chapter 3106 and 4107, MSCs are expanded in spinner flasks (a
limited controlled bioreactor system) on microcarriers. Chapter 3 shows the reproducibility of
goat MSC expansion and metabolism in a microcarrier-based cultivation system. Goat MSCs
were selected for the first experiments as these cells grew significantly faster than human
MSCs (concluded in Chapter 2). By using the goat MSCs, differences between cultures
conditions (focussing on feeding regime) were more pronounced. Subsequently, the optimal
feeding regime for goat MSCs was transferred to human MSCs in Chapter 4. After selecting
the most suitable type of microcarriers for human MSCs, the feeding regime was fine-tuned to
optimize the expansion rate. In addition, the human MSCs were characterized in detail to
establish that these cells maintained their stem cell properties after expansion on microcarriers.
By using a stirred vessel bioreactor system, the culture could be controlled for several
parameters, such as pH and dissolved oxygen concentrations (DO), to optimize the human
MSCs expansion. Chapter 5162 describes the effect of pH and DO control on human MSCs
expansion, metabolism and differentiation capacity. Both high oxygen concentrations (as used
in standard in vitro culturing) and low oxygen concentrations (mimicking the natural
environment of the MSCs) were evaluated. Based on the specific oxygen consumption, the
glucose metabolism of the cells during expansion could be unravelled in more detail.
Besides the main energy metabolism, based on glucose and glutamine, the amino acid
metabolism for human MSCs was investigated to further improve stem cell expansion. The
consumption and production of the 20 essential and nonessential amino acids have been
analyzed for human MSCs expanded under controlled conditions in a stirred vessel bioreactor.
The findings are described in Chapter 6.
Finally, general conclusions drawn from the studies described in this thesis are discussed
and future perspectives, including an in vitro feasibility study for in vivo implementation of
expanded MSCs in a porcine model, are outlined in Chapter 7 and the Appendix chapter.
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Abstract
Most therapeutic applications of bone marrow stromal cells (MSCs), or mesenchymal stem
cells, require expansion of these cells. This study aimed to obtain more information about
human MSCs regarding their expansion characteristics: growth, metabolism and growth
inhibitors. In addition, the same expansion factors were examined for (model species) goat and
rat MSCs to evaluate differences between MSCs of mammalian species. MSC proliferation,
nutrient consumption and metabolite production were determined for five donors per species.
In addition, the growth inhibitory concentrations of lactate and ammonia were established.
Results showed that goat MSCs grew significantly faster than human and rat MSCs and that
goat cells metabolized glucose more efficiently into energy (Ylac/glc=0.8) than human
(Ylac/glc=2.0) and rat MSCs (Ylac/glc=1.9). In addition, human (qGlc=-9.2 pmol cell-1 day-1) and
rat MSCs (qGlc=-5.9 pmol cell-1 day-1) consumed more glucose than goat MSCs (qGlc=-2.6
pmol cell-1 day-1). Glutamine was shown not to be important as energy source for human, goat
and rat MSCs. Regarding growth inhibition by metabolites, rat MSCs were more sensitive to
lactate and ammonia (growth inhibiting at 16 mM and ammonia at 1.9 mM) than goat (lactate:
28.4 mM, ammonia: 2.9 mM) and human MSCs (lactate: 35.4 mM, ammonia: 2.4 mM).
Human MSCs did not loose their differentiation potential when their growth was inhibited by
lactate or ammonia.
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Introduction
Adult bone marrow stomal cells (MSCs), also referred to as mesenchymal stem cells or
progenitor cells, are multipotent cells. Their multipotency gives them the ability to differentiate
into a variety of cell types from the mesodermal origin, such as cartilage, bone, muscle, tendon,
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ligament, and fat1-3. Because of these features, MSCs have emerged as a promising tool for
clinical applications such as tissue engineering and cell-based therapy1;

3

and are therefore

extensively evaluated for their properties and applications.
Although mesenchymal stem cells can be found in many tissues in the body, such as bone
marrow, fat and muscle, they are mainly dormant and present in small quantities4. For clinical
use, such as tissue engineering or cell-based therapies, most strategies require that adult MSCs
are isolated and expanded to (tens of) million cells5; 6. To expand stem cells in a controlled,
reproducible and cost-effective way, extensive research is being performed on the development
of bioreactors7-10. Essential parameters for the optimization of an expansion process in a
bioreactor are growth, metabolism and growth inhibitors. To the best of our knowledge, the
metabolism of human MSCs and the growth inhibition of human MSCs by metabolites have
not been described in detail before.
For general cell culture, glucose and glutamine are the two most important nutrients for the
generation of cellular energy (Adenosine 5'-triphosphate (ATP)) which is necessary for cell
growth and maintenance. Glucose, the primary source of ATP for mammalian cells, is utilized
either by oxidative phosphorylation (yielding about 30-38 moles of ATP per mole glucose) or
by anaerobic glycolysis (yielding 2 moles of ATP and 2 moles of lactate per mole glucose).
Both the glucose consumption and the lactate production indicate which metabolic route the
cells use to produce energy from glucose11-14. Apart from a constituent of proteins (via protein
biosynthesis), glutamine is also an important energy source for mammalian cell culture.
Glutamine is metabolically deaminated to glutamate. The glutamate is then converted to αketoglutarate by either the transamination pathway yielding alanine or the deamination
pathway using glutamate dehydrogenase (GDH) yielding an extra ammonia. α-Ketoglutarate is
then converted to pyruvate. The conversion of glutamine to pyruvate is called the
Glutaminolysis. Pyruvate can next either be converted to lactate or alanine or be completely
broken down in the citric cycle. Glutaminolysis can be energy efficient or energy inefficient.
The energy efficient catabolism, using GDH and complete oxidation to CO2, results in 27
moles of ATP and 2 moles of ammonia. Inefficient catabolism yields either 1 mole lactate, 1
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mole ammonia and 9 mole ATP (using GDH) or yields 1 mole alanine, 1 mole ammonia and 9
mole ATP (using the transamination pathway)11-14. Glutamine consumption and ammonia
production can indicate whether glutamine is used by the cells for either efficient or inefficient
energy production or for protein biosynthesis only 12; 15.
As cells consume glucose and glutamine to produce energy, they produce two toxic
metabolites: lactate and ammonia, which could inhibit cell growth16. Part of the toxic effect of
lactate and ammonia may be the result of pH disruption of electrochemical gradients affecting
all membrane transport15;

17

. Excessive accumulation of lactate can lower the pH of the

medium, subsequently inhibiting cell growth15. The non-ionized ammonia (NH3) can diffuse
readily through the plasma membrane and inner membrane organelles causing the pH of acidic
intracellular compartments to increase15. By fitting the cultivation regime to the optimal
nutrient and metabolite concentrations, using for example refreshment or addition of
cultivation medium, the expansion rate of the MSCs could be improved. Improvement of MSC
expansion in controlled bioreactors may extent the clinical applications using MSCs.
This study investigated cell growth, cell metabolism, and cell growth inhibition by
metabolites for human MSCs for five donors. During cultivation, the cell number and the
nutrient (glucose and glutamine) and metabolite (lactate and ammonia) concentrations in the
medium were monitored. Moreover, we evaluated the growth inhibitory effect of lactate and
ammonia by addition of lactic acid or ammonium chloride to the proliferation medium. All
conditions were evaluated in triplicate.
In addition, similar experiments have been performed on MSCs isolated from two other
mammalian species: rat and goat. Frequently, these species are used as a model for human
MSCs in tissue engineering and general stem cell research. It is, however, not clear if such a
model species are directly comparable to human MSCs regarding expansion characteristics.

Materials and Methods
MSC isolation and in vitro expansion
For this study MSCs of three different species were used: human, goat and rat. After
informed consent, human bone marrow aspirate (approximately 10 ml) was obtained from the
iliac crest of 5 adult donors who were undergoing hip surgery. Per donor, nucleated cells were
plated at 500 000 cells/cm2 in proliferation medium to purify MSCs by adhesion selection18; 19.
Proliferation medium for human MSCs consisted of minimal essential medium (α-MEM,
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Invitrogen, The Netherlands) supplemented with 15% fetal bovine serum (FBS, Cambrex,
Belgium), 100 U/ml penicillin (Invitrogen), 100 µg/ml streptomycin (Invitrogen), 2 mM Lglutamine (Invitrogen), 0.2 mM L-ascorbic acid-2-phosphate (Sigma, The Netherlands), 1
ng/ml basic fibroblast growth factor (AbD Serotec, UK) and 10 nM dexamethason (Dex,
Sigma). MSCs were cultured at 37ºC in a humid atmosphere with 5% CO2. After 6 days, the
proliferation medium was replaced every 3 to 4 days. When near confluency was reached, cells
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were washed with PBS (Invitrogen) and enzymatically harvested with 0.25% trypsin in 1 mM
EDTA solution (Invitrogen) followed by replating at 500 cells/cm2. Subsequently, MSC were
cryopreserved at the end of passage 1. Within twelve months the cryopreserved cells were
thawed and replated in tissue culture flasks at 5,000 cells/cm2. Cells were harvested and
replated up to passage 2 to 3.
Goat bone marrow aspirates (approximately 20 ml) from 5 donors were obtained from the
iliac crest of 2- to 4-year-old adult Dutch milk goats. The MSCs per donor were purified and
cryopreserved using the same procedure as described for human MSCs. Proliferation medium
for goat MSCs consisted of α-MEM supplemented with 10% FBS, 100 U/ml penicillin, 100
µg/ml streptomycin, 2 mM L-glutamine, 0.2 mM L-ascorbic acid-2-phosphate and 1 ng/ml
basic fibroblast growth factor.
Rat bone marrow was obtained from the femur of five 6-week-old male Wistar (Harlan)
rats. Per donor, whole bone marrow was placed in a tissue culture flask in αMEM (same
proliferation medium composition as for human MSCs) to isolate MSC by adhesion selection.
MSCs were cultured using the same procedure as for human MSCs. However, the rat MSCs
were not cryopreserved but harvested and directly replated up to passage 2 to 3.

Cell growth and metabolism analysis
To monitor cell growth and cell metabolism, passage 3 cells were plated in T-25 flasks
with 1000 cells/cm2 in proliferation medium. Destructive sampling was performed daily in
triplets (three flasks were sacrificed per time point). Medium was removed from the cell
culture and the cells were harvested using trypsin. Cell number was determined with a particle
counter (Coulter-counter, Beckman Coulter, The Netherlands). Using the cell number, the
specific growth rate (equation 1 and 2) and the generation time (equation 3) of the MSCs
during the exponential growth phase were calculated with the following equations:

Cx(t ) = Cx(0)e µ t
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where Cx(0) and Cx(t) represent the cell numbers at the start and end of the exponential growth
phase respectively, µ the specific growth rate (h-1) and t the time (h). This equation can be
substituted to the following equation;

µ=
td =

Ln(Cx(t ) Cx(0))
∆t

(2)

ln 2

2

µ

(3)

where td represents the generation time (h) and µ the specific growth rate (h-1).
The cultivation medium was analysed for glucose, lactate and ammonia concentrations
with a VITROS DT60 II chemistry system (Ortho-Clinical Diagnostics, The Netherlands).
Glucose and lactate concentrations were used to calculate the lactate yield from glucose
(Ylac/glc) and to calculate the cell-specific consumption rate of glucose (qGlc) (during the
exponential growth phase) with the following equations:

Ylac / Glc =

∆[lac]
∆[Glc]

(4)

where ∆[lac] represents the lactate production (mmol) in a certain time (t) interval and ∆[Glc]
the glucose consumption (mmol) in the same time interval.

qGlc =

Cglc(t ) − Cglc(0)
Cx(0)
e µ *t − 1

µ

*

(5)

where Cglc(t) and Cglc(0) represents the glucose concentration at the start and end of the
exponential growth phase respectively, Cx(0) the cell number at the start of the exponential
growth phase, µ the specific growth rate (day-1) and t the time (days). A negative q means
consumption and a positive q means production.
Furthermore, L-glutamine concentration in the medium was determined enzymatically
with the Glutamine/Glutamate determination kit (GLN-1, Sigma). The yield of ammonia from
glutamine (YNH3/gln) and the cell-specific consumption rate of glutamine (qGln) were calculated
using the same equations as for Ylac/glc and qGlc (equations 4 and 5).

Effects of ammonia and lactate on MSC growth
To investigate the effect of ammonia (NH3) on MSC growth, different concentrations of
ammonium chloride (NH4Cl) were added to the proliferation medium. The examined NH3
concentrations in the medium varied from 0 – 4.5 mM NH3. To investigate the effect of lactate
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on MSC growth, different concentrations of L(+) lactic acid were added to the proliferation
medium varying from 10 up to 47 mM lactate. The cells were plated at day 0 with 1000
cells/cm2 in standard proliferation medium. At day 3, medium was replaced with proliferation
medium with extra NH3 or lactate. Four days after medium replacement (day 7 after seeding),
the cell number was determined as described above. Growth inhibition was determined by
calculating the difference in total cell numbers at the end of cultivation between the control
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cultivation and the cultivation with additional lactate or ammonia. MSC growth inhibition was
defined as >30% inhibition compared to the total cell number in the standard culture.

Multipotency analyses of human MSCs
Harvested human MSCs (cultivated with 35 mM lactate or 4 mM NH3 concentrations)
were examined for their differentiation potential using in vitro osteogenic, adipogenic and
chondrogenic differentiation assays20. For osteogenic differentiation, human MSCs were
seeded in 6-well plates at 10 000 cells/cm2 and cultured for three weeks in osteogenic
differentiation medium, which was composed of basic proliferation medium with 0.01 M beta
glycerol phosphate (Sigma). Mineralization of the extracellular matrix was verified by Alizarin
red staining of the deposited calcium.
To induce adipogenic differentiation, human MSCs were seeded at 5000 cells/cm2 in 6well plates and cultured for three weeks in adipogenic medium. Adipogenic medium is
composed of Dulbecco’s Modified Eagle Medium (DMEM) with the following supplements:
10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, 0.05 M 3-isobutyl-1-methylxanthine
(Sigma), 0.02 M indomethacin (Sigma), 1 µM Dex, and 0.1 nM insulin (Sigma). Cells
differentiated to adipocytes showed small fat droplets in their cytoplasm.
For chondrogenic differentiation, human MSCs were pelletted (3 min at 2000 rpm) and
cultured for three weeks in chondrogenic medium, which was composed of DMEM with the
following supplements: 100 U/ml penicillin, 100 µg/ml streptomycin, 0.1 nM Dex, 40 µg/ml
L-Proline (Sigma), 100 µg/ml Sodium Pyruvate (Sigma), 1x ITS+ (Sigma), and 0.01 µg/ml
TGFβ1 (RnD Systems, UK). After three weeks, the pellets were embedded in Glycol
Methacrylate (GMA, Sigma) and histological sections were made prior to Safranin O staining
for Glycosaminoglycans (GAG).
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Statistical analysis
Standard deviations per donor were obtained from triplets. Standard deviations per species
were obtained from 5 donors. Statistical significance was assessed by analysing the data with
the student t-test: significance was determined at a p value less than 0.05.

Results and Discussion

2

MSC growth
Human MSCs and goat and rat MSCs were cultured in tissue culture flasks for 7 days.
During cultivation MSC growth was monitored (Figure 1). Expected growth curves of the
MSCs were obtained for the three species, including a lag phase, an exponential phase and the
beginning of the stationary phase. These three growth phases are characterized by cell
attachment and cell acclimatization, increasing cell number, and ceased cell growth due to
contact inhibition by monolayer formation.
Based on the cell numbers, we calculated the growth rate and generation time for the MSC
of the 3 species and 5 donors per species. Table 1 shows the calculated parameters of the
cultivations. Differences in growth rate and generation times were observed between MSCs of
human, goat and rat. The average growth rate (µ) of 5 donors was 0.031(±0.004) h-1 for goat
cells, whereas the growth rate for human cells was 0.020(±0.004) h-1 and for rat cells
0.025(±0.002) h-1. Goat MSCs grew significantly faster compared to human and rat MSCs
(goat versus human p=0.0057; goat versus rat p=0.04), whereas no significant difference was
observed between human and rat MSCs (p=0.06). The obtained growth rates are only valid for
these donors cultivated under the tested conditions. For example, the use of more enriched
medium, such as higher FBS concentrations or lower dissolved oxygen concentration21, may
increase the growth rates of the MSCs.
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Figure 1.

MSC static growth over time

Average growth of (□) human MSCs, (■) goat MSCs and (○) rat MSCs in tissue culture flasks of 5
donors per species. The standard deviations are obtained by averaging the results of five donors per
species. The standard deviation per donor was below 5%.

In addition to a variation in growth rate between species, a donor variation was observed.
Many groups have already shown that there is a large donor variation for human MSCs in cell
growth, differentiation and in vivo bone formation22-24. Our data confirmed a donor to donor
variation for human MSCs regarding cell growth and showed similar donor variation for goat
and rat.
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Table 1. Growth and metabolic parameters obtained for human, goat and rat MSCs
Growth and metabolic parameters were calculated using the data obtained from the exponential growth phase. Five donors were analyzed per species.
Human
1

2

3

4

Goat
5

Average

1

2

3

4

Rat
5

Average

1

2

3

4

5

Average

µ (h-1)

0.027 0.019 0.016 0.017 0.021

td (h)

25.7

36.1

42.6

40.5

32.7

35.5±6.00

27.6

21.3

23.2

19.3

20.5

22.4±2.93

28.4

24.4

25.1

36.4

35.1

28.1±2.63

Ylac/glc
(mol mol-1)

1.77

2.13

1.83

1.97

2.11

1.96±0.14

1.00

0.29

0.9

0.82

1.00

0.80±0.26

2.00

4.50

1.74

2.17

1.55

1.86±0.24

qGlc
-8.04 -10.73 -11.47 -8.63 -7.10
(pmol cell-1 day-1)

-9.19±1.65

-2.72

-1.79

-3.27

-2.35

-2.80

-2.59±0.49

-10.17 -2.51

-7.56

-3.63

-5.57

-5.89±2.75

YNH3/gln
(mol mol-1)

1.42

1.63±0.20

2.31

1.25

1.12

0.96

1.14

1.35±0.49

0.99

2.02

1.98

1.83

1.60±0.43

qGln
-3.75 -4.44 -5.20 -4.45 -3.82
(pmol cell-1 day-1)

-4.48±0.52

-1.71

-1.32

-2.50

-2.86

-1.11

-1.95±0.68

-7.77 -13.81 -3.09

-4.77

-3.91

-6.67±3.91

1.46

1.97

1.75

1.56

0.020±0.004

0.025 0.033 0.030 0.036 0.034

0.031±0.004

0.024 0.027 0.028 0.019 0.020

1.18

0.025±0.002

qGln corrected -0.001 -0.004 -0.007 -0.008 -0.007 -0.007±0.002 0.002 -0.003 -0.006 -0.009 0.001 -0.003±0.004 0.008 -0.026 -0.002 -0.008 -0.001 -0.006±0.011
(pmol cell-1 day-1)
µ: growth rate, td: generation time, Ylac/glc: yield of lactate from glucose, qGlc: average cell specific glucose consumption rate, YNH3/gln: yield of ammonia from glutamine
(not corrected for spontaneous formation of NH3 and spontaneous decomposition of gln), qGln: average cell specific glutamine disappearance rate, qGln corrected: average
cell specific glutamine consumption rate (glutamine concentrations in the media were corrected for 10% spontaneous decomposition).
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MSC metabolism
During culture, cellular metabolism was evaluated for the MSCs of the three species.
Nutrient (glucose, glutamine) and metabolite (lactate, ammonia) concentrations in the culture
medium were monitored over time. Glucose concentrations decreased during growth for all cell
cultures while lactate concentrations increased in the cultivation media (Figure 2). The
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decreasing glucose and increasing lactate concentrations correlated to the increasing cell
numbers in the culture (Figure 1).

Figure 2.

Consumption of glucose and glutamine and production of lactate and

ammonia by MSCs over time
(□) Glucose, (■) lactate, (○) glutamine, and (●) ammonia concentrations over time for A) human MSCs,
B) goat MSCs and C) rat MSCs. Average concentrations of 5 donors per species are shown. For all three
species glucose and glutamine concentrations are decreasing over time and lactate and ammonia
concentrations are increasing over time.

The yield of lactate from glucose (Ylac/glc) and the cell specific glucose consumption rate
(qGlc) were calculated from the glucose and lactate concentrations (Table 1). For Ylac/glc,
significant higher yields were obtained for human (p=0.0001) and rat (p=0.021) MSCs
compared to goat MSCs. Moreover, the qGlc differed between species, see Figure 3;
significantly higher qGlc were obtained for human (p=<0.0001) and rat (p=0.045) MSCs
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compared to goat MSCs. Comparable to the results for MSC growth, a donor variation in
glucose metabolism for all three species was observed (±18% for human, ±19% for goat and
±47% for rat MSCs ).
The differences in Ylac/glc and qGlc between species indicate that the MSCs of the three
different species use different glucose metabolisms to gain energy for cell growth and cell
maintenance. Compared to goat and rat MSCs, human MSCs consume relatively high amounts
of glucose per cell (±-9.2 pmol cell-1 day-1, see Table 1) and the lactate yield from glucose is
also high (±2 mol/mol, see Table 1). This indicates that the cells mainly metabolize glucose via
the inefficient glycolytic pathway instead of the energy-efficient oxidative phosphorylation
pathway. Regarding the rat MSC glucose metabolism, an inefficient use of glucose is also
observed (qGlc ±-5.9 pmol cell-1 day-1 and a high Ylac/glc of ±1.9 mol/mol). Goat MSCs,
however, metabolize glucose more efficiently to gain energy (relatively low qGlc of ±-2.6
pmol cell-1 day-1 and low Ylac/glc of ±0.8 mol/mol).
In addition to glucose, the glutamine concentrations were also decreasing in the medium
during culture (Figure 2). Mainly as a result of glutamine conversion, the metabolite ammonia
is produced (Figure 2). The cell specific glutamine consumption rate (qGln) and the yield of
ammonia from glutamine (YNH3/Gln) were calculated from the glutamine and ammonia
concentrations in the media (Table 1).

Figure 3.

Average cell specific consumption rates of glucose and glutamine for

human, goat and rat MSCs
The results are averages of five donors per species analysed in triplicate. These results show the
differences in glucose consumption rates and glutamine disappearance rates for MSCs of the three
examined species, indicating differences in cellular metabolism. The error bars are based on the variation
between the donors.
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The obtained qGln differed between species, as presented in Figure 3. Less glutamine
break down was observed in the culture with goat MSCs compared to the cultures with human
and rat MSCs. However, during cultivation glutamine also decomposes spontaneously25. When
correcting the glutamine concentrations in the medium with ±10% per day25 (confirmed by
own experiments), qGlc values of almost zero were obtained (see Table 1). This suggests that
the rate with which glutamine disappears from the medium is more or less equal to the rate of
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spontaneous decomposition. Meaning that glutamine is not a major source for energy
generation for the three species tested.
In addition, the obtained YNH3/Gln for the three species were calculated (Table 1). The
ammonia and the glutamine concentrations were used as measured in the medium, so not
corrected for spontaneous decomposition of glutamine and spontaneous formation of NH3. The
average yield of ammonia from glutamine was 1.6 for the three species. However, several
factors may affect the calculation of the YNH3/Gln. For example, ammonia is mainly a product
from spontaneous glutamine decomposition and glutamine catabolism. However, it is also
formed in several other amino acid metabolisms, such as glutamate and serine utilization15; 26.
In addition, ammonia may have evaporated from the cultivation medium during the study27.
Due to these factors and the low glutamine consumption, the YNH3/Gln cannot be ussed to draw a
firm conclusion on the glutamine metabolism, based on these experiments. To prove the
metabolic pathway used by the cells, studies with radioactive labelled glucose and glutamine
should be performed or enzyme activities should be measured28 which are outside the scope of
this paper. Nevertheless, the results indicate that the main C-source for MSC growth is not
glutamine, but glucose.
Overall, human MSCs utilized glucose for generation of cellular energy using mainly the
inefficient glycolysis pathway. Goat MSCs also utilized glucose for energy production, but
were mainly using the efficient oxidative phosphorylation pathway. Rat MSCs consumed
glucose for energy generation via the ineffective glycolysis pathway. Glutamine showed not to
be a major source for energy generation for MSCs from the three species. These results proved
the hypothesis that the cellular metabolism of MSCs, mainly regarding glucose, to generate
energy for cell growth and cell maintenance is species dependent. Nevertheless, it should be
taken into account that these results are obtained in these specific culture conditions
(monolayer cultivation in tissue culture treated T-flasks using standard proliferation medium,
incubated at 37°C in a humid atmosphere of air with 5% CO2). The culture conditions may,
however, influence the metabolism used by the cells to a large extent. For example, compared
to their natural environment (e.g. in the bone marrow), the MSCs were cultivated in a
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hyperoxic condition (20% O2)29. As oxygen concentrations may influence the cell
metabolism14; 30, other results, regarding glucose and glutamine metabolisms, may be obtained
when the MSCs are cultivated at low oxygen concentrations (3-7%). In addition, the medium
concentrations of the C-sources glucose and glutamine may also have an influence on cell
metabolism11; 12. As these factors may change the cellular metabolism, the cell growth could
also be altered.

