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Abstract
The Natural Killer cell line NK-92 is a well-established culture of lymphocytes that has been
consistently used with high antitumor cytotoxicity and as a suitable transfection host, it is among the
few lymphoid cell line derived products that have been successfully infused into patients with
advanced cancer with clinical benefit and minimal side effects. However, the therapeutic use of NK
cells depends on a precisely tuned cell activation, differentiation, expansion and separation protocols
with considerable amounts of serum and exogenous cytokines, additional to the fact that they are very
sensitive to process parameters, such as temperature, population density, shear stress and aeration.
Current NK-92 cell expansion process is performed primarily through a batch and split strategy that is
carried on plates, flasks and bags. This approach tends to generate less efficient cultures than dynamic
cell suspension systems. As important as the evaluation of the effect of process parameters on cell
growth, the determination of cell cytotoxicity, and its relationship with the metabolic profile of the
expanded cells has become a major research topic in the immunotherapy field. Distinguishing the
specific nutrient uptake characteristics of functional and non-functional lymphocytes may be the key
for establishing suitable on-line culture monitoring strategies, able to predict and adjust cell growth
within an integrative approach that includes cell quality.
To make NK cell therapy accessible for every patient, a dynamic culturing approach is
beneficial, as it provides a higher output of therapeutic cells. Therefore, the goals of this thesis are to
explore the effect of different stimulation strategies and process parameters on NK92 cell culturing in
dynamic conditions, especially the effect of shear stress on viability, aiming towards scaling it up from
traditional flask-based culturing into medium lab scale bioreactors. In order to achieve this transition
culturing experiments under different dynamic conditions were performed to find the agitation that
leads to optimal growth. The produced cells were tested for their cytotoxic capabilities, to ensure their
functionality. Lastly, the concentrations of secondary metabolites and amino acids were quantified to
find possible correlations between uptake rates, growth rates and functionality.
The results of this thesis show that a dynamic culturing approach is not only possible but leads
to an increase of the growth rate, while viability and cytotoxicity did not experience a significant
change. Furthermore, concentrations of important metabolites and amino acids were quantified and
uptake rates successfully linked to the cells growth rate. The quantification of uptake rates and
correlations with cell growth rate are previously unreported in literature. Conclusions towards the
composition of the ideal culturing medium can additionally be derived from the collected data, which
could lead to a further increase in the growth rate as and cost efficiency. Further experiments need to
be conducted regarding correlations between cytotoxicity and uptake rates, using stirred small scale
systems and finally transition into a lab scale bioreactor.
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Kurzfassung
Die natürliche Killerzellen Linie NK92 ist eine etablierte Lymphozyten Zellkultur, die sich bereits
als geeignete Transfektionswirtszelle, mit hoher Antitumor-Zytotoxizität, erwiesen hat. Weiters ist es
eine der wenigen lymphoiden Zelllinie, die bereits erfolgreich Patienten mit fortgeschrittenem Krebs
verabreicht wurde und dabei nur minimale Nebenwirkungen gezeigt hat. Allerdings hängt der
therapeutische Erfolg der NK Zellen von einem exakten Zellvermehrungsprozess und einer
ausgeklügelten Aktivierungsstrategie, die große Mengen Serum und exogene Zytokine beansprucht,
ab. Zusätzlich sind die Zellen sensitiv gegenüber bestimmten Prozessparametern, wie beispielsweise
Temperatur, hohe Zelldichte, Scherspannung und Belüftung. Gegenwärtig werden NK92 Zellen mittels
einer batch-and-split Strategie vermehrt, wobei Platten, Flasks oder Bags zum Einsatz kommen.
Allerdings tendiert dieser Ansatz dazu, weniger effiziente Kulturen zu liefern als eine dynamische
Expansionsstrategie, bei der die Zellen in einer Suspension vermehrt werden. Aber nicht nur die
Auswirkungen dynamischer Prozessparameter sind ausschlaggebend, sondern auch Veränderungen in
der Funktionalität. Das Quantifizieren der Stoffaufnahmeraten von funktionellen und nichtfunktionellen Zellen, könnte der Schlüssel zur Entwicklung für on-line monitoring Strategien sein und
so Zellwachstum vorherzusagen und zu steuern.