2
MSC growth inhibitors
Lactate and ammonia (NH3) are metabolites that are generally known to inhibit cell growth
in mammalian cell culture. The sensitivity towards lactate and ammonia seems to be cell line
specific and vary widely; cell growth inhibition by lactate ranging from 10mM to over 40mM
and by ammonia between 0.5 up to 40 mM has been described15; 16; 31. To investigate whether
lactate and ammonia are also growth inhibiting for marrow stromal cells, the growth inhibitory
concentrations of lactate and NH3, important parameters in the development of an optimized
expansion process for MSCs, were investigated for human MSCs and goat and rat MSCs.
To obtain different ammonia concentrations, NH4Cl was added to the medium in various
concentrations. Addition of NH4Cl did not have an influence on the buffered medium pH. For
different lactate concentrations lactic acid was added to the proliferation medium. The medium
pH value dropped with 0.1-0.2, which should not have an effect on the cell growth32. Table 2
shows the inhibitory concentrations for lactate and NH3 (defined as >30% inhibition compared
to growth in standard culture). NH3 growth inhibition was already observed at relatively low
concentrations, whereas growth inhibition by lactate was observed at higher concentrations.
The obtained results are in range with the in literature stated values for mammalian cell lines.
Obtained growth inhibitory concentrations of lactate and NH3 showed a high donor variation
per species. In addition, differences between the three species were observed. Rat MSCs
appeared to be more sensitive to the metabolites than goat and human MSCs.
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Table 2.

MSC growth inhibitory concentrations of lactate and NH3 for human, goat

and rat
Growth inhibition was defined as > 30% inhibition compared to growth in standard culture. Five donors
were analyzed per species. The average minimal growth inhibitory concentrations per species are shown.

2
Human

Goat

Rat

Donor and
minimal average
1
2
3
4
5
Average
1
2
3
4
5
Average
1
2
3
4
5
Average

Lactate inhibitory
concentration (mmol/L)
24
47
>47
35
24
35.4
13
34
>34
20
>34
28.4
19
19
10
22
10
16

NH3 inhibitory
concentration (mmol/L)
3.0
2.0
2.0
3.0
2.0
2.4
2.5
2.5
4.5
2.5
2.5
2.9
2.2
2.2
2.0
2.0
1.5
1.9

Surprisingly, for 3 out of 5 human MSC donors and 4 out of 5 goat MSC donors, higher
cell yields compared to the standard culture were obtained for lactate concentrations that were
growth inhibiting for the other donors. Figure 4 shows the growth curve of MSCs from a goat
donor cultured in normal proliferation medium and the final concentrations of cells cultured
with different lactate concentrations. Growth inhibition was found for 20 mM and 34 mM
lactate. For the lactate concentration of 13 mM, however, a higher cell yield was obtained
compared to the control culture. This implies that the tested lactate concentration did not have a
toxic effect of the cell growth. This phenomenon was also observed by Reuveny and coworkers33 for a hybridoma cell line. Lao and Toth27 discussed that this occurrence was
probably due to a shift to a more favourable osmolarity of the cultivation. The osmolarity may
also be altered by the addition of NH4Cl, however, the amount added to the cultivation medium
was small and probably had a negligible effect on the osmolarity and thus on cell growth.
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Figure 4.

Cell yields of goat MSCs (donor 2) at different lactate concentrations

After 7 days of cultivation, the metabolite affected the cell number. This graph shows the influence of
lactate on cells from goat donor 2, analysed in triplicate. These results were representative for MSCs of
the other species and donors tested.

In addition to growth inhibition, high lactate and NH3 concentrations in the cultivation
medium also affected the cell morphology. Figure 5 shows the changes in cell morphology for
rat MSCs. When the cells were cultivated at high lactate concentrations, the cell morphology
changed from fibroblast-like to more stretched cell morphology. Cells cultivated at high NH3
concentrations showed cubic cell morphology. Similar morphological changes were observed
for human and goat MSCs. These morphological changes probably indicate that the cells were
stressed by the metabolite concentrations. Elevated ammonia levels or lactate levels result in
changes of the intracellular pH (pHi) values31. High ammonia levels induce acidification of the
cytoplasm and an alkaline cytoplasm is obtained with high lactate levels. These differences in
pHi may explain the observed differences in cell morphology.
Overall, it can be concluded that MSC growth is inhibited by the metabolites lactate and
ammonia and that the growth inhibitory concentrations are species dependent.
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Figure 5.

Cell morphologies of rat MSCs, donor 1, cultured in normal medium, high

lactate medium or high NH3 medium
A) rat MSCs in normal proliferation medium, B) rat MSCs in medium containing 30 mmol/L lactate, C)
rat MSCs in medium containing 4.0 mmol/L NH3. Pictures taken 7 days after seeding, original
magnification 40x.

Effect of growth inhibitors on hMSC multipotency
To evaluate if growth inhibition due to lactate or ammonia affects the differentiation
potential of marrow stromal cells, multipotency assays were performed. Human MSCs were
expanded in three culture conditions: 1) control (standard proliferation medium), 2) medium
with addition of lactate, and 3) medium with addition of ammonia. Figure 6 shows the results
of the multipotency assays of human donor 1. Similar results were observed for the other
donors. Expanded cells showed differentiation towards all tested lineages independent of the
culture condition. This is also described for hematopoietic cells cultured with high lactate
concentrations34.
Regarding the osteogenic differentiation, no differences were observed visually between
the cells cultivated with or without extra lactate or NH3. Cells from all three conditions were
able to produce mineralized extracellular matrix. Visually, no differences in mineralization rate
and extent were observed. The human MSCs maintained the ability to form adipocytes for all
three conditions. However, qualitative observation indicated that the cells cultivated at high
lactate concentrations had a lower potential to differentiate to the adipogenic lineage. It is
possible that during and after harvesting of the cells, more cells died in the lactate inhibited
cultivations, resulting in a seeding density that was too low for the assay to be successful. No
effect of NH3 on adipogenic differentiation was observed. The results for the chondrogenic
differentiation assay were similar to the adipogenic assay. There was visually less formation of
GAG in the extracellular matrix for the cells cultured with extra lactate, whereas no effect of
the NH3 was observed.
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Generally, human MSCs did not loose their differentiation potential when their growth is
inhibited by lactate or ammonia.

2

Figure 6.

Results multipotency assays for MSCs of Human donor 1

Staining of the osteogenic differentiation shows the Ca2+ of the mineralized extracellular matrix. The
adipogenic differentiation shows the formation of fat droplets in the cells. Staining of the chondrogenic
differentiation shows the formation of GAG and the rounded (chondrogenic) cell morphology. Original
magnifications are 100x for osteogenic differentiation and 200x for adipogenic and chondrogenic
differentiation.

Conclusions
This study examined the in vitro growth, metabolism and growth inhibition by lactate and
ammonia of human marrow stromal cells. In addition, the same growth characteristics were
examined for goat and rat MSCs. Goat MSCs grew significantly faster when compared to
human and rat MSCs. In addition, different metabolisms were used by the cells of the three
species for growth and maintenance. Human MSCs utilized glucose for the generation of
cellular energy using mainly the inefficient glycolysis pathway. Goat MSCs also utilized
glucose for energy production, but are mainly using the efficient oxidative phosphorylation
pathway. Rat MSCs consumed glucose for energy generation via the ineffective glycolysis
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pathway. Glutamine was shown not to be important as energy source for all three tested
species. Finally, variations between the growth inhibitory concentrations for lactate and
ammonia were observed between the three species. Rat MSCs are more sensitive to lactate and
ammonia compared to human and goat MSCs. For several human and goat donors, increased
expansion rates were obtained at elevated lactate levels. After cultivation of the cells at growth
inhibitory lactate or ammonia concentrations, the human MSCs retained their in vitro

2

differentiation potential.
In conclusion, these results show the differences in cell growth, cell metabolism and cell
growth inhibition between MSCs of species. In addition, these results could lead to
improvement of the expansion of MSC in bioreactors, which is important to decrease the total
time of expansion prior to the therapeutic use of these cells.
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Abstract
For the continuous and fast expansion of mesenchymal stem cells (MSCs), microcarriers
have gained increasing interest. The aim of this study was to evaluate the growth and
metabolism profiles of MSCs, expanded in a microcarrier-based cultivation system. We
investigated various cultivation conditions to expand goat mesenchymal stem cells on Cytodex
1 microcarriers. These conditions differed in feeding regime, i.e. the addition of fresh
proliferation medium, with or without new microcarriers. For all conditions, cell attachment,
cell proliferation, energy source consumption, metabolite production, and cell distribution on
the microcarriers were studied. Attachment efficiencies of 40% were obtained followed by
successful expansion up to 15 cultivation days. Depending on the feeding regime, an
exponential growth, stationary growth, and decline growth phase could be distinguished.
Addition of 30% fresh medium containing microcarriers every three days showed the longest
continuous proliferation of goat MSCs on microcarriers. This feeding regime has the advantage
that metabolites, such as ammonia, are diluted and that new energy sources, such as glucose
and glutamine, and additional surface area are provided to the cells. In addition, by adding
extra microcarriers a more homogenous cell distribution on the microcarriers is obtained as a
result of bead-to-bead transfer. A correlation between nutrient consumption, metabolite
production and cell growth was observed. The decreasing yield of lactate from glucose over
time indicated a possible shift in cellular metabolism.

61.

3

Growth and metabolism goat MSCs in microcarrier-based cultivation

Introduction
Adult mesenchymal stem cells, or MSCs, are self-renewal and multipotent stem cells
present in e.g. the bone marrow. Their multipotency gives the ability to differentiate into a
variety of cell types from the mesodermal origin, such as cartilage, bone, muscle, tendon,
ligament, and fat1-3. Because of these features MSCs have strong potential as a tissue
regenerative source1; 3.
For use as a tissue regenerative source, most strategies require that adult MSCs need to be
isolated and expanded as they are only available in small numbers in the human body (e.g. in
bone marrow). MSC multiplication is typically performed in 2D cultures, or plastic tissue

3

culture flasks, which has some serious drawbacks. It is labour intensive and susceptible to
contaminations due to the number of necessary cell passages as a result of the limited
availability of surface area and the manual medium refreshments. Furthermore, culture
conditions are suboptimal due to the lack of monitoring and control of the cultivation4. To
expand stem cells in a controlled, reproducible and cost-effective way, more and more research
is being done on the development of controlled bioreactors4-6.
Being anchorage dependent, MSCs require a large surface area for their expansion in a
bioreactor. An obvious approach would be the use of microcarriers. Microcarriers offer the
advantage of providing a large surface area for monolayer cell growth during proliferation in a
homogenous suspension culture. Since its introduction in 1967 by Van Wezel7, microcarrier
culture has been applied successfully for growing primary cells and anchorage-dependent cell
lines either for the production of vaccines or pharmaceuticals or for cell population expansion8.
A variety of commercial microcarriers for tissue engineering are available differing in chemical
composition, charge, surface coatings and porosity9. The Cytodex microcarriers, which are
composed of cross linked dextran matrix, are most commonly used for a wide range of cells,
such as Chinese hamster ovary (CHO) cells10, Vero (African green monkey kidney) cells11 and
Madin-Darby canine kidney (MDCK) cells12. Also for tissue engineering, such as cartilage and
bone regeneration13 and the expansion of animal derived stem cells14-16, these commercially
available microcarriers have been used. Frauenschuh and co-workers5 successfully applied
Cytodex 1 microcarriers for the attachment and growth of porcine MSCs. They showed that 3D
expansion of MSC on microcarriers represents a beneficial alternative to the conventional 2D
monolayer cultivation system. However, cell metabolism was not investigated during cell
expansion.
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For the development of a bioreactor system it is important to know the demands of the
cells for optimal cell growth. Cell growth could be inhibited by shortage of nutrients or by
excess of metabolites. To obtain optimal culture conditions the feeding/refreshing regime is
crucial17-19. During cell growth nutrients such as glucose, glutamine and other amino acids are
consumed. Meanwhile, metabolites such as lactate and ammonia are produced by the cells.
These metabolites could inhibit cell growth at certain concentrations20-22. To prevent cell
growth inhibition by metabolite production and/or nutrient deficiency the feeding regime
should be optimal. In addition, as cell growth is correlated to nutrient consumption and
metabolite production, the cell proliferation can be monitored in the reactor indirectly by
monitoring metabolism19. A thorough investigation of the metabolism related to cell growth of
MSCs in a microcarrier-based cultivation system has, to our best knowledge, not been
published.
In this paper, we report the growth and metabolism of MSCs in microcarrier based spinner
flask cultures to optimize the feeding/refreshing regime. The main goal is to optimize the
expansion rate of the cells in a three-dimensional cultivation system. We evaluated various
feeding and refreshing regimes for the expansion of goat MSCs. The goat MSCs were applied
as a model for human MSCs. Since goat MSCs grow faster than human MSCs23, it was
supposed that the effects of the feeding regime on cell growth and metabolism, being the focus
of this paper, are more apparent. Here we describe three goat MSC cultivation conditions,
varying in addition of fresh proliferation medium with or without microcarriers. All conditions
were evaluated in triplicate. During cultivation, the nutrient (glucose and glutamine) and
metabolite (lactate and ammonia) concentrations in the medium were monitored to establish
the relation between growth, nutrient consumption and metabolite production. In addition, cell
viability and cell distribution on the microcarriers were examined microscopically.

Materials and Methods
Isolation of goat bone marrow derived mesenchymal
stem cells (gMSCs)
Goat bone marrow aspirate was obtained from the iliac crest of 2-4 year old adult Dutch
milk goats. The MSC enriched population was isolated from the aspirates by using the
adhesion selection24; plating the bone marrow with 500 000 nucleated cells/cm2 in α-minimal
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essential medium (αMEM) for proliferation. αMEM proliferation medium consisted of
minimal essential medium (Invitrogen, Breda, The Netherlands) supplemented with 10% fetal
bovine serum (FBS, Cambrex, Verviers, Belgium), 100 U/ml penicillin (Invitrogen), 100 µg/ml
streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.2 mM L-ascorbic acid-2phosphate (Sigma, Zwijndrecht, The Netherlands) and 1 ng/ml basic fibroblast growth factor
(AbD Serotec, Oxford, UK). MSCs were cultured at 37ºC in a humid atmosphere with 5%
CO2. When near confluency was reached, cells were washed with PBS (Invitrogen) and
enzymatically harvested by means of 0.25% trypsin in 1 mM EDTA solution (Invitrogen)
followed by replating with 500 cells/cm2. Subsequently, MSC were cryopreserved at the end of
passage 1.

3
Monolayer pre-cultivation
Defrosted cryopreserved MSC were plated with 2500 cells/cm2 in αMEM proliferation
medium. The medium was replaced every 3 to 4 days. At near confluency cells were subcultured until passage 4 as described above. The passage 4 harvested cells were used for the 3D
microcarrier cultivation in spinner flasks.

Microcarrier cultivation in spinner flasks
Preparation and seeding of the microcarriers
Cytodex 1 microcarriers were prepared according to the manufacturer’s instructions,
which involves washing and swelling with PBS (Ca2+ and Mg2+ free, Invitrogen), sterilization
by autoclaving 30 minutes at 121°C, and washing with medium. Siliconized (Sigmacote,
Sigma) 100 ml spinner flasks (Bellco, Nutacon, Leimuiden, The Netherlands) with a PTFE
agitation paddle were used. The starting volume in the spinner flasks before seeding was 50 ml
proliferation medium containing a microcarrier surface area of 20 cm2/ml (based on
manufacturer’s instructions). The Cytodex 1 microcarriers have a surface area of 4 400 cm2/g,
so 0.23 g Cytodex 1 was used per spinner flask. The microcarriers in the spinner flasks were
seeded using passage 4 MSCs from the monolayer precultivation. The total number of cells
seeded per spinner flask was 2 million. The microcarrier cultures in spinner flasks were
agitated using an external magnetic stirring system (VARIOMAG, Florida, USA) in a 37ºC
humid atmosphere containing 5% CO2. The stirring regime comprised a 2 minute stirring phase
at 30 rpm followed by a rest phase (0 rpm) for 30 minutes. After 18 hours seeding, the
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microcarrier-cell complexes were settled by gravity and the proliferation medium was
refreshed for 50%. Subsequently, the agitation for the cultivation of MSCs on the microcarriers
was set on continuously stirring at 30 rpm.

gMSC cultivation on microcarriers
Three different cultivation conditions were investigated in triplicate; I) with the addition of
30% fresh αMEM proliferation medium every three days during cultivation; II) with the
addition of 30% fresh αMEM proliferation medium containing freshly prepared Cytodex 1
microcarriers (20 cm2/ml and prepared as described before) every three days during cultivation;
III) the control cultivation without any additions during cultivation. MSCs on microcarriers in
spinner flasks were cultivated for 15 days at 37 ºC in a humid atmosphere with 5% CO2, stirred
at 30 rpm by the external magnetic stirring system. To monitor cell growth, samples of 2 ml of
the microcarrier-cell complex suspensions were taken, starting at day 0 after seeding and
refreshing. Every three days 2 samples were taken from the different cultivation conditions,
except the control condition; one sample before and one sample after the addition of either
fresh αMEM proliferation medium (condition I) or fresh αMEM proliferation medium
containing freshly prepared microcarriers (condition II). By taking samples in this order, e.g.
cellular consumptions can be calculated between the time points of additions. Samples were
filtered using a 100 µm cell strainer (BD Falcon, Alphen aan den Rijn, The Netherlands)
resulting in two separate fractions; a medium fraction and a microcarrier-cell complexes
fraction.

Analyses
Cell proliferation
Cell proliferation on the Cytodex 1 microcarriers was measured with the alamarBlue assay
(BioSource, Etten-Leur, The Netherlands). The microcarrier-cell fraction is incubated for 4
hours with 3 ml 10% alamarBlue solution in a humidified atmosphere containing 5% CO2 at 37
ºC. During incubation the alamarBlue™ is reduced, caused by cellular activity, which was
measured in triplicate by fluorescence. Fluorescence measurements of the reduced
alamarBlue™ were made by exciting at 535 nm and measuring emission at 595 nm using a
plate reader (Anthos Labtec, Heerhugowaard, The Netherlands). The fluorescence emission
intensity can be correlated to the cell number attached to the Cytodex 1 microcarriers using a
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donor specific calibration curve. Using the cell number attached on the microcarriers the
specific growth rate and the generation time of the MSC can be calculated using the following
equations:

C (t ) = C (0) * e µ t

(1)

where C(0) and C(t) represent the cell numbers at time zero and t respectively, µ the specific
growth rate (h-1) and t the time (h).

td =

ln 2

µ

(2)

where td represents the generation time (h) and µ the specific growth rate (h-1).

3
Medium analysis
The medium fraction of the filtrated samples were analysed for glucose, lactate and
ammonia using a VITROS DT60 II chemistry system (Ortho-Clinical Diagnostics, Tilburg,
The Netherlands). Glucose and lactate concentrations were used for the calculation of the yield
of lactate from glucose (Ylac/glc) and for the calculation of the cell-specific consumption rate of
glucose (qGlc) using the following equations:

Ylac / Glc =

∆[lac]
∆[Glc]

(3)

where ∆[lac] represents the lactate production (mmol) in a certain time (t) interval and ∆[Glc]
the glucose consumption (mmol) in the same time interval.

∆[Glc]
qGlc =
where

C
∆t

(4)

C represents the average cell number during a time interval, ∆t (days). Furthermore, L-

glutamine

concentration in the

medium was determined enzymatically

with the

Glutamine/Glutamate determination kit (GLN-1) from Sigma. To determine cell death during
seeding, the lactate dehydrogenase (LDH) activity in the medium after seeding was analysed
by means of the enzymatic CytoTox-ONE™ Homogeneous Membrane Integrity Assay
(Promega, Leiden, The Netherlands). LDH, released from death cells, was measured with a 10minute coupled enzymatic assay that results in the conversion of resazurin into the fluorescent
resorufin. Fluorescence measurements of the resorufin were made by exciting at 535 nm and
measuring emission at 595 nm using a plate reader (Anthos Labtec). The fluorescence emission
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intensity could be correlated to the number of non attached dead cells using a donor specific
calibration curve.

Cell distribution, load and viability
After 15 cultivation days the microcarrier-cell complexes were stained with a 1%
methylene blue (MB) solution (Sigma) to examine cell distribution and loading on the
microcarriers. The microcarriers with the attached cells were incubated 60 seconds in the MB
solution and washed 3 times with PBS. Cells on the microcarriers were visualized using light
microscopy (Nikon, Badhoevedorp, The Netherlands). For cell viability the microcarrier-cell
complexes were incubated for 1.5 hours at 37 ºC in a humid atmosphere with 5% CO2 in a 1%
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

(MTT)

solution

(Merck,

Amsterdam, The Netherlands). The viable cells on the microcarriers were visualized using light
microscopy (Nikon).

Statistical analysis
Statistical significance was assessed by analysis data with the student t-test: significance
was determined at a p value less than 0.05.

Results
Aim of this study was to evaluate growth and metabolism of MSCs, expanded in a
microcarrier-based cultivation system. Three different microcarrier cultivation conditions in
spinner flasks were monitored over time on cell growth and metabolism, in triplicate; I) with
the addition of 30% fresh α-MEM proliferation medium every three days during cultivation; II)
with the addition of 30% fresh α-MEM proliferation medium containing freshly prepared
Cytodex 1 microcarriers (20 cm2/ml) every three days during cultivation; III) the control
cultivation without any additions during cultivation.

Seeding
MSCs were seeded directly into the spinner flasks using an intermitted stirring regime.
The seeding efficiency was determined from the number of viable cells attached to the
microcarriers and from the number of non-attached dead cells in the medium (Table 1). The
three investigated cultivation conditions showed no significant difference in seeding efficiency,
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which was expected as the conditions during seeding were identical. The average seeding
efficiency based on the number of viable attached cells was 41%. Average (n=9) LDH activity
in the medium resulted in a seeding efficiency of (100-44) 56%.

Microcarrier cultivation
MSCs were cultured for 15 days in spinner flasks on Cytodex 1 microcarriers. During the
cultivation of MSC on microcarriers, their growth was monitored over time for the three
conditions in triplicate (Figure 1). Only small variations between the triplicates were observed,
indicating that goat MSC cultivations in spinner flasks on cytodex 1 microcarriers are

3

reproducible. Successful cell growth for all conditions was obtained. Up to 7 days, no
significant difference (p>0.05) between the three conditions was observed. The control
condition showed an expected growth curve, including an exponential phase, a stationary phase
and a death phase. These phases are characterized by an increasing viable cell number (< day
6), a stable viable cell number (day 6 to day 11) and a decreasing viable cell number (> day
11). Condition I shows an extended stationary growth phase (from 6 to 14 days) in which the
viable cell number remained stable. Cells died in a later cultivation stage compared to the
control condition. Condition II shows an extended growth phase in which the total viable cell
number is increasing linearly up to the end of the cultivation. These results show that by adding
fresh medium to the microcarrier cultivation the decline phase is postponed (condition I vs.
control). Apparently, the medium composition (nutrient and/or metabolite concentrations) is
the growth inhibiting factor in the control spinner flasks. When adding fresh medium
containing microcarriers the stationary growth phase is not reached at all during 15 days and
therefore the proliferation of the MSCs on Cytodex 1 can be prolonged. This observation
indicates that the availability of the surface area is the growth inhibiting factor in condition I
(condition II vs. condition I).
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Table 1. Seeding efficiency of gMSCs on Cytodex 1 microcarriers
The seeding efficiency, or amount of viable cells attached after 18 hours of seeding, was determined by
means of the alamarBlue assay. Dead, non-attached cell numbers were obtained by measuring LDH
activity in the medium. Seeding regime (50 ml, 20 cm2/ml, 2000 cells/cm2, intermitted stirring) was
identical for all three conditions.

Condition
I (n=3)

Seeded cells

Viable, attached cells

Dead, non-attached cells

No.

%

No.

%

No.

2.0*106

100

8.9*105

44.4 (±4.9)

8.6*105

42.8 (±10.7)

100

7.9*10

5

39.6 (±6.1)

9.3*10

5

46.3 (±11.6)

5

40.3 (±6.3)

8.8*10

5

44.0 (±9.6)

41.4 (±3.6)

8.6*105

2.0*10

6

Control (n=3)

2.0*10

6

100

8.1*10

Average (n=9)

2.0*106

100

8.3*105

II (n=3)

%

43.8 (±11.3)

Based on the viable cell numbers, we calculated the growth rate and generation time.
Table 2 shows the calculated parameters for time intervals during the 15 days of cultivation.
The time intervals were chosen based on the feeding regime, as the addition of fresh medium
resulted in increasing nutrient concentrations and dilution of metabolites.

The calculated

growth rate is the product of cell growth and cell death, which could also be described as the
overall population growth rate. The calculated growth rates and generation times are in
agreement with the observations in Figure 1. The growth phase corresponds to high growth
rates (≈0.02 h-1). When cells were in the stationary growth phase a low growth rate (<0.01 h-1)
was calculated. During the death phase a negative growth rate was observed, indicating that the
death rate of the cells was larger than the growth rate. Furthermore, the total amount of
population doublings was calculated. The total amount of population doublings obtained for
the control condition was 2.6 ±0.18 at day 6; for condition I, 3.0 ±0.18 at day 12; and for
condition II, 4.0 ±0.13 at day 15. For the calculation of these values the death rate was not
taken into account, which means more population doublings occurred. At the end of the
cultivation (t=15 days) the overall number of population doublings for the control condition,
condition I and condition II were 1.4 ±0.22, 2.8 ±0.20, and 4.0 ±0.13 respectively. These
values are reflected by the total cell numbers at t=15 days in Figure 1.
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Figure 1.

MSC growth on microcarriers over time

Cell numbers are based on alamarBlue results (n=3 per condition). Dashed lines are the time points of
culture medium additions (if applicable). At t=0 days, a total of 2000 cells were seeded per cm2
microsphere surface in a total of 50 ml culture medium containing 20 cm2/ml surface (totalling 2 million
cells in each spinnerflask). (□) Condition I=addition of 30% medium every three days; (■) Condition
II=addition of 30% medium containing microcarriers every three days; (○) Control=no additions.

Table 2. Growth and metabolic parameters obtained during cultivation
Growth and metabolic parameters were calculated in different time intervals, i.e. between time points of
additions. Condition I) addition of 30% medium every three days; Condition II) addition of 30% medium
containing microcarriers every three days; Control) no additions.

Time
interval (days)
0–3
3–6
6–9
9 – 12
12 – 15

µ (h-1)

td (h)

Ylac/glc

qGlc

0.0208
0.0059
0.0014
0.0020
-0.0004

33.4
117.4
495.9
354.2
-1627.6

2.00
1.05
0.96
1.09
1.00

7.35
4.28
4.05
3.44
3.47

II (n=3)

0–3
3–6
6–9
9 – 12
12 – 15

0.0209
0.0074
0.0044
0.0081
0.0040

33.1
93.4
158.0
85.3
174.5

2.00
1.05
1.00
1.18
1.31

8.37
4.85
4.17
3.52
2.55

Control
(n=3)

0–3
3–6
6–9
9 – 12
12 – 15

0.0206
0.0060
0.0020
-0.0014
-0.0044

33.6
114.7
353.4
-490.1
-156.0

2.18
1.21
1.31
2.19
1.10

8.51
5.42
5.50
2.22
1.66

Condition
I (n=3)
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Metabolism
In addition to cell growth, the cellular metabolism was monitored for the three different
culture conditions during the 15 days spinner flask cultivation. Nutrient (glucose, glutamine)
and metabolite (lactate, ammonia) concentrations in the culture medium were monitored over
time. With respect to the control condition, glucose concentrations decreased exponentially
during cell growth (Figure 2A). Glucose concentrations for condition I and II decreased
linearly in a slower rate, due to the additions of the nutrients. For the later time points (>10
days) the glucose concentration was lower for condition II compared to condition I. Directly
opposite to the decreasing glucose concentration, the lactate concentration increases over time
(Figure 2B); lactate was produced exponentially for the control condition and a linear increase
of the lactate concentration was observed for condition I and II.

Figure 2.

Consumption of glucose and glutamine and production of lactate and

ammonia by MSCs on microcarriers over time
Dashed lines are the time points of culture medium additions (if applicable). (□) Condition I=addition of
30% medium every three days; (■) Condition II=addition of 30% medium containing microcarriers every
three days; (○) Control=no additions. (n=3 per condition). Nutrient/metabolite profile of (A) glucose; (B)
lactate; (C) glutamine; (D) ammonia

From the glucose and lactate concentrations, the yield of lactate from glucose (Ylac/glc) and
the cell specific glucose consumption rate (qGlc) was calculated for the three different culture
conditions at different time intervals (Table 2). The Ylac/glc varied between 1 and 2 mol mol-1
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during culture. At the start of the cultivation (day 0 until day 3) the yield of lactate from
glucose is around 2 mol mol-1 for every condition. With increasing cultivation times, however,
the yield of lactate from glucose decreased to a Ylac/glc of 1 mol/mol. We did not observe any
major differences between condition I and II, regarding Ylac/glc. Initially, the glucose
consumption of the cultivations is relatively high; around 8 pmol cell-1 day-1. Prolonged
cultivation resulted in a decreasing qGlc over time. Similar results for qGlc were observed
between the three different cultivation conditions.
Apart from glucose as energy source, glutamine was also utilized by the cells over
time (Figure 2C). In the control condition, exponential glutamine uptake could be observed
until day 3. From day 3 on, the glutamine concentration in the medium was decreasing slowly

3

and linear. Glutamine, in the control condition, was totally exhausted after 11 days of
cultivation. For condition I and II, glutamine uptake was comparable to the control condition
during the first four days. However, due to medium additions, the glutamine concentrations in
the medium for condition I and II decreased slower than for the control condition. For both
condition I and II glutamine was not utilized completely during the spinner flask cultivations of
15 days. As a result of glutamine consumption the metabolite ammonia was produced by the
cells (Figure 2D). In the control condition high ammonia concentrations were reached, around
3.5 mmol NH3/L. Due to dilution by adding fresh medium lower ammonia concentrations,
around 2.8 mmol/L for condition I and 3.1 mmol/L for condition II, were measured compared
to the control condition.

Characterization
After 15 days of cultivation, Cytodex 1 microcarriers with attached MSCs were harvested
from the three cultivation conditions and analysed microscopically for cell distribution, load
and viability of the attached cells after MB and MTT staining. Figure 3 shows the distribution
and load of the viable cells for the three conditions. Both the control condition (Figure 3 C&F)
and condition I (Figure 3 A&D) showed heterogeneous cell distribution and cell aggregates on
the microcarriers. Condition II (Figure 3 B&E) showed a more homogeneous distribution of
the cells on the microcarriers. Also the freshly added microcarriers were covered with MSCs,
indicating that the cells were able to transfer from one bead to another during cultivation.
Condition II showed the highest visual cell load on the carriers followed by condition I and the
control, respectively. These microscopic observations confirmed the results obtained with
alamarBlue (Figure 1). The comparison of the MTT stained samples with MB stained samples
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(data not shown) showed no differences for any of the conditions, proving the viability of the
attached cells on the microcarriers.

3

Figure 3.

MSCs proliferated on Cytodex 1 microcarriers for 15 days stained with

MTT
(A & D) condition I, addition of 30% fresh medium (Original magnification 20x & 100x); (B & E)
condition II, addition of 30% fresh medium containing microcarriers (Original magnification 20x &
100x); (C & F) control condition (Original magnification 20x & 100x).

Discussion
Seeding
The attachment efficiency obtained in this study for the MSCs to Cytodex 1 microcarriers
of about 40% is relatively low compared to seeding efficiencies reported in other studies5; 10; 11;
13; 25-28

. Seeding efficiencies between 75 and 100% were obtained in those studies. These

differences in seeding efficiencies could be explained by the fact that other cell types were
evaluated and/or other conditions during the initial attachment period were applied. An
important parameter also affecting the attachment efficiency, however, is the verification
method. Various methods have been reported to determine the number of attached cells to the
microcarriers; 1) by counting the number of non-attached cells in filtrated (100 µm) medium10;
11; 13; 25; 27

, 2) by microscopically counting the attached cells on the microcarriers26, 3) by using

the Poisson distribution5, 4) by detaching cells using trypsin and counting detached cells28.
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Although all methods have their own drawbacks (e.g. representative sample, incomplete
harvesting), the first method (counting non-attached cells in the medium) is overestimating the
seeding efficiency. This evaluation method assumes that all cells absent in the medium have
attached and is thereby not taking into account the number of dead cells. Most authors that
applied this method indeed reported the highest attachment efficiencies. In our study we found
a seeding efficiency of 41% based on viable attached cells (determined by alamarBlue) and
56% based on dead non-attached cells (calculated from LDH activity in the medium, Table 1).
LDH measurements may overestimate the seeding efficiency, as the LDH activity in the
medium decreases over time (t0.5=9 hours). In contrast, analysis of the medium after seeding
according to method 1 resulted in 80-90% seeding efficiency in our system (data not shown).
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Apparently, cells that did not attach to the microcarriers died during seeding (as proven by
LDH activity) and could not be retrieved in the medium by counting.
Since the initial phase of a microcarrier culture is usually the most critical stage in the
culture cycle8; 29, the conditions for seeding of MSCs on microcarriers should be optimized to
increase the attachment efficiency. Possible routes for improvement are varying the stirring
regime, lowering the seeding volume, increasing the microcarrier concentration, varying the
initial pH and/or serum concentrations8;

25; 26

13; 30

substrate will affect their proliferation

. Because the initial attachment of cells to a

, a higher seeding efficiency can then subsequently

result in higher cell yields after expansion.

Effect medium feeding regime on cell proliferation
Glucose plays a central role as energy source in cellular metabolism; it is the primary
source for ATP for mammalian cells utilizing glucose either by oxidative phosphorylation
(yielding about 30-38 moles of ATP per mole glucose) or anaerobic glycolysis (yielding 2
moles of ATP and 2 molecules of lactate per mole glucose). The accumulation of lactate is
therefore associated with inefficient metabolism of glucose31-33. Several publications correlated
glucose and the lactate concentrations in the medium to cell numbers19; 34; 35. For the MSCs
cultured on Cytodex 1 microcarriers, a correlation between cell growth and glucose and lactate
concentrations is also observed. Increasing cell numbers (Figure 1) resulted in lower glucose
concentrations (Figure 2A) and higher lactate concentrations (Figure 2B) in the medium. The
metabolic parameters (Table 2) could also be correlated to the growth. Figure 4 presents the
growth rates versus the specific glucose consumption rates for all cultivations. Similar linear
correlations have been reported before for hybridoma cells34. Cells growing at a high rate,
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consumed more glucose per cell than cells growing at a lower rate. However, growth rate
depends not only on glucose consumption, but also on the efficiency of the glucose
metabolism. Possibly, a metabolic shift form anaerobic glycolysis to oxidative phosphorylation
occurred, as the yield of lactate from glucose changes over time34; 36. Initially a Ylac/glc of 2 was
obtained suggesting anaerobic glycolysis, followed by a combination of anaerobic glycolysis
and oxidative phosphorylation, as the Ylac/glc dropped towards 1 for every culture condition
(Table 2). Apparently, at a low growth rate the cells consumed the glucose more efficiently for
energy production. The energy produced by the cells is, however, not only used for growth, but
also for cell maintenance37. For the control condition, the low qGlc values in the death phase
may indicate that the consumed glucose is used for maintenance of the remaining living cells.
At the end of the cultivation period, glucose was still present in the medium for all conditions,
and therefore not limiting cell growth. In addition, the obtained lactate concentrations were
below the growth inhibitory concentrations for goat MSCs (>25 mmol/L23).

Figure 4.

Specific glucose consumption rate versus growth rate of the MSCs

Data points of all conditions (n=9) are shown. (□) Condition I=addition of 30% medium every three days;
(■) Condition II=addition of 30% medium containing microcarriers every three days; (○) Control=no
additions.

Unlike glucose, glutamine was completely depleted in the control condition at day 11 and
the cell growth ceased after depletion of glutamine. This indicates that the culture was
nutritionally limited by glutamine. Apart from a constituent of proteins, glutamine is also an
important energy source for mammalian cell culture22; 32; 34. Another reason why cells entered
the stationary growth phase followed by the death phase could be the metabolite ammonia,
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NH3. Ammonia is mainly released by metabolic deamination of glutamine to glutamate and
conversion of glutamate to α-ketoglutarate. Also spontaneous decomposition of L-Glutamine
releases ammonia22; 38. Ammonia can be growth inhibiting at low concentrations20; 22; 39. For
goat MSCs, we found that the growth inhibitory NH3 concentration is around 3 mmol/L23. For
the control condition, the inhibitory concentration of 3 mmol/L was reached at day 8,
increasing to 3.5 mmol/L at day 11, which was also the starting point of the death phase.
Therefore, both glutamine and/or ammonia could be the cause of growth inhibition and cell
death in the control condition. Other possible causes could be e.g. shortage of essential amino
acids and other deficiencies33;

40

, accumulation of other waste products17;

18

or specific

cultivation circumstances (sheer, pH, oxygen).
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Condition I and II shows extended linear growth compared to the control condition.
During cultivation, both glucose and glutamine were not totally utilized in condition I and II
due to the addition of nutrients every three days. Linear growth, also observed for murine
MSCs by Da Silva Meirelles and Beyer Nardi41, indicates the presence of a growth inhibiting
factor. In our case, it may be ammonia accumulations. Ammonia concentrations in condition I
reached the growth inhibitory concentration at day 12, similar to condition II. Condition II
maintained the linear growth phase until the end of the cultivation period, whereas condition I
reached the stationary growth phase after 6 days. This suggests a positive effect of the addition
of microcarriers on cell growth. Overall, the addition of fresh nutrients prolongs growth for the
MSCs grown on Cytodex 1 microcarriers. Feeding regimes keeping the nutrient concentration
constant above a certain threshold may further prolong the exponential growth phase.

Effect of surface area on cell proliferation
In general, cells remain growing as long as nutrients are available, no accumulation of
growth inhibitors occur, and sufficient surface area is available. Since the only difference
between condition I and condition II is the addition of new microcarriers, the cells in condition
II probably continued growing because new surface area is provided. Figure 5 presents the
number of attached cells per square centimetre over time. For condition I a maximum cell load
on the microcarriers, i.e. around 12 000 cells per cm2, was observed (deduced from the
situation seen in Figure 5). The maximum cell load was not reached for the control condition,
due to the low total amount of cells in the culture. Moreover, for condition II the maximum cell
load was also not reached, due to an increasing surface area by adding new microcarriers. So,
by adding fresh microcarriers maximum loading of the microcarriers is prevented and cells can
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continue growing. Interestingly, microscopic inspection showed no completely covered
microcarriers in condition I (Figure 3D), but heterogeneous cell distribution and cell
aggregates.

3
Figure 5.

Number of MSCs per square centimetre versus time

Cell numbers are based on alamarBlue results (n=3 per condition). Dashed lines are the time points of
culture medium additions (if applicable). At t=0 days, a total of 2000 cells were seeded per cm2
microsphere surface. (□) Condition I=addition of 30% medium every three days; (■) Condition
II=addition of 30% medium containing microcarriers every three days; (○) Control=no additions.

A more homogeneous cell distribution on the microcarriers was observed in condition II,
as a results of bead-to-bead transfer of the MSCs. Cells transferring from carrier to carrier was
shown for amongst others CHO cell-lines42; 43, bovine chondroprogenitor cells44, and recently
for porcine mesenchymal stem cells5. By adding fresh microcarriers during cultivation, cell
aggregates, as formed in condition I and the control, can be prevented. For all conditions, the
cells kept rounded cell morphology on the microcarriers during the cultivation (Figure 3). This
was also observed for porcine MSCs by Frauenschuh and co-workers5, although in their study
the morphology changed to fibroblastoid shape during the adhesion process. As MSC are
anchorage dependent, they attach to the positively charged Cytodex 1 microcarriers due to
differences in charge8. Considering the rounded morphology, the dextran-based microcarriers
do not supply the optimal surface characteristics for proper attachment of goat MSCs. Other
types of microcarriers, as indicated by Nilsson8, may be more suitable for proper adhesion and
expansion of goat MSCs.
Being a model for human MSC, the expanded goat MSC were not fully characterized for
their “stemness” (FACS) and multipotency. The number of FACS antibodies for goat MSCs is
limited and in vitro multipotency assays for goat MSCs are not standard as for human MSC.
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Other groups, however, have reported various studies with other animal derived stem cells
showing the differentiation potential of the stem cells after expansion on (cytodex)
microcarriers. Pluripotency was shown for mouse embryonic stem cells after expansion on
cytodex 314; 15 and multipotency was shown for porcine mesenchymal stem cells expanded on
cytodex 15. On the other hand, the cultivation on microcarriers may also induce differentiation
during expansion9.
So far, no results on the expansion of human MSCs on microcarriers have been published.
To evaluate the effect of feeding regime on the cell properties, including the stemness and
multipotency, our future studies will focus on the expansion of human MSC on cytodex 1
microcarriers. The starting point for these studies with human MSCs will be condition II,
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being the preferred feeding regime for expansion of goat MSCs. However, human MSCs may
behave differently compared to goat MSCs upon expansion on microcarriers and the feeding
regime. Therefore, extensive characterization by FACS analyses and multipotency assays will
be performed on the expanded human MSCs. If necessary, the feeding regime will be further
optimized for human MSCs towards fast cell growth combined with efficient metabolism,
homogenous cell distribution and maintained multipotency.

Conclusions
Herein, we have shown the successful expansion of goat mesenchymal stem cells by using
a microcarrier-based cultivation system. The proliferation of goat MSCs can be prolonged by
adding 30% medium containing fresh nutrients and Cytodex 1 microcarriers to the cultivation
system every three days. This feeding regime has the advantage that metabolites, such as
ammonia, are diluted and that new energy sources, such as glucose and glutamine, and
additional surface area are provided to the cells. In addition, by adding extra microcarriers a
more homogenous cell distribution on the microcarriers is obtained as a result of bead-to-bead
transfer. A correlation between nutrient consumption, metabolite production and cell growth
was observed. However, the yield of lactate from glucose over time indicated a possible shift in
cellular metabolism. As successful expansion of goat MSC was proven and correlated to cell
metabolism, future studies will focus on human MSC expansion, including thorough
investigation of the cellular metabolism and characterization of the cells.
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Abstract
Adult stem cells, or mesenchymal stromal cells (MSCs), are of great potential for cell
therapy and tissue engineering applications. However, for therapeutic use, these cells need to
be isolated from tissue or a biopsy and efficiently expanded as they cannot be harvested in
sufficient quantities from the body. In our opinion, efficient expansion of MSCs can be
achieved in a microcarrier-based cultivation system. This study selected a suitable microcarrier
for human bone marrow derived stromal cells (human MSCs), optimized cell seeding strategies
by varying serum concentrations, and optimized dynamic expansion of the human MSCs in a
microcarrier-based spinner flask cultivation system by applying various feeding regimes.
Cytodex 1 microcarriers in combination with a low serum concentration 0-5% in the medium
resulted in the highest seeding efficiency for the human MSCs. Subsequently, significant
expansion of the human MSCs on these carriers has been observed. The highest number of
human MSCs population doublings (4.8 doublings) was obtained by a combination of 50%
medium refreshment combined with addition of 30% medium containing microcarriers every
three days. Exponential cell growth was observed for at least 9 days after seeding due sufficient
nutrients (such as glucose) were present, metabolite concentrations (such as ammonia) were
kept below growth inhibitory concentrations and adequate surface area was present for the
cells. After dynamic expansion of the human MSCs, the cells retained their differentiation
potential and their cell surface markers, indicating that human MSCs expansion on Cytodex 1
microcarriers did not alter phenotypic properties of the cells.
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Introduction
For most applications in tissue engineering and cell therapy, the use of adult stem cells
(also referred to as mesenchymal stem cells, bone marrow stromal cells (MSCs) or progenitor
cells) is preferred because of their ability to differentiate into many different cell types. When
grown under appropriate conditions, adult stem cells can form various tissues such as bone,
cartilage, muscle, tendon, ligament and other connective tissues1. As adult stem cells residue in
virtually all tissues and organs, they can be isolated, expanded and used for therapeutic
applications, such as bone and cartilage reconstitution or repair of infarcted heart tissue2; 3.
From this perspective, it is interesting to use autologous adult stem cells to regenerate or
replace missing or damaged body parts. However, the adult stem cells are present in small
quantities in the body, such as bone marrow1; 4. One of the major challenges currently faced, is
the lack of reproducible and cost-effective methods to isolate and expand sufficient numbers of
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adult stem cells so that they can be used for clinical applications.
Much research is performed to develop bioreactors for the creation of entire tissues (tissue
engineering)5-7, but only a few studies are focusing on the development of a bioreactor for adult
stem cells expansion without differentiating them towards a certain lineage. This may be
interesting for improvement of infarcted heart tissue or other body disorders after MSCs
delivery3.
One way to expand adult stem cells in a controllable, reproducible and cost-effective
manner is by using a microcarrier-based bioreactor system. Microcarriers offer the advantage
of providing a large surface area for monolayer cell growth in a homogenously stirred
suspension culture. Studies with porcine MSCs 8, goat MSCs 9, and rat MSCs10 already showed
the possibility to expand MSCs on microcarriers. However, to our best knowledge no studies
have been published showing significant expansion of human MSCs (human MSCs) on
microcarriers. Previous studies by our group using conventional tissue culture flasks showed a
different growth pattern and cellular metabolism of human MSCs compared to MSCs derived
from other species11. Therefore, human MSCs expansion on microcarriers most probably also
differ from goat or porcine MSCs expansion.
This paper reports the expansion of human bone marrow stromal cells (human MSCs) in a
microcarrier based bioreactor system. Firstly, the seeding efficiency for human MSCs was
evaluated on a wide variety of commercial available microcarriers. Further improvement of the
seeding efficiency on the selected microcarriers was assessed by varying the serum
concentration during seeding. Secondly, the expansion of the human MSCs on the selected
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microcarriers was optimized by varying the feeding regimes. During expansion, the
metabolism of the human MSCs was evaluated by monitoring nutrient consumption and
metabolite production. After dynamic expansion, the differentiation potential and cell surface
characteristics of the human MSCs were verified by multipotency assays and flow cytometry.

Materials and Methods
Isolation of human MSCs
After informed consent, human bone marrow aspirates (approximately 10 ml) was
obtained from the iliac crest of adult donors who were undergoing hip surgery. The MSC
population was isolated from the aspirates via adhesion selection12; 13: plating the bone marrow
at 500 000 nucleated cells/cm2 in α-minimal essential medium (αMEM) for proliferation.
αMEM proliferation medium consisted of minimal essential medium (Invitrogen, Breda, The
Netherlands) supplemented with 15% foetal bovine serum (FBS, Cambrex, Verviers, Belgium),
100 U/ml penicillin (Invitrogen), 100 µg/ml streptomycin (Invitrogen), 2 mM L-glutamine
(Invitrogen), 0.2 mM L-ascorbic acid-2-phosphate (Sigma, Zwijndrecht, The Netherlands), 1
ng/ml basic fibroblast growth factor (AbD Serotec, Oxford, UK) and 10 nM dexamethason
(Dex, Sigma)14. Human MSCs were cultured at 37ºC in a humid atmosphere with 5% CO2.
When near confluency was reached (90%), cells were washed with PBS (Invitrogen) and
enzymatically harvested by means of 0.25% trypsin in 1 mM EDTA solution (Invitrogen)
followed by replating at 500 cells/cm2. Subsequently, human MSCs were cryopreserved at the
end of passage 2.

Monolayer pre-cultivation
Defrosted cryopreserved human MSCs were plated at 2500 cells/cm2 in αMEM
proliferation medium. The medium was replaced every 3 to 4 days. At near confluence, cells
were sub-cultured until passage 5 as described above. The passage 5 harvested cells were used
for the 3D microcarrier cultivation in spinner flasks.
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Microcarrier cultivation in spinner flasks
Microcarrier selection
Nine microcarrier types from different manufactures were examined for their human
MSCs attachment properties. Cytodex type 1 and type 3 (GE Healthcare, Diegem, Belgium)
ProNectin®F, Hillex II, Glass, Plastic, Plastic plus, FACT III, and Collagen (SoloHill
Engineering, Michigan, United States) were prepared according to manufacturer’s instructions.
The microcarrier properties are shown in Table 1. The microcarriers (20 cm2/ml) were seeded
using 24-well plates with 5 000 cells/cm2, shaken on a x-y-z-shaker (Heidolph polymax 1040,
Salm en Kip BV, The Netherlands) at 37ºC in a humid atmosphere with 5% CO2. After an
attachment period of 18 hours, the number of viable attached cells was determined with the
alamarBlue assay (BioSource, Etten-Leur, The Netherlands) as described previously9. In short,
the microcarrier-cell fraction is incubated for 4 hours with 3 ml 10% alamarBlue solution.
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During incubation the alamarBlue™ is reduced, caused by cellular activity, which was
measured in triplicate by fluorescence. The type of microcarrier showing the highest
attachment of viable cells was selected for further development.

Table 1.

General information microcarriers

Microcarrier

Matrix

Surface coating

Cytodex 1
Cytodex 3
ProNectin®F
FACT III
Plastic plus
Collagen
Plastic
Glass

DEAE-dextran
DEAE-dextran
polystyrene
polystyrene
polystyrene
polystyrene
polystyrene
polystyrene

Hillex II

polystyrene

none
collagen
fibronectin
gelatin
none
gelatin
none
high silica
trimethyl
ammonium

+
+
none
+
+
none
none
-

Gravity
(g/ml)
1.03
1.04
1.02
1.02
1.02
1.02
1.02
1.02

+

1.11

Charge

Size (µm)
131 - 220
133 - 215
125 - 212
125 - 212
125 - 212
125 - 212
125 - 212
125 - 212
160 - 180

Human MSCs seeding efficiency
The effect of serum on the seeding efficiency of human MSCs on the selected microcarrier
type was investigated in both 6-well plates and siliconized 100 ml spinner flasks (Bellco,
Nutacon, Leimuiden, The Netherlands).

The microcarrier cultures (20 cm2/ml, based on

manufacturer’s instructions) in 6-well plates were shaken on a x-y-z-shaker (Heidolph polymax
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1040, Salm en Kip BV) in a 37ºC humid atmosphere containing 5% CO2. Passage 5 human
MSCs, harvested from the monolayer pre-cultivation, were seeded in triplets at 2750 cells/cm2
in 3 ml proliferation medium containing different serum (FBS) concentrations; 0%, 5%, 10%,
and 15%. During seeding, the culture was shaken continuously at 5 rpm. After an 3 hours
attachment period, the cell seeding efficiency was determined with the alamarBlue assay.
The microcarrier cultures (20 cm2/ml) in spinner flasks were agitated with a teflon (PTFE)
agitation paddle and an external magnetic stirring system (VARIOMAG, Florida, USA) in a
37ºC humid atmosphere containing 5% CO2. With regard to the seeding in spinner flasks,
passage 5 human MSCs were seeded at 4000 cells/cm2 in 50 ml proliferation medium
containing either 0%, 5% or 15% serum. During seeding the culture was stirred continuously at
30 rpm. After an 18 hours attachment period, the cell seeding efficiency was determined with
the alamarBlue assay. In addition, pH measurements of the different media were performed for
both experiments.

4

Human MSCs expansion on microcarriers
After seeding the cells as described above, the microcarrier-cell complexes were settled by
gravity and the proliferation medium was refreshed for 50% after the seeding phase before
cells start multiplying (expansion phase). Human MSCs from two donors (both passage 5 cells)
were expanded on microcarriers in spinner flasks for 9 days at 37 ºC in a humid atmosphere
with 5% CO2, stirred at 40 rpm continuously by the external magnetic stirring system. Several
feeding regimes were tested to optimize the proliferation on the carriers. Table 2 depicts an
overview of the experiments which are discussed in this paper.

Table 2.

Used feeding regimes to optimize the expansion of human MSCs on
microcarriers

Run
1
2
3
4
5
6

Donor
2
1
1
2
1
1

7

1

8

1

Feeding regime (every three days)
Refreshing 30% medium
Addition of 30% medium
Addition of 30% medium containing microcarriers (20 cm2/ml)
Addition of 30% medium containing microcarriers (20 cm2/ml)
Addition of 30% medium
Addition of 30% medium containing microcarriers (20 cm2/ml)
Refreshing 30% medium followed by addition of 30% medium
containing microcarriers (20 cm2/ml)
Refreshing 50% medium followed by addition of 30% medium
containing microcarriers (20 cm2/ml)
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To monitor cell growth, samples of 2 ml of the microcarrier-cell complex suspensions
were taken every three days, starting at day zero after seeding and refreshing, and analysed for
cell number with the alamarBlue assay (BioSource, Etten-Leur, The Netherlands). Moreover,
nutrients and metabolites (glucose, lactate and ammonia) in the medium were analysed using
the VITROS DT60 II chemistry system (Ortho-Clinical Diagnostics, Tilburg, The
Netherlands). L-glutamine concentration in the medium was determined enzymatically with the
Glutamine/Glutamate determination kit (GLN-1, Sigma).
In addition to the measurements, samples were stained with 1% methylene blue (MB)
solution (Sigma) to visualize the cell distribution and loading on the microcarriers using light
microscopy. To verify the viability of the attached cells, the samples were stained with a 1% 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

(MTT)

solution

(Merck,

Amsterdam, The Netherlands) and visualized using light microscopy.
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Characterization of the human MSCs after expansion
For characterization of the expanded human bone marrow stromal cells, cells were
harvested from the microcarriers using the enzyme trypsin. Prior to enzymatic harvesting, the
cell-microcarrier complexes were washed twice with PBS. The washed complexes were
incubated for maximum 1 hour in 0.25% w/v trypsin/EDTA. Detachment of the cells from the
microcarriers was confirmed by light microscopy. The detached cells were separated from the
microcarriers using a 100 µm filter.

Multipotency analyses of human MSCs
Harvested human MSCs from the optimal feeding regime(s) were examined for their
differentiation potential using in vitro osteogenic and adipogenic differentiation assays. For
osteogenic differentiation, human MSCs were seeded in 6-well plates at 10 000 cells/cm2 and
cultured for 21 days in osteogenic differentiation medium, which was composed of basic
proliferation medium with 0.01 M beta glycerol phosphate (Sigma). Mineralization of the
extracellular matrix was verified by Alizarin red staining of the deposited calcium.
To induce adipogenic differentiation, human MSCs were seeded at 5000 cells/cm2 in 6well plates and cultured for 21 days in adipogenic medium. Adipogenic medium was composed
of Dulbecco’s Modified Eagle Medium (DMEM) with the following supplements: 10% FBS,
100 U/ml penicillin, 100 µg/ml streptomycin, 0.5 mM 3-isobutyl-1-methylxanthine (Sigma),
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0.02 M indomethacin (Sigma), 1 µM Dex, and 0.1 nM insulin (Sigma). Cells differentiated to
adipocytes were indentified by small fat droplets in their cytoplasm.

Identification of human MSCs by flow cytometry
To verify the phenotype of the harvested human MSCs, the cells were examined using
flow cytometry on the markers shown in Table 3. Antibodies were purchased from Becton
Dickinson (BD, Heidelberg, Germany), except for CD105 (Ancell Corp, Bayport, MN, USA).
Labelled cells were measured using a FACS Calibur (BD) and data were analysed by using the
CellQuest Pro software (BD).

Table 3.

Cell markers used for HBMSCs characterization using flow cytometry

Group
General markers

Adhesion markers

Marker
CD90
CD73
CD105
CD49
CD13
CD117
CD44
CD55
CD29
CD166

Group
MHC

Haematopoietic cells

Marker
HLA-ABC
β2 microglobulin
HLA-DR
GPA
CD31
CD14
CD3
CD45
CD19
CD71
CD34

4

Statistical analysis
Statistical significance was assessed by analysis 2 groups of data with the student t-test
and by analysis of 3 or more groups of data with the ANOVA test: significance was determined
at a p value less than 0.05.

Results and Discussion
The aim of this study was to evaluate the expansion and metabolism of human
mesenchymal stromal cells on microcarriers. Initially, an appropriate microcarrier was selected
for the human MSCs. Subsequently, the expansion of human MSCs on the selected
microcarrier was optimized and metabolism of the cells was monitored. Finally, the
differentiation potential and cell surface characteristics of the expanded human MSCs were
analyzed.
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Microcarrier selection
To select the most suitable microcarrier, human MSCs attachment on various
microcarriers was investigated. After a seeding period of 18 hours, the cell number attached on
the microcarriers was established with the alamarBlue assay. Significant differences in seeding
efficiency between the tested microcarriers were obtained (p<0.0001), see Figure 1. Cytodex
type 1 showed the highest seeding efficiency (57%) under these seeding conditions (p=0.022
compared to other groups).
Cytodex 1 was also shown to be the best microcarrier for porcine MCSs8 compared to
Cytodex 2 and 3. A 80% seeding efficiency, based on quantification by the Poisson
distribution, was obtained. In addition, Cytodex 1 microcarriers were selected for chondrocyte
expansion because high seeding efficiencies were obtained (85%) by counting cells in
suspension15. The higher seeding efficiencies obtained in these studies compared to the study
performed for this paper may be caused by the different methods used to determine the seeding
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efficiency9. In addition, the current experimental conditions regarding e.g. stirring rate, serum
concentrations, and microcarrier density were not optimized. Irrespective of the method and
experimental conditions, Cytodex 1 microcarriers showed the highest seeding efficiency for the
human MSCs (Figure 1) compared to the other microcarriers tested. Therefore, we selected this
microcarrier type for further studies.

Figure 1.

Human MSCs seeding efficiencies obtained for various microcarriers.

Each microcarrier type was seeded with 5000 cells per cm2. After 18 hours, the seeding efficiency per
microcarrier was analysed in triplicate using the alamarBlue assay. 10% serum (of a different serum
batch than used in the other experiments) was supplemented to the culture medium. Significant results
between the groups were obtained (p<0.0001).
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Human MSCs seeding efficiency - effect of serum
Serum, the major supplement in cell culture media, contains cell attachment factors such
as fibronectin which mediates in the cell adhesion process16. However, several studies showed
that serum in the culture media during seeding inhibits cell attachment17; 18. To optimize cell
attachment to the Cytodex 1 microcarriers, the effect of serum on seeding efficiency has been
evaluated. Four serum concentrations in the standard proliferation medium were tested: 0%,
5%, 10% and 15%. Monolayer pre-cultured human MSCs were seeded on the microcarriers
either in 6-well plates or spinner flasks.

4

Figure 2.

Seeding efficiency human MSCs – effect of serum.

HBMSCs were seeded on Cytodex 1 microcarriers into medium containing 0%, 5%, 10% or 15% serum
(FBS). After the attachment period (3 hours for the 6-well plate experiments (seeded 2750 cells/cm2) and
18 hours for the spinner flask experiments (seeded 4000 cells/cm2), the seeding efficiency was determined
using the alamarBlue assay. Significant differences between the groups were obtained (p=0.0052).

Figure 2 shows the obtained seeding efficiencies for the human MSCs after the
attachment period. Both the results of the 6-well plates and the spinner flask experiments are
shown. Significant differences between the four groups of serum concentrations were obtained
(p=0.0052). Low serum concentrations, 0% – 5%, yielded in higher cell seeding efficiencies
compared to the higher serum concentrations tested. Comparable results were obtained by
Forestell and co-workers17 using human fetal lung fibroblasts, MRC-5 cells, on Cytodex 1
microcarriers. They discussed that the presence of serum lowers the surface hydrophobicity,
resulting in a decreased cell attachment rate. They also postulated that cell attachment to the
microcarrier surface is actually a two-stage process. The first step is cell adhesion to the
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carriers based on hydrophobic surface properties and the second step is cell attachment and
spreading mediated by attachment proteins present in the serum. For non-ionic microcarriers,
Nilsson19 indicated that fibronectin has also been found necessary for cell attachment. Our
results, with human MSCs and positively charged Cytodex 1 microcarriers, indicated that
serum is not necessary for initial cell attachment.
Besides the presence of attachment proteins, the initial pH may also affect the seeding
efficiency. Initial media pH, before equilibrium with 5% CO2, was increasing with increasing
serum concentrations; from pH 7.45 at 0% serum to pH 7.65 at 15% serum. After incubation in
the CO2 incubator, the pH values were comparable for the four different media; 7.4, the
standard pH for human MSCs growth currently used. The critical factor for cell attachment on
a surface is its surface charge density. Nilsson19 proposed that this charge density is related to
the interaction, the “van der Waals forces”, between the attachment proteins of the cell and the
charged surface. At physiological pH, the hydrophobic surface of the Cytodex 1 microcarriers
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and the negative charge of the cells force the cells to attach to the microcarriers. However,
when the medium pH is changed, the hydrophobicity of the microcarrier surface and the
configuration of the cellular attachment proteins may be altered and influencing the attachment
of the cells

18; 20

. Thus, the higher initial pH of medium with high serum concentrations (10-

15%) may have reduced the seeding efficiency.
Overall, this study showed that low serum concentrations are beneficial for the seeding
efficiency of human MSCs on Cytodex 1 microcarriers. However, for expansion higher serum
percentages (10-15%) are normally required12; 21. Therefore, for optimal expansion, additional
serum should be added to the culture after the attachment period.

Expansion

and

metabolism

of

human

MSCs

on

microcarriers
To optimize the expansion of human MSCs on Cytodex 1 microcarriers, various feeding
regimes were evaluated in spinner flask experiments using 2 donors. Optimization of the
feeding regime was mainly performed with donor 1 because comparable results were obtained
between donor 1 and donor 2 when changing the feeding regime (data not shown). The
following sections show and discuss the results per feeding regime tested.
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Effect of medium refreshment on human MSCs expansion
Human MSCs from 2 donors were seeded on the Cytodex 1 microcarriers in spinner flasks
and growth was monitored for 9 days. As a first step, a control run (no refreshment or addition
of medium during cultivation) was performed for both donors to verify if human MSCs will
grow on the Cytodex 1 microcarriers. Expansion of the human MSCs was observed for both
donors (see Figure 3 for donor 1, data donor 2 not shown). However, cell growth was not
optimal. Only three days of exponential cell growth on the microcarriers was observed for both
donors. After 9 days, cells reached the stationary growth phase, were no growth is observed
anymore.
Several factors can inhibit the exponential cell growth of the human MSCs, such as high
metabolite concentrations11; 22 low nutrient concentrations and/or shear20; 23. Measurements of
the main metabolites (lactate and ammonia) and nutrients (glucose and glutamine) in the
culture medium revealed that inhibiting ammonia concentrations (2.4 mmol/l11) are reached at
day 9 for the control cultivations of both donors (data not shown). Moreover, glucose
concentrations were zero, or almost zero, between day 6 and day 9 after seeding. These two
inhibiting factors may explain why the cells did not grow exponentially anymore after 3 days
of culture. Obviously, more factors may play a role in cell growth inhibition.
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Figure 3.

Human MSCs expansion on microcarriers with or without the addition of

extra microcarriers during culture.
♦=Run 3 (addition of medium with microcarriers every three days); ■=Run 2 (addition of medium every
three days); x=Run 6 (addition of medium with microcarriers every three days); ○=Run 5 (addition of
medium every three days); ─=control (no additions or refreshments every three days), donor 1.
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High ammonia concentrations and low glucose concentrations may be overcome by
medium refreshment, similar to the conventional T-flasks cultivation. However, 100% medium
refreshment of microcarrier cultivation is practically impossible because the microcarriers
should stay in suspension. Previous expansion experiments with goat MSCs on Cytodex 1
microcarriers9 showed that exponential cell growth was obtained when the feeding regime
comprises the addition of 30% fresh medium containing 20 cm2/ml microcarriers every three
days. To examine the effect of only medium refreshment on the human MSCs growth on
microcarriers, 30% medium of the microcarrier culture was refreshed every three days for 9
days long. The results showed no difference in cell growth compared to control, i.e. 3 days
exponential cell growth followed by a decline in total cell number. Regarding the growth rates
of the cells during the cultivation also no differences were obtained between the control run
and the 30% medium refreshment run. Glucose concentrations were finished for both the
control and 30% medium refreshments runs at day 9 and ammonia concentrations were both
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growth inhibiting (2.4 mM for the 30% refreshment run and 2.7 mM for the control run). As
there were no differences obtained in cell growth and the glucose and ammonia concentrations
in the medium between the runs, it can be concluded that 30% medium refreshment every three
days is not sufficient to improve cell growth for human MSCs.

Effect of carrier addition on human MSCs expansion
As refreshing only did not improve human MSCs growth on microcarriers, the effect of
30% medium addition, either with or without extra microcarriers, was examined. Two
experiments with 1 donor were performed to examine the effect of 30% medium addition every
three days, with or without 20 cm2/ml Cytodex 1 microcarriers (run 2, 3, 5, and 6). Figure 3
shows the growth curves of the cells in the separate experiments, including a control run
without additions or refreshments. As former experiments with goat MSCs showed no
significant variation between triplets11, not every run with the human MSCs was performed in
duplets/triplets.
Cell growth in all conditions showed the normal growth curve, including lag, exponential
and stationary growth phase. No effect of adding medium with or without microcarriers was
observed regarding cell growth, which is opposite to what was expected, namely better cell
growth when adding medium containing microcarriers because extra nutrients and surface area
is provided to the cells11. Nevertheless, when examining the cell distribution on the
microcarriers, cell-microcarrier aggregates were obtained when no extra microcarriers were
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added (Figure 4A). These aggregates were not observed in the culture where extra
microcarriers were added (Figure 4B). The human MSCs seem to adhere preferably to newly
added microcarriers. Hu et al.24 also observed that mammalian cells attached to new
microcarriers with a significant faster rate. Himes and Hu18 published that a higher attachment
rate is, among others, mainly caused by the ion exchange capacity. A higher exchange capacity
resulted in a higher cell attachment rate. A decreasing exchange capacity of the microcarriers
on which cells had previously grown could be caused by serum proteins adsorbed on the carrier
surface25.

4

Figure 4.

Effect of a feeding regime with or without microcarrier addition on cell

distribution.
A) Run 2 (without the addition of microcarriers), original magnification 20x; B) Run 3 (with the addition
of microcarriers), original magnification 20x; C) Run 2, original magnification 200x, arrow indicates the
cellular bridge between the microcarriers. Cells were stained with 1% MTT solution.

Another explanation for the formation of aggregates, when no new microcarriers are added
to culture, is the cell density (i.e. number of cells/microcarrier). If no new surface area is
provided, the cells will search for any place left for attachment. For example, they will adhere
partly on one microcarrier and partly on another microcarrier causing cell bridges between the
carriers, see Figure 4C. When enough surface area is present, by adding new microcarriers,
fewer cell bridges between the carriers and cell-microcarrier aggregates will be formed. In
addition, by using higher stirring rates, the formation of cell bridges will be reduced20.
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By adding 30% medium with and without extra microcarriers, significant higher cell
numbers were obtained compared to the control condition of donor 1 (Figure 3). This indicates
that by adding extra nutrients to the culture the cell growth is prolonged. Medium analysis
indeed showed that glucose was not fully consumed at day 9 (2-3 mM glucose left at day 9)
and ammonia levels were slightly lower for the 30% addition conditions. However, cell growth
is prolonged linearly and not exponentially. This may still be caused by the production of
metabolites, lactate and ammonia, which can inhibit cell growth11; 22. Medium analysis showed
that ammonia and lactate concentrations were increasing over time. Especially ammonia
reached relatively high levels (±2.0 mM)) that can inhibit cell growth11. To overcome the effect
of metabolites on the cell growth, metabolites should be removed by, for example, refreshing
the culture medium. As was shown, 30% medium refreshment alone is not enough to improve
MSCs growth on microcarriers. Subsequently, a combination of medium addition with extra
microcarriers and medium refreshment was examined.

4

Combination of medium refreshment and microcarrier addition
Three feeding regimes were compared to determine the effect of a combination of medium
refreshment and medium addition with microcarriers. The regime in which 30% medium
containing microcarriers was added every three days (without refreshments, run 6) was
compared to two cultures in which, prior to the addition of 30% medium (with microcarriers)
also 30% (run 7) and 50% (run 8) of the medium was refreshed every three days. Figure 5
shows the growth curves obtained for these three cultures. With regard to the total cell number
after 9 days, no positive effect was obtained when 30% of the medium was refreshed combined
with the addition of medium with microcarriers (run 7, 2.9 population doublings) compared to
run 6 (without refreshments, 2.6 population doublings) (p=0.056). The lack of effect was also
reflected by the doubling times (td, see Table 4). These results indicate that the combination of
30% medium refreshment and 30% addition of medium containing microcarriers were not
sufficient to improve human MSC expansion. However, when refreshing 50% of the medium
combined with 30% addition of medium containing microcarriers (run 8), higher total cell
numbers were obtained (p<0.0001) and up to day 9 exponential cell growth was obtained (see
Figure 5, 4.8 population doublings). Moreover, after the initial growth phase, day 0 to day 3, a
constant cell growth rate (td = 70 hours) was obtained until day 9 (see Table 4). The growth
rate obtained, however, is relatively slow for human MSCs compared to standard 2D culture in
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tissue culture flasks. Therefore, future studies will focus on further optimization of the culture
conditions to improve the cell growth rates.
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Figure 5.

Human MSCs expansion on microcarriers; effect of a combination of both

4

refreshing medium and adding medium with microcarriers.
■=Run 6 (30% addition of medium with carriers every three days); ∆=Run 7 (30% medium refreshment +
30% addition of medium with carriers every three days); x=Run 8 (50% medium refreshment + 30%
addition of medium with carriers every three days). At day 9, no significant difference between run 6 and
run 7 was obtained (p=0.056). A significant difference between run 8 and run 6 or run 7 was obtained
(p<0.0001) after 9 days of culture.

During expansion in run 8, a more efficient metabolism was used by the cells for cell
growth. Lower specific glucose consumption rates (qGlc) were obtained while the yield of
lactate from glucose (Ylac/glc) remained constant around 1.5 (Table 4). Glucose is either
efficiently metabolised by oxidative phosphorylation (yielding about 30-38 moles of ATP per
mole glucose) or inefficiently metabolised by anaerobic glycolysis (yielding 2 moles of ATP
and 2 molecules of lactate per mole glucose). The accumulation of lactate up to a Ylac/glc of 2 is
therefore associated with inefficient metabolism of glucose26. Ylac/glc higher than 2 can be
explained by the fact that lactate can also be produced from glutamine and other amino acids26.
The partly efficient glucose metabolism and constant growth observed in run 8 may be
explained by the favourable nutrient and metabolite concentrations present in the culture
medium during expansion. Adequate glucose levels, the main nutrient for human MSCs
growth11, were present in the medium during the expansion over 9 days (Figure 6). Even when
the cells were growing faster compared to the other conditions, comparable glucose levels were
maintained in the medium due to the 50% medium refreshment. Due to the optimized feeding
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regime, glucose concentrations stabilised around 3 mM during expansion in run 8. As reported
previously11, minimal glutamine consumption by the human MSCs was observed (data not
shown) for all conditions. Glutamine is therefore not considered to be growth rate limiting.

Table 4.

Metabolic and growth parameters obtained for human MSCs cultures

using different feeding regimes.
Run 6= 30% addition of medium with carriers; Run 7= 30% medium refreshment + 30% addition of
medium with carriers; Run 8= 50% medium refreshment + 30% addition of medium with carriers.

Time periods (days)
td (h)

qGlc
(pmol cell-1 day-1)

4

Ylac/glc

Run 6
Run 7
Run 8
Run 6
Run 7
Run 8
Run 6
Run 7
Run 8

0-3
38.3
31.7
24.5
9.3
6.4
10.8
2.8
6.5
1.6

3-6
85.9
67.7
70.5
7.6
8.4
6.2
1.6
1.9
1.6

6-9
153.9
201.5
70.8
6.3
6.6
3.9
1.4
1.7
1.4

qGlc= average specific glucose consumption rate; Ylac/glc= yield of lactate from
glucose; td= doubling time

By refreshing 50% of the medium, metabolites, such as lactate and ammonia, are removed
from the human MSCs culture. As these metabolites may be growth inhibiting, already at
concentrations reach during culture without refreshment

11

, removing half of the metabolites

every three days has a significant effect (see Figure 5, p<0.0001). Figure 6 shows that lactate
concentrations increased for the first 6 days and remained constant up to day 9 due to the
refreshment. Higher lactate levels for run 8 were measured compared to run 6 and 7, because
more cells were present. Nevertheless, the lactate levels reached during expansion in all the
conditions were not growth limiting, according to previously reported growth inhibitory
concentrations11. Ammonia concentrations, which were already inhibiting for the donor tested
at 2.0 mM, increased for the first three days to 1.3 mM and remained stable up to day 9.
Nevertheless, initial cell growth (day 0-3) is faster compared to the growth between day 3 and
day 9. This indicates that there is still an unknown factor that inhibits/limits cell growth.
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Nutrient and metabolite concentrations during human MSCs expansion

using different feeding regimes.
A) Glucose, B) Lactate, C) Ammonia. ■=Run 6 (30% addition of medium with carriers); ∆=Run 7 (30%
medium refreshment + addition of medium with carriers); x=Run 8 (50% medium refreshment + addition
of medium with carriers).

Overall, our results indicate that with a combination of 50% medium refreshment and 30%
medium addition with microcarriers, every three days, an exponential growth of the human
MSCs on Cytodex 1 microcarriers is feasible (for the tested time period).

Human MSCs characterization
To verify if the dynamically expanded human MSCs retained their differentiation capacity
and their phenotypic properties, multipotency assays and FACS analyses were performed.
Figure 7 shows the results of the multipotency assays. Expanded cells showed the capacity to
differentiate towards both tested lineages, adipo- and osteogenic, independent of the culture
conditions. These results show that human MSCs did not lose their differentiation potential
when expanded dynamically on Cytodex 1 microcarriers.
Besides multipotency assays, the cells were also analysed on their phenotypic properties
using flow cytometry (FACS). Based on the marker intensities, the expanded cells were
positive for the markers that should be present on human MSCs (the general markers shown in
Table 3), for the adhesion markers, and HLA-ABC and β2 microglobulin. Lack of expression
was observed for the haematopoietic markers and HLA-DR (for markers see Table 3).

101.

4

Expansion of human MSCs on microcarriers

Figure 7.

Results multipotency assays for dynamically expanded human MSCs

On Cytodex 1 microcarriers expanded cells, feeding regime 50% refreshment combined with 30%
addition of medium containing microcarriers every three days (run 8), were harvested and used for stem
cell differentiation.
Staining of the osteogenic differentiation shows the Ca2+ of the mineralized extracellular matrix. The
adipogenic differentiation shows the formation of fat droplets in the cells. Original magnifications are 40x

4

for osteogenic differentiation and 200x for adipogenic differentiation.

Overall, the results showed that the cells also retained their phenotypical properties after
dynamic cultivation on Cytodex 1 microcarriers in spinner flasks. Although, to our best
knowledge, this is the first time that significant expansion of human MSCs on Cytodex 1
microcarriers has been shown, further optimization to improve the cell growth rates will be
required prior to clinical application. Therefore, we are currently performing experiments using
stirred vessel bioreactors in which temperature, pH and dissolved oxygen concentration (DO2)
can be monitored and controlled. In this system, besides the feeding regime (including amino
acid metabolism analyses) also the pH and DO2 will be optimized for human MSC expansion.

Conclusions
This study showed for the first time significant expansion of human MSCs on
microcarriers. Cytodex 1 microcarriers were selected as most suitable carrier based on seeding
efficiency. Using low serum concentrations (0% – 5%) the seeding efficiency of human MSCs
on Cytodex 1 microcarriers was improved in comparison with higher serum concentrations
(10% – 15%). For expansion of human MSCs on Cytodex 1 microcarriers, several feeding
regimes were evaluated. The highest number of population doublings was obtained by using a
combination of 50% medium refreshment followed by 30% medium addition containing
microcarriers every three days. Exponential cell growth was obtained for at least 9 days after
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seeding since sufficient nutrients (glucose, glutamine and others) were present, metabolite
concentrations (NH3, lactate and others) were kept below growth inhibitory concentrations and
adequate surface area was available for the cells. After dynamic expansion of the Human
MSCs, the cells maintained their differentiation potential and their cell surface markers,
indicating that human MSCs expansion on Cytodex 1 microcarriers did not alter the phenotypic
properties of the cells.
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Abstract
Most therapeutic applications of bone marrow stromal cells, or mesenchymal stem cells
(MSCs), require expansion of these cells. This paper describes the effect of low and normal
oxygen tension on human MSC metabolism, growth and multipotency in both microcarrierbased cell cultures and in tissue flask cultures. Human MSCs were expanded on tissue culture
plastic in T-flasks or on Cytodex 1 microcarriers in a stirred vessel bioreactor at 3-4% O2
(hypoxic) or 20% O2 (normoxic). The cell number, cell viability, cellular apoptosis, nutrient
and metabolite concentrations were measured over time. To obtain more specific knowledge on
the metabolism of human MSCs, metabolic inhibitors were used and the oxygen consumption
was measured. Oxygen tension had a significant effect on the metabolism of human MSCs. A
higher rate of the glycolytic metabolism was obtained when the cells were cultured at a
hypoxic atmosphere compared to air atmosphere (normoxic). It was calculated that the cells
used for 28-30% the efficient oxidative phosphorylation pathway and for 70-72% the
inefficient glycolytic pathway to generate energy from glucose. No effect of oxygen tension
was shown on human MSC growth rate in tissue culture flasks or on Cytodex 1 microcarriers.
We observed more cellular senescence and apoptosis during expansion at 20% O2. Regarding
multipotency, the expansion of human MSCs at a hypoxic atmosphere on microcarriers
resulted in a higher potency of chondrogenic differentiation, but did not influence osteogenesis
and adipogenesis. Moreover, FACS analysis showed that surface marker expression was not
influenced by oxygen tension.
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Introduction
Mesenchymal stromal cells (MSCs) have the ability to differentiate into bone, cartilage,
fat, muscle and other connective tissues1. Due to this multipotency, MSCs have a great
potential as tissue regenerative source. A major limitation is the lack of reproducible and costeffective methods to isolate and expand sufficient numbers of MSCs, making them useful for
clinical applications. Therefore, various types of bioreactors are in development to automate
and optimize MSC expansion.
One way to expand MSCs is to grow them on microcarriers, which offers the advantage of
a large surface area for monolayer cell growth in a homogenously stirred suspension culture2.
Several papers have described the possibility of expanding MSCs from different species on
microcarriers, such as porcine MSCs3, rat MSCs4, goat MSCs5, and recently for human MSCs6.
Our previous study showed that expansion of human MSCs on Cytodex 1 microcarriers is
supported when every three days 50% of the culture medium is refreshed and an extra of 30%
fresh medium with microcarriers is added6. However, in none of these experiments, the culture
conditions (e.g. pH and dissolved oxygen, DO) were monitored or controlled. If culture
conditions are controlled, cell expansion and viability may be improved and optimal growth

5

conditions can be selected and maintained.
The oxygen tension of the culture medium during expansion of MSCs may play an
important role, as MSCs reside in vivo within the bone marrow under hypoxic oxygen levels
between 4-7%7. When expanding MSCs in vitro on conventional tissue culture plastic, it was
shown that their growth can be improved by culturing under hypoxic (5% O2) conditions

8-13

.

Moreover, when expanding the MSCs under hypoxic conditions, the multipotency was better
maintained8; 14; 15 and less apoptosis was observed16-19. Nevertheless, also contradictory results
regarding a positive effect of hypoxia on growth and multipotency are reported20; 21.
Another important factor for culture optimization is cellular metabolism, which may have
an influence on cellular senescence and apoptosis. Depending on the metabolic route used to
generate energy from the main C-source glucose, i.e. the glycolysis or the oxidative
phosphorylation, the cells may be harmed on DNA level which can induce cellular senescence
and apoptosis22;

23

. As indicated by previous research, human MSCs prefer the glycolytic

metabolic pathway, yielding lactate, to gain cellular energy (Adenosine-5'-triphosphate, ATP)
6

.
In this study we have investigated the effect of 3-4% oxygen (hypoxic) and 20% O2

oxygen (normoxic) tension on human MSCs growth, metabolism and differentiation potential
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in both microcarrier-based cell cultures and in static cultures on cell culture plastic. Due to the
physiological environment in which bone marrow derived MSCs reside, we hypothesize that
hypoxic culture conditions allow faster growth of the MSCs in vitro and maintain/improve the
differentiation potential compared to in vitro expansion at 20% O2.

Materials and Methods
Isolation and monolayer pre-cultivation of human
MSCs
After informed consent, human bone marrow aspirates (approximately 10 ml) were
obtained from the acetabulum of adult donors who were undergoing hip surgery (donor 1;
female, age 68 years and donor 2; female, age 38 years). The human MSC population was
enriched from the aspirates via adhesion selection as described previously

6; 24

. Prior to cell

culture on the microcarriers, the MSCs were cultivated in T-flasks up to passage 1 as described
previously 6. Culture medium used consisted of α-MEM (Invitrogen, Breda, The Netherlands)
supplemented with 15% FBS (FBS, Cambrex, Verviers, Belgium), 100 U/ml penicillin
(Invitrogen), 100 µg/ml streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.2 mM Lascorbic acid-2-phosphate (Sigma, Zwijndrecht, The Netherlands), 1 ng/ml bFGF (AbD
Serotec, Oxford, UK), and 10 nM dexamethason (Sigma).

Cell culture on microcarriers
For the expansion of human MSCs on microcarriers, 1 liter round-bottomed stirred vessel
bioreactors (Applikon Biotechnology BV, Schiedam, The Netherlands) were used. During the
11 days of cultivation, the following conditions were regulated with an ez-Control (Applikon
Biotechnology): temperature, agitation speed, pH and dissolved oxygen. Temperature was set
at 37ºC. The cell-microcarrier suspension was stirred with a marine impeller at 45-90 rpm,
depending on the medium level. The dissolved oxygen tension was controlled at 4 or 21% O2
saturation by adjusting the oxygen fraction (using N2 and/or air gasses) in the headspace of the
cultures. The pH was regulated at 7.2/7.3 using 0.25 M NaOH and CO2 gas. Cytodex type 1
microcarriers (GE Healthcare, Diegem, Belgium) were used for expansion of human MSCs at a
density of 20 cm2/ml (4.5 g/l).
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Following detachment from T-flasks using 0.25% (w/v) trypsin-EDTA, The human MSCs
were seeded on the microcarriers at 3000 cells/cm2 in 325 ml proliferation medium without
FBS 6. The suspension was stirred at 45 rpm for 4 hours. After the seeding period, the medium
was refreshed for 50% and FBS was added to obtain a final concentration of 15% FBS. During
the proliferation phase, the culture was stirred at 60 rpm. Every three days, the medium was
refreshed for 50% and, secondly, 30% fresh medium containing fresh microcarriers at 20
cm2/ml was added to the cell culture. Because the medium level increased over time, the
stirring rate was increased to maximal 90 rpm to maintain a homogeneous microcarrier
suspension. For this study, 4 separate experiments were performed (n=4).

Oxygen tension experiments – 2D and 3D
The effect of a low oxygen tension during expansion on human MSCs was investigated
both on the microcarriers in the stirred vessel and on tissue culture plastic in 6-well plates. In
the stirred vessels, the cells were seeded on the microcarriers using a dissolved oxygen
concentration of 20% O2. After the seeding period, the oxygen tension was set on 4% O2 in one
vessel and kept between 16-20% O2 for the other vessel. Samples were taken at least every
three days.

5

In the 6-well plates, the cells were seeded at 1000 cells/cm2 and placed in CO2 controlled
incubators with an oxygen tension of 20% O2. After 2 days, the medium was refreshed and the
plates were either incubated with air and 5% CO2 (CO2 incubator) or with 5% CO2 and 3% O2
(N2 diluted air) for 5 more days. Daily, a 6-wellplate was taken from the incubator and
sacrificed for sample analysis.

Sample analysis
Microcarrier-cell samples (±10 ml) were taken aseptically from the cell cultures in the
stirred vessels. Viable cell numbers were measured using the AlamarBlue assay (BioSource,
Breda, The Netherlands) and the CellTiter-Glo assay (Promega, Leiden, The Netherlands),
which are based on metabolic activity of the cell. For both assays, a donor specific calibration
curve was prepared based on cell number in tissue culture plates and their read-out. Cell
viability was measured with the CytoTox-Fluor assay, which is based on protease activity and
cellular apoptosis was determined using the Caspase-Glo assay (both from Promega). Cellular
senescence was assessed by staining for β-galactosidase activity (Sigma).
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For the cell cultures on tissue culture plastic, he cell number was determined by means of
enzymatic harvesting using 0.25 (w/v) trypsin/EDTA (Invitrogen, The Netherlands) and cell
counting with a particle counter (Coulter-counter, Beckman Coulter, The Netherlands).
Nutrients and metabolites (glucose, lactate and ammonia) in the medium were analyzed
using the VITROS DT60 II chemistry system (Ortho-Clinical Diagnostics, Tilburg, The
Netherlands). L-glutamine concentration in the medium samples was determined with the
enzymatic Glutamine/Glutamate determination kit (GLN-1, Sigma).

Oxygen consumption and metabolism human MSCs
To measure the specific oxygen consumption rate per cell, the BDTM Oxygen Biosensor
System, 96-well, (BD OBS, BD Biosciences, Belgium) was used. A sample from a hypoxic
microcarrier culture in a stirred vessel at day 6 after seeding, with a cell concentration of 4500
cells/cm2 (3.9*104 cells/well, 312 µl per well), was transferred into the sealed BD OBS system.
For 330 minutes, every 10 to 30 minutes, the fluorescence (excitation at 485 nm and emission
at 625 nm) of the wells was measured to follow oxygen consumption by the cells.
To evaluate which metabolic route the human MSCs use for energy generation, the BD
OBS system was used in combination with metabolic inhibitors that completely shut down
specific metabolic routes of the cell; sodium azide (Sigma) at 10 mM, and 2-deoxy-D-glucose
(Fluka, The Netherlands) at 50mM. Sodium azide is an oxidative phosphorylation inhibitor

25

and 2-deoxy-D-glucose is a glycolytic inhibitor26. By calculating the specific oxygen
consumption of the cell using a specific metabolic route, the metabolism used by the human
MSCs expanded on the microcarriers can be verified. For comparison, the inhibitors were also
used during human MSC expansion on 2D tissue culture plastic. Consumption rates and
production rates from glucose and lactate were used from 2D cell cultures, as the BD OBS
system does not allow sampling for medium analyses due to the sample volumes necessary.

Characterization of the human MSCs after expansion
Prior to characterization of the expanded human MSCs, the cell-microcarrier complexes
were washed twice with PBS. The washed complexes were incubated for maximum 1 hour in
0.015% Collagenase type II (Worthington Biochem, Lakewood NJ, USA) followed by 5
minutes incubation in 0.25% w/v trypsin/EDTA. Detachment of the cells from the
microcarriers was confirmed by light microscopy. The detached cells were separated from the
microcarriers using a 100 µm filter.
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Multipotency analysis of human MSCs
Harvested human MSCs (passage 2 to 3) expanded at the two different O2 concentrations
were examined for their differentiation potential using in vitro osteogenic, adipogenic and
chondrogenic differentiation assays. The osteogenic differentiation and staining and adipogenic
differentiation were performed as described before 6. Cells differentiated to adipocytes were
qualified by Oil Red O staining of the fat droplets in their cytoplasm. Quantification of the
adipocytes was performed by lysing the stained cells using Ipegal (Sigma) and measuring the
absorbance of the released Oil Red O at 450nm.
To induce chondrogenic differentiation, 5*105 human MSCs were centrifuged (500g,
3min) and cultured in a pellet for 21 days in chondrogenic medium. Chondrogenic medium
was composed of DMEM with the following supplements: 100 U/ml penicillin, 100 µg/ml
streptomycin, 40 µg/ml L-proline (Sigma), 100 µg/ml sodium pyruvate (Sigma), 1x ITS
solution (Sigma), and 0.01 µg/ml TGFβ1 (R&D Sytems, Abington UK). Chondrogenic matrix
composed of glycosaminoglycans (GAG) was qualified by SafraninO (Merck) staining after
glycol methacrylate (GMA) imbedding and sectioning of the pellets (6 µm). Chondrogenic
matrix was quantified by determining the amount of GAG (DMMB-based assay) per DNA

5

(Cyquant DNA Assay, Invitrogen) after Proteinase K (Sigma) digestion of the pellets.

Identification of human MSCs by flow cytometry
To verify the immunophenotype of the harvested human MSCs, the cells were examined,
using flow cytometry, on their antigen expression profile for CD90, CD73, HLA class I, HLA
class II, β2-microglobulin, CD49, CD13, CD117, CD44, CD55, CD29, CD166, glycophorin A,
CD31, CD14, CD3, CD45, CD19, CD71, CD34 and CD105, as described by Prins et al. 27. In
addition, the cells were analyzed on number of Alkaline Phosphatase (ALP) positive cells
using the non-conjugated antibody ALP (DSHB, Iowa city, Iowa, USA) which was stained
with secondary antibody IgG1-FITC goat anti-mouse antisera (Southern Biotechnology
Associates, Inc, Birmingham, USA).

Statistical analysis
Statistical significance was assessed by analyzing 2 groups of data with the student t-test
and by analyzing 3 or more groups of data with the ANOVA test: significance was determined
at a p value less than 0.05.
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Results
Effect of oxygen tension on human MSC growth,
viability and stem cell characteristics
Cell growth
Cell expansion on tissue culture plastic (2D) with either 20% O2 or 3-4% O2 resulted in no
significant difference (p=0.89, n=3), as the cell growth rates in the exponential growth phase
were 0.47 ±0.050 day-1 (20% O2)and 0.46 ±0.053 day-1 (3-4% O2) (Figure 1A). Between day 6
and 7, cells were over confluent causing a drop in cell number at day 7.
Expansion of human MSCs on Cytodex 1 microcarriers (3D) at 20% O2 and 3-4% O2, also
resulted in no significant difference in cell growth (p=0.82) (Figure 1B). The exponential
growth rate of donor 1 (n=4) at 20% O2 was 0.24±0.036 day-1 and at 3-4% O2 0.23±0.051 day1

. For donor 2 (n=1, growth trend not shown) a growth rate of 0.31 day-1 was obtained at 20%

O2 and 0.30 day-1 at 3-4% O2. Based on the growth rates, the cells in the 2D system grew twice
as fast.

5

Figure 1.

Effects of oxygen tension on human MSCs growth

Tissue culture plastic (A) and Cytodex 1 microcarriers (B). 3-4% O2 (♦) and 20% O2 (□) were evaluated.
Results for donor 1 are shown in A (n=3 separate experiments) and B (n=4 separate experiments).
Standard deviations larger then 5% are indicated using error bars.
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Cell viability and apoptosis
Figure 2A and 2C show the cell viability and apoptosis during expansion in T-flasks at
20% O2. Cell viability was maintained around 90% and apoptosis levels were low up to day 9
after seeding. At confluency, apoptosis was significantly increased (p<0.0001) to a signal of
1.6*105 at day 11. Cell viability and apoptosis levels when cultured on Cytodex 1 microcarriers
at 3-4% or 20% O2 are shown in Figure 2B and 2D. At both oxygen tensions, cell viability was
around 62% for the first 6 days and subsequently maintained at 80% (except for the 3-4% O2
culture at day 3, which was caused by an error in pH control). Apoptosis levels increased
slightly over time (compared to 2D signal).

5

Figure 2.

Apoptosis and necrosis signals during expansion of human MSCs

On tissue culture plastic (A, C) and on Cytodex 1 microcarriers (B, D). Cell viability at 20% O2 (□) and 34% O2 (◊) is shown in the upper two graphs (A, B). Apoptosis signal (in luminescence) at 20% O2 (■) and
3-4% O2 (♦) is shown in the lower two graphs (C, D). Apoptosis signal in tissue culture plastic culture
increased to 1.6E+05 at day 11 (not shown in figure A). Related growth curves for expansion on Cytodex
1 microcarriers are shown in figure 1B. Related growth curve for 2D culture is not shown, however, is
comparable to the trend shown in Figure 1A.
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Figure 3.

Senescence cell staining of human MSCs expanded on Cytodex 1
microcarriers.

20% O2 (A) and 3-4% O2 (B). Blue stained cells are positive for cellular senescence. Original
magnification was 200x.

In Figure 3 it is shown that more cells displayed cellular senescence when expanded with
20% O2 compared to 3-4% O2 on Cytodex 1 microcarriers. Cells expanded at 20% O2 in Tflasks also showed a high number of senescence positive cells (±80%).

Human MSCs characterization
Following expansion on tissue culture plastic or Cytodex 1 microcarriers, passage 2 to 3
human MSCs were able to differentiate in vitro towards the adipogenic, osteogenic and
chondrogenic lineages. Figure 4 shows representative pictures for all conditions after
differentiation, except that fewer GAG matrix was observed for the chondrogenic
differentiation of 2D expanded cells and cells expanded at 20% O2. Visual observations
revealed that the oxygen tension did not influence the differentiation rate and quality for
adipogenic and osteogenic differentiation.
Quantitatively, it was shown that significantly more GAG/DNA was present after
chondrogenic differentiation when the cells were expanded at hypoxic conditions (Table I).
This was shown both for 2D and 3D expanded cells. In addition, significantly more adipocytes
were formed after 2D expansion irrespective of the oxygen tension. No differences in
osteogenic differentiation were seen between 3-4% O2 and 20% O2 culture conditions, in both
2D and 3D. Regarding the cell marker ALP which is related to osteogenesis, 100% positive
staining was shown for the human MSCs after 2D expansion with flow cytometry,
irrespectively of the oxygen tension (Table II). In contrast, human MSCs expanded on the
Cytodex 1 microcarriers were less than 100% positive for ALP.
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Figure 4.

Qualitative results human MSCs differentiation after expansion on
microcarriers at hypoxic conditions.

Original magnification was 100x.

Table I.

Quantitative results multipotency assays after expansion human MSCs

Expanded either with 3-4% O2 or 20-21% O2 in T-flasks (2D for 7 days) and on microcarriers (3D for 11
days). Values corrected for negative controls, undifferentiated cells.

3% O2

5

Adipogenesis
In Oil
Red
O
absorbance per well
Osteogenesis
In
mg
Ca2+
deposition per well
Chondrogenesis
In GAG/DNA

2D expansion
20% O2

4% O2

3D expansion
21% O2

0.296 ±0.021*

0.372 ±0.014*

0.200 ±0.004

0.203 ±0.009

0.45 ±0.035

0.43 ±0.036

0.41 ±0.032

0.43 ±0.020

3.18 ±0.20*

1.88 ±0.18*

11.01 ±0.94*

4.12 ±0.93*

* Significant difference between the oxygen tensions; p<0.0001

Besides in vitro differentiation of the expanded human MSCs, the cells were characterized
on their phenotypic properties using flow cytometry. Based on the marker intensities, the
expanded cells were positive for the markers that should be present on human MSCs (CD90,
CD73, and CD105), for the adhesion markers (CD49e, CD13, CD117, CD44, CD55, CD29,
and CD166), and HLA class I and β2 microglobulin. Lack of expression was observed for the
haematopoietic markers (GpA, CD31, CD14, CD3, CD45, CD19, CD71, and CD34) and HLA
class II as previously described

27

. Down regulation in expression of the following adhesion

factors was observed for 3D expanded cells compared to 2D expanded cells; CD13, CD29,
CD44, CD49e, CD105. No effect of the oxygen tension on the surface marker expressions was
observed.
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Table II.

3-4% O2
20% O2

ALP positive cells after expansion human MSCs with 3-4% O2 or 20% O2.
2D
Donor 1
100%
100%

3D
Donor 1
82.8%
66.4%

Donor 2
41.5%
78.5%

Effect of oxygen tension on metabolism of human MSCs
Figure 5B and 5D shows that glutamine concentrations in the medium decrease and
ammonia concentrations increase over time. The oxygen tension does not influence the
glutamine metabolism of the cells. As shown by Figure 5A and 5C, the decrease in glucose and
increase in lactate concentrations is more rapid when the human MSCs were expanded on
tissue culture plastic at 3-4% O2 compared to 20% O2. The specific glucose consumption rate
(qGlc) and specific lactate production rate (qLac) differ significantly between the cultures
(p=0.004 and p=0.0004, respectively) (Table III), whereas the yield of lactate from glucose
(Ylac/glc) does not differ significantly (p=0.24).
Expansion of human MSCs on Cytodex 1 microcarriers at 4% O2 and 20% O2 gives
similar results. The ratio between the 4% O2 and 20% O2 conditions in the production and
consumption rates for donor 1 (Table III) indicates that 1.54 ±0.20 times more glucose is
consumed and 1.32 ±0.30 times more lactate is produced at hypoxia. Donor 2 shows an even
larger difference in production (3.27 ±0.92 times more) and consumption (3.73 ±1.23 times
more) rates between 4% O2 and 20% O2 tensions, but the trend is comparable to donor 1.
Independent of the donor, culture system and the oxygen tension, the yield of lactate from
glucose does not differ significantly between the two cultures (p=0.23).
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Figure 5.

Nutrient and metabolite concentrations during human MSCs expansion in
tissue culture flasks.

5

A) Glucose, B) Glutamine, C) Lactate, D) Ammonia concentrations in the medium when expanded with
3% O2 (◊) and with 20% O2 (■).

Table IV shows the growth rates, the glucose production rates and the yield of lactate from
glucose for the cells expanded at both oxygen tensions per metabolic inhibitor. Addition of the
two selected metabolic inhibitors resulted in a decrease in growth rate compared to the standard
culture without inhibitors. Addition of 2-deoxy-D-glucose, inhibiting the glycolysis and
glucose uptake, resulted in a higher growth rate for the human MSCs expanded at 20% O2
(p=0.0059) compared to the expansion at 3-4% O2. In contrast, when adding sodium azide,
inhibiting the oxidative phosphorylation pathway, cell growth was more inhibited at 20% O2
(p=0.025). Regarding the glucose metabolism, significantly more lactate was produced when
culturing the human MSCs with sodium azide compared to the cells cultures with 2-deoxy-Dglucose (p<0.0001) because the cells were forced to use the glycolytic pathway. Human MSCs
expanded without inhibitor showed a comparable qLac to the cells expanded with sodium
azide.
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Table III.

Metabolic rates human MSCs on tissue culture plastic (2D) and on Cytodex
1 microcarriers (3D) at different oxygen tensions.

The statistical error of the values is below 20% and mainly caused by the differences between separate
cultures. The measurement error per sample is below 5%.

20% O2 – 3D
Donor 1*
Time
period
qGlc∆
0-3
-7.76
3-6
-8.56
6-9
-8.70

qLac∆
27.33
16.26
16.34

Ylac/glc
3.59
1.94
1.82

Donor 2*
qGlc∆
-4.36
-7.39
-3.61

qLac∆
14.18
10.11
5.87

Ylac/glc
3.25
1.37
1.63

3-4% O2 – 3D
Donor 1*
Time
period
qGlc∆
0-3
-14.40

qLac∆
24.37

Ylac/glc
1.86

Donor 2*
qGlc∆
-23.19

qLac∆
32.68

Ylac/glc
1.41

3-6

-12.78

23.15

1.80

-16.91

30.11

1.78

6-9

-11.19

19.94

1.74

-13.06

26.53

1.92

20% O2 – 2D
Time
Donor 1*
qGlc∆
period
3-6
-6.20

qLac∆
19.42

Ylac/glc
3.14

3-4% O2 – 2D
Time
Donor 1*
qGlc∆
period
3-6
-9.56

qLac∆
34.61

Ylac/glc
3.66

5

*For donor 1, n=4 in 3D and n=3 in 2D and for donor 2, n=1
∆
Specific production and consumption rates are shown in pmol cell-1 day-1

119.

Effect of O2 on metabolism, expansion and differentiation human MSCs

Effect of metabolic inhibitors on growth and metabolism human MSCs

Table IV.

Data obtained from 2D cultures in controller incubators except for the qO2, which was determined in the
BD OBS system using cells on microcarriers in 3D culture (no medium samples were possible in the BD
OBS system, thereby data from 2D cultures were used). qATP from glucose was calculated using the
following equation: qATP = 2 * (P/O) *qATP(O2) +qATP(lac), where qATP is the net production rate of
ATP and qATP(O2) and qATP(lac) are the net production rates of oxygen and lactate (maximum Ylac/glc
of 2 was used for calculation). P/O is the ration of ATP generation from electron pair transfer from
NADH to oxygen (=2-3 ATP, assumed 2.5 ATP).

50mM

10mM

Without

2-deoxy-D-glucose

sodium azide

inhibitor

O2 tension
3-4%
20%
0.094*
0.183*
µ (day-1)
ND
ND
qGlc (pmol cell-1 day-1)
5.44
4.68
qLac (pmol cell-1 day-1)
ND
ND
Ylac/glc
-2.40
ND
qO2 (pmol cell-1 day-1)
11.98
ND
qATP (pmol cell-1 day-1)
*: Significant different between 3-4% O2 and 20% O2
ND: not determined

5

3-4%
0.246*
-10.09*
22.70
2.25
0
20.18

20%
0.139*
-7.51*
22.54
3.00
0
15.02

3-4%
0.540
-12.05
21.15
1.76
-1.85
30.39

Figure 6 shows the O2 consumption by the human MSCs, which were expanded for 6 days
on Cytodex 1 microcarriers, with or without inhibitor to determine the metabolic route used by
the cells for energy generation. Table IV shows the specific oxygen consumption rates (qO2)
for these human MSCs. Maximum qO2 was obtained with 2-deoxy-D-glucose and minimum
qO2 with sodium azide. We calculated the net production of ATP (qATP) using the
theoretically value of 30 (to maximum 38) ATP molecules per glucose produced using the
oxidative phosphorylation compared to only 2 ATP molecules per glucose produced through
glycolysis

28

(Table IV). Based on the net production of ATP from glucose to lactate (21.15

pmol cell-1 day-1) and the total ATP production by the human MSCs (30.39 pmol cell-1 day-1), it
was calculated that the human MSCs used for 70% the glycolysis and for 30% the oxidative
phosphorylation to generate energy from glucose when expanded at 3-4% O2.
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Figure 6.

Oxygen consumption human MSCs on Cytodex 1 microcarriers in BD OBS
plates

Normal cell culture (∆) and the effect of the metabolic inhibitors 2-deoxy-D-glucose (♦) and sodium azide
(*).

A comparable calculation of the ratio, using qGlc and qO2 and the fact that six molecules
O2 are necessary to metabolize 1 molecule glucose, showed that the human MSCs used for
72% the glycolysis and for 28 % the oxidative phosphorylation;
Oxidative phosphorylation

= qO2/6*30 ATP = 9.25 ATP cell-1 day-1 = 28%

Glycolysis

= qGlc-(qO2/6)*2 ATP = 23.48 ATP cell-1 day-1 = 72%

Either way, both estimations show that human MSCs have a preference for glycolytic
metabolism for energy generation from glucose when expanded at hypoxic conditions.

Discussion and conclusions
In this study, we have shown that oxygen tension has a significant influence on the
metabolism of human MSCs expanded in tissue culture flasks and on Cytodex 1 microcarriers.
A higher rate of glycolysis was obtained when the cells were cultured at an oxygen tension of
3-4% compared to a tension of 20% O2. It is estimated that the cells used for 28-30% the
oxidative phosphorylation pathway and for 70-72% the glycolytic pathway to generate energy
from glucose when expanded at 3-4% O2. No effect of the oxygen tension was observed on the
human MSCs growth rate in tissue culture flasks and on Cytodex 1 microcarriers. However,
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more senescence and apoptosis was observed for the cells expanded at 20-21% O2. Regarding
stem cell characteristics, no influence of the oxygen tension was observed, except that more
chondrogenic matrix was obtained during chondrogenic differentiation after expansion in a
hypoxic atmosphere.

Effect of oxygen tension on cell growth and metabolism
In contrast to results of other groups

8; 14; 21; 29

, no effect of oxygen tension on the human

MSCs growth rate was observed in our study. For example, the group of D’Ippolito 14 showed
that human MSCs from bone marrow grew twice as fast at hypoxic (3% O2) compared to 20%
O2. However, the isolated subpopulation could have been another subpopulation than studied in
our experiment because the cells were isolated from the biopsy using fibronectin-coated dishes,
whereas we isolated the cells directly on tissue culture plastic. Another study by Grayson et al.
8

showed faster expansion of human MSCs at hypoxic atmospheres (2% O2). Nevertheless, the

effect of the oxygen tension was only visible at the end of the cultures (>day 7 after seeding).
This may indicate that the cells proliferate longer at hypoxia, which is also observed in our
cultures based on cell viability. Despite the fact that Wang et al.

21

used another cell type,

human adipose-derived populations, they observed no positive effect of hypoxia on

5

proliferation, like in our study. These contradictory results described in literature show that
different experimental steps, such as MSCs isolation, may influence the results.
The viability status of the expanded cells showed that the cells were more viable when
expanded on tissue culture plastic in a static culture compared to expansion on Cytodex 1
microcarriers in a stirred culture. Initially, apoptosis levels were comparable between the
culture on tissue culture plastic and on Cytodex 1 microcarriers, which may indicate that cell
death in 3D cultures is mainly due to necrosis, i.e. cell death induced by external factors
Necrosis may be caused by the shear in the bioreactor system due to stirring of the culture

30

.

30

which is absent in the 2D cultures. This may also explain why human MSCs grew twice as fast
in the 2D system compared to the cells in the bioreactor system (based on obtained growth
rates).
With regard to the effect of oxygen tension on the apoptosis, levels increased faster for the
culture with 20% O2. Moreover, more cellular senescence was observed for the cells expanded
with 20% O2. It has been described that when cells use cellular metabolism in the
mitochondria, i.e. the oxidative phosphorylation of glucose, at high oxygen tension, Reactive
Oxygen Species (ROS) are formed which can cause cellular senescence 23. DNA damage due
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to ROS can initiate the apoptotic pathway 31. Therefore, if the cellular metabolism is changed
by the oxygen tension, it may affect the cellular senescence and apoptosis. In our experiments,
oxygen tension affected the cell metabolism to a large extent. Human MSCs consumed more
glucose when expanded with 3-4% O2 compared to 20% O2 to obtain sufficient ATP for cell
growth and maintenance, both in 2D and 3D expansion systems. Apparently, the human MSCs
are induced to gain their energy via the inefficient glycolysis upon hypoxia, most probably via
the activation of the transcriptional hypoxia-inducible complex-1 (HIF-1)

32; 33

glycolysis by the cells can diminish the effect of oxidative stress by ROS

22

. An enhanced

and can possibly

explain why fewer human MSCs were in senescence and apoptosis at the hypoxic atmosphere
compared to the standard used atmosphere

31

. To verify this, future studies should be

performed with a HIF inhibitor.
We found that human MSCs expanded in a hypoxic atmosphere mainly gained their
energy from glucose by using the glycolysis pathway. Moreover, by evaluating growth, qGlc,
qLac, and qO2 for the human MSCs cultures with or without inhibition with 2-deoxy-Dglucose or sodium azide, the same conclusion can be drawn. As the metabolism for the non
inhibited cell culture is almost comparable to the cell culture inhibited by sodium azide, it can
be concluded that the human MSCs are preferably glycolytic to gain cellular energy for growth
and maintenance. These results confirm observations in our previous studies with human
MSCs

6; 34

.

Effect of oxygen tension on stem cell characteristics
The enhanced chondrogenic differentiation after expansion at hypoxic conditions may be
due to the fact that the hypoxic conditions mimics the natural habitat in chondrogenic tissue 35,
stimulating chondrogenic differentiation afterwards. Wang et al.

21

also found an enhanced

chondrogenic phenotype under 5% O2 for human adipose-derived populations, whereas
contradictory results were described for e.g. murine-adipose derived MSCs, which showed
reduced chondrogenesis at 2% O2 compared to 20% O2 20. However, the contradictory results
were obtained with cells from another species, which can have a significant effect on the
results 34.
Regarding adipogenesis, more adipocytes were formed when the cells were expanded with
20% O2, which was also observed by Csete and co-workers 36. However, when expanding the
cells on the microcarriers, no difference was observed in adipocyte differentiation between the
two oxygen tensions. The difference between 2D and 3D in adipogenesis may be explained by
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the fact that the cells are expanded on different surfaces 37; 38 and under different shear stresses
39; 40

. In addition, the expansion time may also be of influence, as the cells were expanded for 7

days on tissue culture plastic and for 11 days on Cytodex 1 microcarriers.
Regarding osteogenesis, no differences between the oxygen tensions were obtained for
both 2D and 3D expansion of the human MSCs. Fehrer et al.

41

also showed that there was no

difference in osteogenic differentiation when the human MSCs were expanded at hypoxia or
20% O2. However, also contradictory results are described in literature regarding osteogenic
differentiation. For example, Lennon et al.

10

found that primary rate MSCs enhanced

osteoblast differentiation characteristics when grown at 5% O2, whereas D’Ippolito et al.

14

found that osteogenesis was blocked for a subpopulation of human MSCs at 3% O2. In
addition, Malladi and co-workers

20

found reduction of osteogenesis for murine-adipose

derived MSCs at 2% O2 compared to 20% O2. However, these results can be explained as well
by the usage of cells from different species or that MSCs isolation differed from our methods.
Regarding ALP labeling, which is a marker for differentiation towards the osteogenic lineage
42

, no consistent results were obtained between 3-4% O2 and 20% O2 between the two donors

examined. The donor-to-donor variation regarding ALP expression has been observed before
43

5

. Nevertheless, a significant difference between 2D and 3D expanded cells was observed

(p=0.012), which may be caused by for example the culture surface difference or the shear
difference.
Finally, no effect of oxygen tension was observed on the immunophenotype of the
expanded cells either in 2D and 3D. However, down regulation in expression of a set of
adhesion factors was observed for 3D expanded cells compared to 2D expanded cells. We
speculate that this down regulation can be due to the different culture surfaces of the
microcarriers (positively charged cross-linked dextran matrix with DEAE-groups) compared to
the uncharged tissue culture treated plastic surface 37. In addition, to harvest the cells from the
microcarriers and to prevent cell aggregates, collagenase was used in combination with trypsin,
where only trypsin was used to harvest the cells from the tissue culture plastic. As collagenase
cleavage sites

44

are different from the trypsin cleavage sites45, additional attachment proteins

may be dissociate by the collagenase enzyme.
In conclusion, we observed a significant effect by the oxygen tension on the metabolism of
human MSCs, as a higher rate of the glycolytic metabolism was used at 3-4 % O2. No effect of
oxygen tension was shown on human MSC growth rate in tissue culture flasks or on Cytodex 1
microcarriers, which was not expected as described in the hypothesis. However, less apoptosis
and cellular senescence was obtained at 3-4% O2. Regarding multipotency, the expansion of
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human MSCs at a hypoxic atmosphere on microcarriers resulted in a higher potency of
chondrogenic differentiation, but did not influence osteogenesis and adipogenesis.
Since inconsistent data is described in literature, we used defined conditions to study
growth, metabolism, differentiation potential and cell surface characteristics of human MSCs.
Overall, expanding human MSCs in a hypoxic atmosphere on Cytodex 1 microcarriers is
preferred for clinical applications as cell viability is better maintained and cellular senescence
and apoptosis is limited. Since human MSCs are mainly glycolytic, the glucose level in the
culture medium is an important parameter to maintain cell growth in a bioreactor system.
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Appendix
Effect of pH on metabolism and expansion of
human mesenchymal stromal cells
D Schop, R van Dijkhuizen-Radersma, JD de Bruijn
Xpand Biotechnology, Bilthoven, The Netherlands

Abstract
Subsequent to oxygen tension, this study investigated the effect of pH control on human
MSC expansion and metabolism in a microcarrier-based cultivation system. Two stirred vessel
bioreactors were used simultaneously, were one reactor was controlled at pH 7.2 and the other
was not controlled for the pH. When controlling the pH, cell growth is prolonged, more
glucose is consumed per cell and more lactate is produced per cell. Cell metabolism, with
regard to glucose and glutamine, is not altered when the pH decreased in the non-controlled
bioreactor culture.

Chapter 5 - Appendix

Introduction
In addition to the influence of oxygen tension on metabolism, expansion and
differentiation of human mesenchymal stromal cells (MSCs), the effect of pH on expansion
and metabolism of human MSCs was investigated.
As described in the main introduction and discussion of chapter 5, controlling the culture
conditions can improve cell expansion and alter cellular metabolism. By controlling the oxygen
tension at hypoxia, cell viability was increased, metabolism was changed to mainly glycolysis
for energy generation from glucose, and the MSCs maintained their multipotency, with better
results for chondrogenic differentiation. In addition to oxygen tension, pH of the culture
medium is another important cell culture parameter. Without controlling the pH, culture
medium will get acid due to production of lactate by the cells, with the result that cell growth
will cease1. Previous spinner flask experiments showed that the carbonate buffer present in
culture medium is not strong enough to maintain the pH in a physiological range for human
MSCs culture (data not shown). So, by maintaining the pH set point, the pH needs adjustments
by addition of base to the medium. In addition, the production of lactate can also increase the
osmolality of the medium, which could inhibit cell growth2; 3. This appendix describes the
effect of pH control on metabolism and growth of human MSCs in a microcarrier-based cell
culture.

Material and Methods
This experiment was performed according to the cell culture on microcarriers described in
the materials and methods section in chapter 5. The effect of pH control at 7.2 on cell growth
was verified by performing two stirred vessel runs simultaneously; one with online pH control
(with 0.25 M NaOH and CO2 gas) and the other one without online pH control but with 5%
CO2 present in the gas mixture for the carbonate buffer present in the medium. The latter
condition resembles experiments performed in spinner flasks. During cell culture, the online
pH was monitored, viable cell numbers were determined using the CellTiter-Glo assay
(Promega, Leiden, The Netherlands) and glucose, lactate and ammonia levels were measured
with the VITROS DT60 II chemistry system (Ortho-Clinical Diagnostics, Tilburg, The
Netherlands).
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Results and Discussion
Effects of pH on cell growth
Figure 1 shows the cell growth over time and the online monitored pH of the culture
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line) online pH control.

Linear growth was obtained up to day 6 in both the pH controlled (pH 7.2) and the
non pH controlled reactor. During cultivation, pH in the non-controlled reactor dropped to 6.6
at day 13. Most probably, the low pH inhibited cell growth due to accumulation of lactic acid.
At day 13, the pH controlled reactor contained 1.6x more cells than the non pH controlled
reactor. These results confirm that by controlling the pH with online monitoring and control,
significant better growth was obtained compared to the culture that was controlled with CO2
and the carbonate buffer (p<0.0001 at day 13). This indicates that the buffer capacity of the
standard media used for MSCs expansion is too low to maintain a physiological pH during
culture and should be evaluated further in the future.
An explanation why linear cell growth is observed for the controlled culture and no
exponential growth could be the osmolality increase due to controlling the pH with base1; 3.
However, this was not measured during the experiment.
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Effects of pH on cell metabolism
Subsequently to growth, the cellular energy metabolism was monitored by measuring
glucose, lactate, and ammonia concentrations in the culture medium. Based on the medium
concentrations and cell numbers, it was found that the decreasing pH of the medium slightly
influenced glucose uptake rates and lactate production rate. During the final culture period (day
9 to 13), the qGlc decreased from 3.1 pmol cell-1 day-1 in the controlled culture to 2.4 pmol cell1

day-1 in the culture with the decreasing pH. The qLac decreased from 7.1 pmol cell-1 day-1 in

the controlled culture to 4.8 pmol cell-1 day-1 in the culture with the decreasing pH. However,
the yield of lactate from glucose remained similar around 2. This indicates that the metabolic
route remains the same when the pH is decreasing, but the rate that the pathway was used for
energy generation decreased. The decrease in glucose uptake rates and lactate production rates
due to a decreasing pH were also found by Ozturk and Palsson with hybridoma cells1.
Regarding the inhibitor ammonia, the production rates did not differ between the cultures,
mainly because glutamine spontaneously decomposed from the culture medium instead that
glutamine is consumed by the cells, as was shown before4; 5.

Conclusion

5

pH control is necessary for the expansion of human MSCs in a microcarrier-based
cultivations system, as non controlled cultures result in acidified culture medium that inhibit
cell growth. A decrease in pH results in slower cell growth and a decreased consumption rate
of glucose per cell, however, glucose and glutamine metabolism did not change.
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Abstract
Insight in the amino acid metabolism of multipotent human mesenchymal stromal cells
(human MSCs) can improve their expansion, which is a requirement for certain clinical
applications. This study focussed on amino acid metabolism during a batch microcarrier based
cell culture. During six days of batch culture, a variety of amino acids, essential and nonessential, was consumed by human MSCs, either for energy generation via the Krebs cycle or
for protein synthesis. For all amino acids, at least 40% of the initial amount was still present
when growth stopped, making growth inhibition by amino acids not likely.
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Introduction
Autologous mesenchymal stromal cells (MSCs), also called adult mesenchymal stem cells
or progenitor cells, are an interesting source for clinical applications because of their
multipotent characteristics. For effective therapy, it is postulated that MSCs need to be
expanded in vitro as they are only present in small quantities in the body1. Previously reported
research showed that MSCs can be expanded on microcarriers in a stirred culture, while
maintaining their differentiation capacity2-5. However, after a linear/exponential growth phase,
MSC growth is inhibited by unknown factors. So far, a maximum of five population doublings
has been obtained4, while it is reported that MSCs are capable to have 25-40 population
doublings in vitro6.
To optimize MSCs expansion, the energy metabolism from glucose and glutamine has
been investigated previously by our group4; 7. We showed that glucose is the main energy
source for MSCs, which confirms the necessity of glucose in the culture medium for cell
expansion. For the energy generation from glucose, the inefficient glycolysis pathway is
mainly used by human MSCs, which produces lactate as waste product. It is known that waste
products, such as lactate and ammonia, can inhibit cell growth8-10 and limit MSC expansion11.
Inhibiting concentrations for MSC expansion are on average 35 mM for lactate and in the
range of 2-4 mM for ammonia11. In addition, also other factors could inhibit cell growth, such
as depletion of energy sources, amino acid deficiency, exhaustion or inactivation of growth
factors, lipid and trace element deficiency, or external factors such as shear stress12-15. This
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study investigated in more detail if one of these factors, amino acid deficiency, is inhibitory for
MSC expansion.
Analysis of free amino acids in human mesenchymal stromal cell (human MSCs) culture
media can give valuable information on the metabolism of expanding human MSCs. Analysis
of spent culture media could indicate limiting nutrients or metabolites that may inhibit cell
growth.
In this paper we report on batch experiments with human MSCs expanded on Cytodex 1
microcarriers in a stirred vessel bioreactor to obtain general insight in the amino acid
metabolism and possible amino acid deficiencies that could inhibit cell growth. Analysis over
the whole culture period enables a kinetic approach to allow understanding of amino acid
uptake and potential strategies to improve media design.
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Materials and Methods
Isolation and monolayer pre-cultivation of human
MSCs
After informed consent, human bone marrow aspirates (approximately 10 ml) were
obtained from the acetabulum of adult donors undergoing hip surgery (donor 1; female, age 68
years and donor 2; female, age 38 years). The human MSC population was isolated from the
aspirates via adhesion selection as described previously4; 16. In short, whole bone marrow was
plated at 500.000 mononucleated cells per cm2. After 6 days, the bone marrow is removed by
refreshing the medium and the attached MSCs are expanded. Prior to cell culture on the
microcarriers, the isolated cells were cultivated in T-flasks up to passage 1 as described
previously4. Culture medium used consisted of α-MEM (Invitrogen, Breda, The Netherlands)
supplemented with 15% FBS (FBS, Cambrex, Verviers, Belgium), 100 U/ml penicillin
(Invitrogen), 100 µg/ml streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.2 mM Lascorbic acid-2-phosphate (Sigma, Zwijndrecht, The Netherlands), 1 ng/ml bFGF (AbD
Serotec, Oxford, UK), and 10 nM dexamethason (Sigma).

Cell culture on microcarriers
For the expansion of human MSCs on microcarriers, 1 liter round-bottomed stirred vessel
bioreactors (Applikon Biotechnology BV, Schiedam, The Netherlands) were used. During
cultivation, the following conditions were regulated with an ez-Control (Applikon
Biotechnology):
-

temperature controlled at 37ºC,

-

agitation speed controlled at 50 rpm during seeding and at max 70 rpm during expansion
using a marine impeller,

-

pH regulated at 7.3 using 0.25 M NaOH and CO2 gas,

-

dissolved oxygen concentration (DO) controlled at 4% O2 saturation7 (20% air saturation)
by adjusting the oxygen fraction (using N2 and/or air gasses) blown over the surface of the
cultures.

Cytodex type 1 microcarriers (GE Healthcare, Diegem, Belgium) were used at a density of 20
cm2/ml (4.5 g/l), for expansion of human MSCs.
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The human MSCs were seeded on the microcarriers at 3000 cells/cm2 in 400 ml
proliferation medium without FBS4. The suspension was stirred at 50 rpm for 4 hours. After
the seeding period, the medium was refreshed for 50% and FBS was added to obtain a final
concentration of 15% FBS. The total working volume was 400 ml. During 7 days of cell
expansion, the culture was stirred at 70 rpm. Samples were taken daily for cell analysis and
medium analysis. Because the medium level decreased over time, the stirring rate was
decreased stepwise to 60 rpm to maintain a homogeneous microcarrier suspension with
comparable shear forces. For this study, two separate experiments were performed (n=2) in the
bioreactor system.

Microcarrier sample analysis
Daily, 10-20 ml microcarrier-cell samples were taken aseptically from the cell cultures in
the stirred vessels. Viable cell numbers were measured using the CellTiter-Glo assay
(Promega, Leiden, The Netherlands), which is based on metabolic activity of the cell. Cell
viability was defined with the CytoTox-Fluor assay, by measuring protease activity and
cellular apoptosis was determined using the Caspase-Glo assay (both from Promega).
To visualize the cell load and cell distribution on the microcarriers, cells were stained
either with 1% methylene blue (MB) solution (Sigma) or 1% 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) solution (Merck, Schiphol-Rijk, The Netherlands).
Moreover, nutrients and metabolites (glucose, lactate, ammonia and urea) in the medium
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were analyzed using the VITROS DT60 II chemistry system (Ortho-Clinical Diagnostics,
Tilburg, The Netherlands). Free amino acid concentrations in the medium samples were
determined by HPLC chromatography, performed by Ansynth Service B.V. (Roosendaal, The
Netherlands). Control medium, medium incubated in the humidified CO2 incubator at 37°C
without cells, was also analyzed for the same nutrients/metabolites and amino acid, to correct
for spontaneous formation and decomposition.

Statistical analysis
Statistical significance was assessed by analyzing 2 groups of data with the student t-test
and by analyzing 3 or more groups of data with the ANOVA test: significance was determined
at a p value less than 0.05
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Results
Figure 1 shows the growth curves of the human MSCs for the two duplet experiments in
the stirred vessels. Linear growth is obtained between day 1 and day 5, where cells grew with
an average specific growth rate of 0.48 ±0.007 day-1, which equals a doubling time of 34 hr.
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Figure 1.

Growth human MSCs in a batch microcarrier culture

The symbols □ and represents cell numbers per cm2 surface area in the two duplet cultures. A seeding
efficiency of 37% was obtained.

The cell viability of the cultures is shown in Figure 2A. During the Linear growth phase,
an average cell viability of 75.3±5.9% was obtained. Apoptosis, indicated by the caspase
activity in the cell culture, increased during day 1 and day 5 (see Figure 2B), however, the
signal per cell stabilized between day 2 and day 6.
Results from the control medium (data not shown) showed significant spontaneous
decomposition of glutamine and arginine. Glutamine spontaneously decomposed with a rate of
0.06 mM per day into ammonia and pyrollidone-carboxilic acid and Arginine decomposed with
a rate of 0.01 mM per day into ornithine and ureum. Other amino acids and nutrients measured
remained stable in the control medium.
Figures 3A and 3B show the concentrations of the main nutrients, glucose and glutamine,
and their metabolites, lactate and ammonia in the culture medium over time. During the linear
growth period, a Ylac/glc of 1.736 ±0.014 was obtained indicating a more anaerobic glucose
metabolism towards lactate. A YNH3/gln of 2.108 ±0.043 was obtained, which is caused by
spontaneous decomposition of glutamine and the use of amino acids for energy generation. The
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measured medium concentrations of the amino acids which were produced or consumed with
the highest rates during culture are shown in Figures 3C and 3D. Over time, none of the amino
acids were fully depleted from the culture medium.
The specific consumption and production rates, during the linear growth phase, of the
main energy sources, the amino acids, and their metabolites are shown in Figure 4. The rates
for glutamine, ammonia, arginine, and ornithine have been corrected for spontaneous
decomposition. From this figure it can be observed that glucose is the main C-source for
energy metabolism of the cells as a high consumption rate was obtained compared to the
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2A shows cell viability and 2B the apoptosis signal for the two experiments. Symbols □ and  represents
the data for the two duplet cultures and symbol  indicates the average apoptosis signal per cell for the
two experiments.
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corrected for spontaneous decomposition in this figure. Error bars are the standard deviations between the
two experiments. The general three-code for the amino acids are used (see appendix).
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Figure 4.

Specific rates for the batch culture of human MSCs

The specific rates are calculated for the linear growth phase between day 1 and day 5. The specific rates
of Orn, Arg, Gln, and NH3 are corrected for spontaneous formation and decomposition in control
medium. A negative rate means consumption and a positive rate means production. Error bars are the
standard deviations between the two experiments. If no error bar is shown, than this is too small to
observe. The general three-code for the amino acids are used (see appendix).

The corrected specific rate for ammonia shows that ammonia is slightly consumed by the
cells for protein synthesis. Glycine and alanine are the only two amino acids produced by the
MSCs during expansion. Alanine is produced by glutaminolysis17, indicating that glutamine
was also slightly used for energy generation, as shown in Figure 4.
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Discussion and Conclusions
In this study we have gained insight in the amino acid metabolism of human MSCs
expanded on microcarriers during a batch culture in stirred vessels. For the expansion and
maintenance of the cells, glucose and to a lesser extent glutamine are the major nutrients
consumed for energy. This is in agreement with other mammalian cell lines18;

19

, but in

contradiction with our previous results, where almost no consumption of glutamine was
observed. However, in the previous study a correction for the spontaneous decomposition of
glutamine of 10% per day was assumed based on literature20 and own experimental data
measured with a less precise analyzing method (enzymatic kit GLN-1, Sigma). In this study,
glutamine analysis with the HPLC method resulted in a spontaneous decomposition of 5.6%
per day, which is substantially less. This may explain why higher glutamine consumption rates
by the cells are calculated for this study.
Amino acids that were consumed with a relatively high rate are isoleucine, leucine, valine,
arginine, and aspartate. Besides being used for protein synthesis these amino acids can all be
converted to intermediates of the Krebs cycle, and thus for the generation of energy.
Important waste products of nitrogen metabolism are ammonia, urea and alanine.
Ammonia is formed in the catabolism of amino acids, while it can be converted to urea in the
urea cycle. In addition ammonia can be taken up by glutamate dehydrogenase when it operates
in from alfa-ketoglutarate to glutamate. Glutamate can next be transaminated with pyruvate to
alfa-ketoglutarate and alanine through alanine aminotransferase17. The ammonia present is
mostly coming from spontaneous decomposition of glutamine, while the production rate by the
cells is very low. Also the production of urea by the cells is very low. The levels of alanine
produced in cell culture vary between cell type and medium composition. Ljunggren and
Haggstrom showed that by using reduced glucose and glutamine concentrations in substrate
limited fed-batch cultures, the production of the by-products, including alanine, is
suppressed21. Here there is some formation of alanine, which may indicate the use of amino
acids for energy generation. However, in order to determine whether amino acids are used for
energy generation and in what amount a more extensive study using metabolic flux analysis
including measurement of biomass composition and labelling studies should be performed.
In addition to alanine, also glycine was generated during the human MSCs expansion.
Glycine, which is formed from serine, is incorporated into proteins and is used as a precursor
for DNA and RNA, by the formation of purines24. It is generally considered as a waste product
from serine metabolism and linked to the central metabolism. For example, Hansen et. al.
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correlated an increase in glycine excretion with a lower glucose consumption rate and lower
lactate yield, indicating an increased ATP yield from glutaminolysis25; 26.
At day 5, the growth of the MSCs stops. At this time point ammonia and lactate
concentrations are below their toxic levels (35..4 mM for lactate and 2-4 mM NH3)11.
However, ammonia levels measured at day 7 were close to the inhibitory concentration for the
evaluated donor (2 mM). Alanine and glycine, which are in general less toxic then ammonia
and lactate, are also not toxic. Furthermore, none of the amino acids is depleted and all
concentrations are above 40% of the initial concentration. Consequently, growth inhibition by
an amino acid is also not likely. Finally also glucose was present in sufficient amounts at this
point and not limiting. However, after 7 days of culture, the glucose was almost depleted from
the culture medium, which could explain that at day 7 the total cell number present in the
bioreactor decreased, i.e. cells were dying.
However, whether these factors are the main cause for the ceasing cell growth is not clear.
External factors, such as shear, may also play a role, as cell viability is decreasing slowly due
to necrosis as apoptosis remained stable. Contact inhibition of the cells as a cause for the
stopping of cell growth22, seems unlikely since the microcarriers were not fully covered with
cells, as shown in Figure 5. Moreover, other medium components that were not studied in this
work, such as fatty acids or growth factors, may influence the cell growth15. These factors
could be studied in future research to optimize the expansion of human MSCs.

6

Figure 5.

Cell load on the microcarriers after 6 days of culture

Cell were stained with MTT, original magnification 40x

Overall, it was shown that a variety of amino acids, essential and non-essential, were
consumed by the human MSCs, either for energy generation via the Krebs cycle or for protein
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synthesis. After 6 days of batch culture, no amino acids were depleted from the culture medium
and all concentrations were above 40% of the initial level. Although amino acids may become
limiting before they are depleted, it seems unlikely that amino acids deficiencies were the
growth inhibiting factor. Fed-batch or perfusion culture seems a good way to optimise the
growth of MSCs. In this way nutrient concentrations can be maintained at constant and optimal
levels. By lowering the glutamine concentration also ammonia formation through spontaneous
decomposition of glutamine can be minimised. Perfusion culture has the additional advantage
that toxic products are washed out3; 4.
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Conversions of the amino acid metabolism:
Pyr + Glu → Ala + αKG

Thr → SucCoA + NH3

Ser → Pyr + NH3

Phe → Tyr

Gly → Ser

Leu + αKG → Glu + 3 AcCoA

Cys → Pyr + NH3

Gln → Glu + NH3

Asp + αKG → OAA + Glu

Glu → αKG + NH3

Asn→ Asp + NH3

Tyr + αKG → Glu + Fum + 2 AcCoA

His → Glu + NH3

Lys + 2 αKG → 2 Glu + 2 CO2 + 2

Arg + αKG → 2 Glu

AcCoA

Pro → Glu

Ile + αKG → SucCoA + AcCoA + Glu

Met → SucCoA

Val + αKG → Glu + CO2 + SucCoA
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Central metabolic pathways:
Glc → 2 Pyr + H2O
Pyr → Lac
Pyr → AcCoA + CO2
AcCoA + OAA + H2O → αKG + CO2 + CoA
αKG → SucCoA + CO2
SucCoA + H2O → Fum
Fum + H2O → Mal
Mal → OAA
Mal → Pyr + CO2

Abbreviations:
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AcCoA

Acetyl Coenzyme A

Ile

Isoleuline

αKG

α-ketoglutarate

Lac

Lactate

Ala

Alanine

Leu

Leucine

Arg

Arginine

Lys

Lysine

Asn

Asparagine

Mal

Malate

Asp

Aspartate

Met

Methionine

Cys

Cysteine

NH3

Ammonia

CO2

Carbon Dioxide

OAA

Oxaloacetate

Fum

Fumarate

Phe

Phenylalanine

Glc

Glucose

Pro

Proline

Gln

Glutamine

Pyr

Pyruvate

Glu

Glutamate

Ser

Serine

Gly

Glycine

SucCoA

Succinate Coenzyme A

His

Histidine

Thr

Threonine
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MSCs are a potentially promising source of regenerative cells for several clinical
applications, i.e. cell therapy and tissue engineering. For most applications it is postulated that
not enough MSCs can be harvested whereby MSCs need to be multiplied to a sufficient
number, while maintaining their multipotency and viability prior to use. Nowadays, more and
more groups are developing a process to efficiently expand stem cells, derived either from the
adult body or embryonic tissue1-12. Efficient expansion of these cells in a closed bioreactor
system is preferred, as a bioreactor cell culture can be controlled for several parameters, such
as pH and medium composition, which results in reproducible cultures. Moreover, an
automated bioreactor system is less susceptible for contaminations compared to expansion in
open tissue culture flasks, as no cell passaging may be necessary because of sufficient
availability of surface area and no transport of the cells to the patient is required because the
bioreactor system can be placed within the hospital area.
To efficiently expand cells, more information about the cells is necessary, such as their
growth and metabolism, so enough nutrients will be present, growth inhibiting metabolites can
be removed from the culture, and optimal culture conditions, such as oxygen tension, can be
defined. But also the surface area for anchorage-dependent cells, such as MSCs, is important13.
Enough surface area and characteristics of the surface composition are factors that influence
cell expansion in a bioreactor system.
In this thesis we have shown the possibility to expand viable and multipotent MSCs,
isolated from bone marrow from several species, in a process controlled bioreactor system on
microcarriers. By investigating different feeding regimes, based on cellular metabolism, and
culture conditions, such as pH and low dissolved oxygen tension, the expansion and cell
quality based on cellular senescence and apoptosis was improved. It was found that by
refreshing the medium for 50% every three days in combination with the addition of 30% fresh
medium containing microcarriers, linear cell growth for the human MSCs was obtained
(chapter 4). By controlling the pH at 7.2 and the dissolved oxygen concentration at 4%
(hypoxia), growth was improved and cell viability was increased (chapter 5). In addition, data
about MSCs metabolism is reported and more details about the amino acid metabolism during
expansion of the MSCs in a batch culture were obtained. Results showed that the human MSCs
are mainly glycolytic regarding their glucose metabolism, almost do not use glutamine for
energy generation, and that ammonia is a metabolite produced during the expansion which is
already inhibiting at low concentrations (chapter 2).
Using these results, we are a few steps closer to efficient expansion of MSCs for clinical
applications and more knowledge about the effects of pH, oxygen tension, amino acids, feeding
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regime, and metabolites on MSC growth, metabolism, and differentiation potential is gained.
When transferring the obtained data to a stand-alone disposable bioreactor system that is
developed according to Good Manufacturing Practices (GMP) guidelines, this system can be
used within the hospital to expand patient own stem cells. Moreover, when cell growth within
the bioreactor system can be linked to either oxygen consumption (see chapter 5) or glucose
consumption (see chapter 4 and chapter 2 shows no significant difference between donors on
qGlc), the expansion of these cells can be monitored and controlled automatically. In other
words, the system will be a stand-alone expansion device, without the input of a doctor or
another person at the hospital facilities that can misunderstand read-outs of the bioreactor
system. After efficient expansion in this controlled bioreactor system, the MSCs can be used
for a specific application to cure a patient.

Species dependency
We performed experiments with MSCs from several species to select an appropriate
microcarrier and to optimize growth using feeding regimes and cell culture conditions. Chapter
3 and 4 investigated the influence of microcarrier surface characteristics on human MSC
attachment and the effect of feeding regimes on cell growth and cell metabolism for goat and
human MSCs. Differences in cell morphology on the Cytodex 1 microcarriers, in growth and in
metabolism between goat and human MSCs were observed. Regarding growth and
metabolism, goat MSCs grew twice as fast compared to human MSCs while using a larger
proportion of the oxidative phosphorylation pathway for energy generation. Human MSCs
mainly used the glycolytic pathway to consume glucose, which is less efficient. This difference
in growth and metabolism was also observed in 2D tissue culture flasks as described in chapter
2. Regarding cell morphology, human MSCs were more elongated on the microcarriers
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compared to the goat MSCs.
In addition, less bead-to-bead transfer was observed for the human MSCs compared to
goat MSCs, which could either be due to the attachment strength of the cells on the
microcarriers or due to the lower growth rate of the human MSCs. The attachment strength of
the cells could also explain the more elongated cell morphology for the human MSCs.
Nevertheless, the fact that the MSCs are capable to jump from one microcarrier to another
microcarrier is a unique finding which allows expansion of the cells without passaging the cells
using dissociation enzymes. Next to species dependency, several other factors may have
triggered differences in the bead-to-bead transfer. For example, the cellular charge, attachment
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molecules expressed on the cells, and FBS concentrations in the medium (10% for goat MSC
medium and 15% for human MSC medium, which contains attachment proteins such as
fibronectin14), may have influenced the differences.
Overall, it was concluded that direct extrapolation of results obtained using models to the
human situation is not always possible. Based on these results we decided to perform future
experimental studies using human MSCs only.

Balance between culture conditions and medium
compositions
Another conclusion from the work described in this thesis is that a MSC culture can not
only be improved by optimizing the medium composition or by optimizing the culture
conditions, such as pH and DO. A balance between these critical factors is necessary to obtain
the most efficient culture process for the expansion of cells, while maintaining the stem cell
characteristics.
From chapter 2 and 4, it can be concluded that glucose is the main C-source for human
MSCs, so glucose levels should be adequate for energy generation by the cells. From chapter 1,
it can be concluded that ammonia production should be kept as low as possible or removed
from the medium, as it inhibits cell growth already at low levels (2 mM). Moreover, pH control
and DO control at hypoxic concentrations showed to have an impact on the cell growth and
quality. By maintaining the pH at the optimal level, cell growth was continued (appendix
chapter 5). In addition, by expanding the cells at a hypoxic DO of 4%, the mainly glycolytic
cells (chapter 5) are more viable and are better able to maintain their multipotency. For clinical
application of these expanded cells it is then expected that a hypoxic DO during MSC
expansion is preferred.
Nevertheless, cell growth obtained in our defined conditions in the bioreactor cultures
maintained linear and not exponential, which is preferred to expand the cells in a short time
period. This may be an indication that the cells are still limited or inhibited in their growth by
unknown factors. From the results described in chapter 6, it seems that amino acids are not
limiting or inhibiting during batch culture. Nevertheless, other factors, not investigated during
this thesis, such as shear stress by agitation15; 16, osmolality increase due to pH control and
lactate production by the cells17; 18, fatty acid19; 20 or growth factor21 concentrations, may have
an influence on the cell culture quantity and quality. By increasing the agitation rate, more
harmful eddies may be formed, but the cell-microcarrier clumps formed during the culture
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could be prevented15. Initial experiments, with human MSCs in a stirred vessel, showed that
when the agitation rate is increased to a speed close to the theoretical speed at which harmful
eddies are formed, faster growth and a more homogeneous cell distribution was obtained. This
indicates that there is an optimal mixing speed for the expansion of the human MSCs in a
bioreactor system. By performing future experiments focussing on the optimal mixing speed in
the bioreactor system, the expansion of the human MSCs may be improved.
Next to culture conditions, such as DO and agitation rate, the medium composition may
have a major effect on human MSC growth and metabolism. In chapters 2, 4, 5 and 6, we have
shown that the main C-source glucose is used for growth and that glutamine is almost not
consumed by the cells for energy generation, but mostly as a protein constituent. This indicates
that glutamine concentrations can be decreased in the medium, thereby also decreasing the
spontaneous formation of ammonia. Other solutions to obtain an efficient metabolism without
high production of the metabolites lactate and ammonia is by replacing the glucose and/or
glutamine by another C-source, such as pyruvate. For example, Genzel and co-workers22
showed that by replacing glutamine with pyruvate for expansion of several mammalian cell
lines, less ammonia and lactate was produced due to a change in metabolism. Results showed
that the cells were not inhibited in their growth by the metabolites due to the glutamine
substitute. Future studies to optimize the medium composition for the expansion of human
MSCs may focus on the replacement of either glucose or glutamine, to diminish ammonia
production.
Another medium component that is important for the expansion of human MSCs is
serum23; 24. Serum contains a whole collection of important components for cell growth, such as
growth factors, vitamins, proteins (e.g. attachment proteins), and mineral ions25. However,
most sera are from animal origin. When the expanded stem cells will be used for clinical
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application, an animal free expansion process is favourable. Because serum is an undefined
medium substitute, finding a serum replacement is a real challenge. During the experimental
period for thesis, several commercial serum substitutes were examined (CellProtex,
CellProsper, LiforCell, Platelet Lysate) either in tissue culture flasks or in a microcarrier
culture. None of the tested substitutes resulted in comparable growth of the human MSCs when
expanded with serum. Also cell attachment to the microcarriers appeared to depend on the
serum in the medium (as described in chapter 4). Initial cell attachment to the microcarriers is
based on the charge density of the microcarriers and the cells, but tight cell attachment and
spreading is initiated by attachment proteins either present in the serum or produced by the
cells13; 14; 26. We performed experiments with serum substitutes (data not shown), where results
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showed no or low cell attachment efficiency on the microcarriers. To find a proper serum
substitute for human MSC expansion on Cytodex 1 microcarriers, more additional experiments
are required.
Other components in the medium that may influence expansion, which have not yet been
investigated, are e.g. fatty acids, vitamins, or components that can trigger stem cell
differentiation such as growth factors. Most fatty acid can be produced by the cells themselves
and will be used by the cells to store energy, as precursors for other molecules, and as a
constituent of cell structures such as cell membranes. However, there are also essential fatty
acids which cannot be produced by the cells such as arachidonic acid and linoleic acid27.
Concentrations present in the cell culture will influence growth and metabolism19; 20; 28. Upon
limited availability of the essential fatty acids, growth will cease. This will also be the case for
other medium components as vitamins and growth factors. When more information about these
components is available for human MSC expansion, growth and metabolism can be optimized
to a clinical relevant situation in which the cells remain their stem cell characteristics and are
expanded to substantial cell numbers needed for clinical application.

Direct MSCs enrichment from the bone marrow on
microcarriers
In the experiments described in the previous chapters, we used MSCs that were precultured in 2D on tissue culture plastic after adhesion selection from the bone marrow
aspirates. For clinical application, it would be ideal to attach the MSCs directly from the biopsy
on the microcarriers, followed by expansion of the attached MSCs in the same system. This
reduces the number of steps necessary for the whole process, minimizing the risk of errors,
contaminations, and time necessary for the whole process. We evaluated several methods; 1)
direct seeding the untreated biopsy to the microcarrier suspension, 2) pre-treating the biopsy
with red blood cell lysis buffer, gradient centrifugation, RosetteSepTM (enrichments method of
MSCs from bone marrow using antibodies and density centrifugation, from Stem Cell
Technologies) MSC enrichment, or filtration, prior to placing the biopsy in a microcarriers
suspension. Several problems occurred; 1) Cell yields decreased 2) Cells attached to the
microcarriers, but no growth was observed. However, by filtrating the biopsy using a 8 µm
filter, the MSCs attached and proliferate. Initial results, performed with a porcine bone marrow
biopsy shown in the appendix, showed that the enrichment steps on tissue culture plastic can be
skipped while maintaining the differentiation potential of the attached and expanded cells on
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the Cytodex 1 microcarriers. As these are preliminary results with another species than human,
experiments should be performed using several human bone marrow biopsies to confirm these
observations and to compare the cell yield when direct enrichments or indirect enrichment
method is used.

Applications of the expanded human MSCs and the
challenges
A critical prerequisite for the successful implementation of a bioreactor system for stem
cell expansion is the timely delivery if the expanded cells. The time of expansion before the
MSCs can be used for a patient will depend on the application, as different cell numbers may
be required. A lot of different applications are investigated nowadays, such as neurological
disorders and heart diseases, as described in the introduction of this dissertation. Also different
numbers of multipotent stem cells or stem cells which are already triggered to differentiate
towards a specific lineage are used for clinical trails. To take cardiac repair as an example,
more than 100 clinical trails have already been performed which uses different approaches to
deliver stem cells to the patient after a myocardial infarction29; 30. To give some examples, Ge
et. al. administered about 40 million bone marrow cells31 and Suarez de Lezo et. al.
administered about 900 million ficol separated bone marrow cells32. Both observed a positive
significant effect by administering these cell fractions to the patient. Another study by Janssens
et. al., administered approximately 300 million ficol separated bone marrow cells but did not
observe a positive effect33.
For most clinical trails using bone marrow cells, either the whole biopsy or the mononucleated fraction was used. However, it is postulated that by administering an enriched
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fraction of MSCs, better results could be obtained34. A small-scale study by Chen et. al.
showed the positive effect of administering 6 ml with 800 to 1000 million bone marrow
mesenchymal stem cells per ml35. This is a high number of cells and more clinical trails should
be performed to find the optimal cell number of MSCs that should be administered to the
patient after a myocardial infarction or for another clinical application. The challenge before
using the microcarrier-based bioreactor system for clinical application will be to obtain the
required cell numbers in time while maintaining viability and multipotency of the cells. Before
using the system in clinical trails for several applications, the expansion process needs
therefore further improvement.
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Next to the timely delivery of the expanded cells, the costs of the development and
production of the bioreactor for stem cell expansion is a crucial factor for the successful
implementation. The bioreactor system will have to be designed and developed according to
the relevant guidelines and produced under GMP using approved disposable materials. The
part of the bioreactor which will be in direct contact with patient material should be disposable
to avoid the risk of contamination and expensive validated cleaning procedures. The control
system should probably be able to control multiple cultures in parallel to be cost effective.
Furthermore this system should be easy to operate, avoid the risk of (human) errors and require
general lab facilities (regarding gasses, current etc) to be implemented in the hospital facilities
and departments.

In conclusion
We showed that it is possible to expand human MSCs on Cytodex 1 microcarriers in the
stirred vessel bioreactor. Improved expansion of the cells was obtained by taking a closer look
to the metabolisms of the cells during multiplication en the control of pH and DO in the
microcarrier-based bioreactor system. Overall, we have gained scientific knowledge on the
growth and metabolism of MSCs and obtained knowledge on the effects of feeding regime,
metabolic inhibitors, and pH and oxygen tension control on the expansion and metabolism of
MSCs.
Before using expanded human MSCs for several applications in the clinic, more research
should be performed to optimise growth of the cells on the microcarriers in the bioreactor
system by evaluating the medium composition, the culture parameters and the bioreactor
design. We showed that MSCs can be efficiently expanded in a microcarrier-based bioreactor
system at hypoxic oxygen tensions, while maintaining the differentiation potential and cell
viability As postulated, the medium composition can be optimized by evaluating for example
the fatty acids, vitamins or growth factors. The culture conditions can be improved by finding
the optimal mixing speed to obtain a homogenous cell distribution without cell damaging
levels of shear. Before the MSCs expanded using this process can be used in the clinics, an
automated and disposable bioreactor design according to GMP guidelines and a GMP process
must be developed.
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Abstract
Prior to evaluate the effect of porcine MSCs in a porcine model of acute myocardial
infarction, the feasibility of enriching porcine MSCs from a bone marrow aspirate and the
expansion of these MSCs in a microcarrier-based cultivation system was investigated. Several
enrichment methods were examined and expansion on Cytodex 1 microcarriers in a spinner
flask culture was evaluated. After expansion, either in tissue culture flasks or in the
microcarrier culture, the multipotency of these cells was evaluated. Erythrocyte depleted (8µm
filtering) crude bone marrow-derived MSCs attached directly to microcarriers. Subsequently,
MSCs were able to multiply on the microcarriers and multipotency assays showed a higher
differentiating potency for the cells enriched and expanded in the microcarrier-based
cultivation system compared to cells enriched and expanded in tissue culture flasks. This study
shows that it is feasible to expand porcine MSCs to substantial cell numbers within a clinically
relevant therapeutical window.
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Introduction
Several studies have shown that damage to infarcted heart tissue can be diminished by
injecting the infarcted tissue with a (mono nucleated) subpopulation of the bone marrow1-4.
However, the exact mechanism behind this repair is not yet known. It has been postulated that
tissue repair could be due to introduction of a cocktail of the bone marrow cells, or only one
cell type (e.g. the MSCs). Alternatively, paracrine regulation, or factors produced by the
injected fraction of cells may be active to preserve the infarct borderzone tissue

5-7

.

Contradictory results regarding improvement of myocardial function after cell therapy are also
reported 8-10. For example, Chen and co-workers reported a significant effect of cell therapy on
the improvements of the left ventricular ejection fraction after acute myocardial infarction4,
whereas Janssens et. al., did not found a significant improvement of the left ventricular ejection
fraction after cell therapy10.
To investigate if MSCs enriched from bone marrow can play a role in the repair of
damaged heart tissue, a porcine model for acute myocardial infarction will be used. In this
model, MSCs will be enriched from the bone marrow of the animal, expanded to obtain 23*106 MSCs per kg bodyweight3 and finally readministered transcoronary into infarct
borderzone tissue of the pig one week after myocardial infarction11. By studying this porcine
model, the clinical application of human autologous adult stem cell expansion will be
investigated.
A feasibility study was set up to investigate the possibility to enrich porcine MSCs, either
on tissue culture plastic or directly onto microcarriers, and to expand the enriched cells in a
microcarrier-based cultivation system. To perform this study, the spinner flasks culture
conditions designed for the human MSCs (chapter 4) have been used. Preliminary in vitro
results, regarding enrichments and growth of porcine MSCs, are shown in this appendix.

Materials and Methods
All animal experiments were conducted in compliance with the “Guide for the Care and
Use of Laboratory Animals” and after approval of the Animal Care Committee of the Erasmus
MC. Bone marrow aspirates (20-30 ml) were taken aseptically from the proximal femur of
four, 5-6 months old (25-35 kg), Yorkshire x Landrace pigs of either sex. Bone marrow was
collected in heparin, EDTA or sodium citrate anticoagulation tubes (Becton Dickinson,
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Vacutainer, Breda, The Netherlands) and transported at room temperature within 6 hours to the
cell culture facility. Different experiments were performed using the aspirates.
Culture medium consisted of α-MEM (Invitrogen, Breda, The Netherlands) supplemented
with 10% FBS (Cambrex, Verviers, Belgium), 100 U/ml penicillin (Invitrogen), 100 µg/ml
streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.2 mM L-ascorbic acid-2phosphate (Sigma, Zwijndrecht, The Netherlands), and 1 ng/ml bFGF (AbD Serotec, Oxford,
UK).
The MSC population was enriched from some aspirates either on tissue culture plastic or
directly onto Cytodex 1 microcarriers in spinner flasks (20 cm2/ml) using adhesion selection12;
13

. Different pre-treatments of the aspirates were examined on cell yield after enrichment;

1) no pre-treatments,
2) washing the aspirate twice with PBS by centrifugation (5 minutes at 300g), and
3) filtration of the aspirate biopsy through an 8 µm filter of PET membrane (Becton and
Dickinson Labware, Breda, The Netherlands).
For expansion of the MSC population, either the directly seeded microcarriers were used
or the microcarriers were incubated with porcine MSCs that were isolated by initial adhesion to
tissue culture plastic. Expansion of the porcine MSCs was performed in 100 ml spinner flasks
(as described in chapter 4). Between day 6 and day 16, 50% of the medium was refreshed and
30% medium with microcarriers was added every three days. Expansion of the porcine MSCs
was assessed by the CellTiter-Glo assay (Promega, Leiden, The Netherlands) or by staining a
sample with 1% methylene blue (MB) solution (Sigma).
After expansion of the porcine MSCs enriched from one aspirate, the differentiation
potential, with regard to osteogenesis and chondrogenesis, was evaluated. For this, the
protocols used to differentiate human MSCs were used (described in chapter 4 and 5).

Results and Discussion
Enrichment of porcine MSCs from raw aspirate
With regard to enrichment of the MSC population on tissue culture plastic, washing the
biopsy with PBS yielded 2 times more cells compared to the untreated biopsy. After 13 days,
1.59*104 cells/cm2 were obtained from the untreated aspirate and 3.18*104 cells/cm2 were
obtained from the washed aspirate. These differences are most probably caused by the lower
number of erythrocytes present after washing the aspirate. Erythrocytes may have consumed
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and exhausted nutrients from medium, leaving lower nutrient levels for the adherent fraction of
the aspirate.
The first two enrichment methods failed to isolate MSCs directly onto Cytodex 1
microcarriers. An elastic aggregate was formed when the untreated aspirate was incubated with
a microcarrier suspension. The aggregate did not include all microcarriers. It is speculated that
the heparin present in the biopsy reacts with the microcarriers in the culture due to the electrogradient. Heparin is a highly-sulfated glycosaminoglycan, which is widely used as an injectable
anticoagulant and has the highest negative charge density of any known biological molecule14.
As the Cytodex 1 microcarriers are positively charged, the heparin might attach to the
microcarriers and may not be functional. In case heparin is absent or dysfunctional in a culture
containing blood platelets, the blood will coagulate and form an aggregate. We evaluated
alternative anti-coagulation agents, such as EDTA and sodium citrate, in order to rule out the
effect of charge neutralisation. However, bone marrow received in containers pretreated with
aforementioned antiocoagulants resulted in even lower numbers of isolated MSCs (data not
shown). An alternative solution to intercept the problem of coagulation is to eliminate the
blood platelets from the heparin aspirate, either by washing the aspirate or by filtration.
The washing pre-treatment of the biopsy resulted in attached cells to the Cytodex 1
microcarriers. However, many red blood cells remained present in the medium and they
attached to the microcarriers as well, which is undesirable as they may consume nutrients and
use surface area dedicated for the MSC population. Alternatively, the biopsy was 8 µm filtrated
yielding an enriched cell population of which the MSC fraction could directly be adhered to the
Cytodex 1 microcarriers (Figure 1A). Isolation of stem cells using filtration was also shown by
Hung and co-workers15. They used a 3 µm filter and placed the filter with the mono nucleated
fraction of the bone marrow in a tissue culture flask for MSC enrichment. However, direct
enrichment of MSCs onto microcarriers has not been shown before, to our best knowledge.
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A

B

Figure 1.

Direct seeding and growth of porcine MSCs on microcarriers

A filtered bone marrow biopsy was incubated with a Cytodex 1 microcarrier suspension in spinner flasks.
A) Attached cells at day 6 after seeding B) Expanded cells after 16 days.

Expansion of porcine MSCs on microcarriers
Expansion of porcine MSCs was shown for passage 0 cells (after direct MSC-isolation
onto the microcarriers, Figure 1B), and passage 1 cells (isolated on tissue culture plastic and
reseeded onto microcarriers (Figure 2). Comparable to goat and human MSCs13; 16, bead-tobead jumping of the porcine MSCs was observed after addition of fresh microcarriers.
During expansion, p1 cells grew with a population doubling time of 2 hours. Moreover,
glucose and lactate were measured. The p1 porcine MSC culture in the spinner flask showed a
glucose to lactate conversion rate (Ylac/glc) of 2.5 and a specific glucose consumption rate
(qGlc) of -3.3 pmol cell-1 day-1. These are results of only one culture and from one donor, and
may therefore not be representative but it gives an indication about the metabolism of porcine
MSCs. Based on these data, porcine MSCs expanded on microcarriers used glycolytic
metabolism to generate energy from glucose. Growth and metabolism may change when
expansion is upscaled to the stirred vessel bioreactor using optimized culture conditions as
defined for the expansion of human MSCs (see chapter 4 and 5).
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Figure 2.

Expansion of porcine MSCs on Cytodex 1 microcarriers

() passage 1 cells expanded on microcarriers in a spinner flask.

Multipotency of expanded porcine MSCs
The directly enriched and expanded porcine MSCs on cytodex 1 microcarriers and tissue
culture plastic were verified for their differentiation potential, with regard to adipogenesis,
osteogenesis and chondrogenesis. Adipogenesis of the porcine MSCs, using the selected
protocol which is also used for differentiation of human MSCs, did not yield fat globules in the
cytoplasm. This may be an indication that the expanded porcine MSCs were not multipotent or
that the selected protocol to stimulate adipogenesis was not suitable for porcine MSCs.
With regard to the osteogenesis and chondrogenesis, differentiation of the expanded cells
was observed (Figure 3). More calcium deposits and more GAG matrix was formed with p0
cells that were isolated and expanded on Cytodex 1 microcarriers, compared to the p2 cells
isolated and expanded on tissue culture plastic. These results indicate that by isolating and
expanding the MSCs directly using microcarriers and the filtration method, MSCs maintain
their differentiation potential better than when isolating and expanding the cells on tissue
culture plastic. As this experiment was only performed with one donor, this study should be
repeated with several donors and passage numbers, as this may influence the results17-19.
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P0 cells – Cytodex 1

P2 cells – TC-plastic

Osteogenesis

Chondrogenesis

Figure 3.

Multipotency of expanded porcine MSCs

Ca2+ deposits were stained with Alizarin Red, original magnification 40x. Chondrogenic pellets were
sectioned and stained with Safranin O, original magnification, 200x.

Overall, the results of this in vitro feasibility study showed that it is feasible to enrich and
expand porcine MSCs in a microcarrier-based cultivation system prior to use the cells for the
future in vivo study in a porcine model of acute myocardial infarction. For this future study it
was estimated that approximately 50-100 million MSCs are necessary (or 2-3 million MSCs
per kg body weight)3. This is comparable to previous in vivo work in which approximately 50100 million mononucleated cells from a bone marrow biopsy were injected11. The aim for the
in vivo study is to deliver the expanded MSCs within two weeks after taking the bone marrow
biopsy and 7 days after the myocardial infarction20; 21. Within two weeks the MSCs should be
enriched from the bone marrow and multiplied to approximately 75 million cells. These cells
should be delivered to the infarcted tissue 7 days after myocardial infarction, as it was shown
that the highest cell number will be maintained at the infarcted tissue. To obtain an avarage of
75 million cells within two weeks, the biopsy should be directly seeded onto the microcarriers,
as this shortens the total expansion time. Moreover, expansion should be optimized by
evaluating the culture conditions used for human MSCs (chapter 4 and 5) where the MSCs
were expanded with pH and dissolved oxygen (DO) (4%) control and by refreshing medium
and adding medium with microcarriers every three days13; 22.
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Conclusions
Most optimal enrichments of porcine MSCs from the bone marrow on the Cytodex 1
microcarriers was obtained after 8 µm filtration of the biopsy. In addition, cells were able to
grow on the microcarriers and showed to be more multipotent than when enriched and
expanded on tissue culture plastic. For future in vivo experiments, it should be feasible to
expand the MSCs up to an average of 75 million cells within a clinically relevant therapeutical
window.
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Mesenchymal stem cells, MSCs, are a great potential source for clinical applications in the
field of tissue regeneration. Either by applying cell based techniques or tissue engineering,
clinically relevant numbers of MSCs are necessary as described in chapter 1. Although MSCa
can be isolated from several tissues of the human body, bone marrow is one of the most
investigated sources as relatively high numbers of MSCs can be enriched from this tissue.
Unfortunately, a bone marrow aspirate does not contain clinically relevant amounts of MSCs
for cell therapeutic use. The cells need to be multiplied ex vivo before they can be applied as a
tissue regenerative basis. This dissertation describes the expansion of MSCs in a microcarrierbased bioreactor system. In addition, the metabolism of the MSCs is described as this directly
influences cell growth efficiency.

Growth and metabolic experiments in conventional tissue culture flasks using MSCs from
goat, rat and human donors showed that there is a species dependence on growth rate and
metabolic utilization of glucose (chapter 2). Goat MSCs grew significantly faster compared to
rat and human MSCs. Regarding the c-source metabolism, goat cells utilized glucose via the
efficient oxidative phosphorylation pathway, while human and rat used the inefficient
glycolysis pathway towards lactate. Moreover, it was shown that MSCs can tolerate relatively
high lactate concentrations before growth inhibition occurs, while ammonia inhibits MSC
growth at low levels that are faced during culture.

In chapter 3 and 4, we showed the possibility to expand goat and human MSCs on
Cytodex 1 microcarriers in a spinner flask culture. By optimizing the feeding regime based on
cellular metabolism, cell growth on microbeads was improved and clinically relevant numbers
of MSCs per cm2 were reached, while maintaining stem cell characteristics and multipotency.
In addition, we showed in chapter 5 that when controlling the pH at 7.2-7.3 and maintaining
the oxygen tension at hypoxic levels of 3-4% oxygen in a stirred vessel bioreactor, cell
expansion and cell viability is improved. Results also showed a better maintenance of human
stem cell multipotency with regard to chondrogenesis. Moreover, we found that human MSC
metabolism shifted to a higher rate of glycolysis to generate energy for growth and cellular
maintenance when expanded at low oxygen tensions. Chapter 6 showed a detailed insight in
the amino acid metabolism of the human MSCs expanded at a low oxygen tension in a
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controlled stirred culture. A batch culture for 6 days showed no limitations in amino acid
concentrations.

In addition to cell culture characteristics, in vivo studies with MSCs expanded in a
microcarrier-based bioreactor system were initiated to examine the preservation of stem cell
characteristics during expansion in vivo. The Appendix chapter described an efficient method
of MSC enrichment and expansion of porcine MSCs mimicking the clinical situation.

Overall, we indicated the feasibility of expanding MSC on Cytodex 1 microcarriers and
gained more knowledge on the effect of expansion conditions on cellular metabolism. We
showed that expansion can be improved by investigating the metabolism of the cells and by
controlling the cell culture for pH and oxygen tension. Nevertheless, there are still topics that
need to be addressed to further improve expansion, such as the fatty acid metabolism, growth
factor concentrations or the shear in a microcarrier based stirred culture. Before
implementation into the clinical settings, a disposable bioreactor should be developed
according to good manufacturing practice (GMP) guidelines.
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Mesenchymale stamcellen, MSC's, hebben een hoge klinische potentie voor de regeneratie
van weefsels. Echter voor het gebruik van klinische toepassingen door middel van celtherapie
of weefselkweek is een groot aantal MSC's vereist, zoals beschreven in hoofdstuk 1. MSC's
kunnen worden verkregen uit verschillende soorten weefsels van het menselijke lichaam.
Beenmerg wordt gezien als een van de belangrijkste weefsels aangezien zich hier een relatief
hoog aantal MSC's in bevinden. Helaas is het aantal cellen dat uit het beenmerg kan worden
geïsoleerd lang niet genoeg voor de klinische toepassing en moeten ze dus nog
vermenigvuldigd worden. Dit proefschrift beschrijft de vermenigvuldiging van MSC's op
microcarriers (dragermateriaal), in een bioreactor systeem. Ook is het metabolisme van de
cellen beschreven aangezien de efficiëntie van de celgroei hierdoor wordt beïnvloed.

Experimenten in traditionele kweekflessen met MSC's van geiten, ratten en menselijke
donoren toonde aan dat MSC's van verschillende soorten verschillen in groei en
glucosemetabolisme (hoofdstuk 2). Geiten MSC's groeiden significant sneller vergeleken met
ratten- en menselijke MSC's. Met betrekking tot het glucosemetabolisme consumeerde geiten
MSC's glucose via de efficiënte oxidatieve fosforylatie route, waar menselijke en ratten MSC's
de inefficiënte glycolyseroute naar melkzuur gebruikten. Verder is er ook aangetoond dat
MSC's bestand zijn tegen relatief hoge melkzuurconcentraties, maar dat de groei wordt geremd
door de ammoniaconcentraties die in een kweek worden bereikt.

In hoofdstuk 3 en 4 hebben we laten zien dat het mogelijk is om geiten- en menselijke
MSC's op microcarriers in een geroerde fles te kweken. Door het voerschema, gebaseerd op het
metabolisme, dusdanig te optimaliseren, waren we in staat de celgroei op microcarriers te
verbeteren. Hierdoor werden celhoeveelheden per cm2 bereikt die nodig zijn voor klinische
toepassingen. Hierbij werden de eigenschappen van de stamcellen behouden. Hoofdstuk 5
beschrijft dat het controleren van de pH op 7.2-7.3 en de zuurstofconcentratie op 3-4% tijdens
een kweek in een geroerd vat de celgroei en vitaliteit verbeterd. Ook werd de
differentiatiemogelijkheid, met name de kraakbeendifferentiatie, beter behouden wanneer een
kweek werd gecontroleerd. Verder zagen we dat het behouden van een lage (3-4%)
zuurstofconcentratie het metabolisme van de menselijke MSC's verschoof naar een hogere
consumptie van glucose via de glycolyse. Hoofdstuk 6 laat een meer gedetailleerd overzicht
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zien van het aminozuurmetabolisme voor menselijke MSC's, wanneer ze worden
vermenigvuldigd op de microcarriers in een geroerd vat met een lage zuurstofconcentratie.
Hieruit bleek dat, wanneer de cellen voor 6 dagen in batch worden gekweekt, er geen
limiterende aminozuurconcentraties worden behaald.

Naast het verkrijgen van meer celkweekkennis zijn er ook in vivo experimenten opgestart,
waarbij we kijken of de vermenigvuldigde cellen nog steeds stamceleigenschappen hebben
wanneer teruggeplaatst in een dierlijk lichaam. De bijlage beschrijft een efficiënte methode om
MSC's uit een varkensbeenmergbiopt te verkrijgen, zoals het ook in de kliniek toegepast kan
worden.

Alles omvattend hebben we bewezen dat het mogelijk is om MSC's te vermenigvuldigen
op Cytodex 1 microcarriers en hebben we meer kennis verkregen van de invloed van
celkweekcondities op het celmetabolisme. We hebben laten zien dat de vermenigvuldiging kan
worden verbeterd door het metabolisme van de cellen te bestuderen en door de kweekcondities
te controleren. Toch zijn er nog steeds onderwerpen die bestudeerd moeten worden om de
vermenigvuldiging verder te verbeteren, zoals het vetzuurmetabolisme, concentraties van
groeifactoren en de invloed van wrijvingskrachten die optreden in een geroerde bioreactor met
microcarriers. Voordat het vermenigvuldigingsproces in de kliniek toegepast kan worden, moet
er een bioreactor voor eenmalig gebruik worden ontworpen volgens strikte richtlijnen.
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