Um den Zugang zu NK Zelltherapie allen Patienten zu ermöglichen, ist ein dynamisches
Verfahren sehr vorteilhaft. Demnach sind die Ziele dieser Arbeit das Dokumentieren und Optimieren
der Effekte dynamischer Prozessparameter auf die NK92 Zellen. Durch derartige Optimierungen soll
letztlich ein Scale-Up in kleine Bioreaktoren erfolgen. Um einen Übergang zu einer Kultivierung in
Bioreaktoren zu gewährleisten, wurden Experimente unter verschiedenen dynamischen Bedingungen
durchgeführt, um so ein Optimum zu bestimmen. Die Zellen wurden weiters auf ihre Zytotoxizität
getestet, um die Funktionalität zu gewährleisten. Schlussendlich wurden die Konzentrationen
bestimmter Metabolite und Aminosäuren quantifiziert um mögliche Korrelationen zwischen
Aufnahmeraten, Wachstumsraten und Funktionalität zu ermitteln.
Die Ergebnisse dieser Arbeit zeigen, dass eine dynamische Kultivierung der NK92 Zellen nicht
nur möglich ist, sondern auch eine erhöhte Wachstumsrate, bei gleichbleibender Viabilität und
Funktionalität, zeigen. Weiters wurden die Konzentrationen wichtiger Metabolite und Aminosäuren
quantifiziert und eine Korrelation zwischen Aufnahmeraten und Wachstumsraten festgestellt, die
bislang nicht in der Fachliteratur erwähnt wurden. Dies ermöglicht Rückschlüsse auf die optimale
Zusammensetzung eines idealen Mediums, was wiederum die Wachstumsrate und Kosteneffizienz
erhöhen kann. Zukünftige Versuche bezüglich der Korrelation zwischen Zytotoxizität und
Aufnahmeraten, sowie die Verwendung von serumfreien Medien sind notwendig, um letztlich einen
Testlauf in einem Bioreaktor starten zu können.
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A

Introduction
The immune system is split into the adaptive and innate immune system. Adaptive immunity,

also known as acquired immunity, requires exposure to an antigen, which can either be from a
pathogen or a vaccination. This adaptive immune response is affected by two cell types: T cells, which
carry out the cell-mediated immune response and B cells, which are responsible for the humoral
immune response. Both immune responses have the common trait to be specific to molecular
structures on the pathogen. Therefore, in order to carry out their task to destroy pathogenic cells, they
need prior exposure to the pathogen. One major advantage of the acquired immune response is the
long-term memory effect it possesses. Upon re-exposure to a previously encountered pathogen, this
memory effect will generate an immune response at a rapid pace. The innate immune system on the
other hand serves as a first line of defense to prevent invasion and infection by pathogens. This fast
immune response consists of various components, such as physical barriers (e.g. skin), lysozymes,
phagocytes (e.g. macrophages) and cytokine releasing cells like natural killer cells (NK).
Natural killer cells are cytotoxic lymphocytes that selectively eliminate a wide array of target
cells, like tumor or virally infected cells, without antigen-specific receptors. The main feature of NK
cells is their ability to distinguish stressed cells from normal cells. The killing process is carried out by
cytotoxic molecules stored in a secretory lysosome, which is a specialized exocytic organelle found in
some eukaryotic cells which contains digestive enzymes such as lysozymes. When a stressed cell is
detected, a lytic immunological synapse is formed between the NK and target cell. The organelles
release their cytotoxic contents at the lytic synapse upon activation, killing only the target cell. This
essential role of the secretory lysosome exocytosis has been highlighted by the work of (Topham und
Hewitt 2009). They showcase that immune disorders are often caused by mutations of essential parts
of the exocytic machinery. The drawback of the NK cell immune response is the triggering of a cytokine
storm upon failure of killing target cells (Jenkins et al. 2015).
This impressive array of functions led to the promising research field of immunotherapy in
cancer treatment. Due to the harsh side-effects of conventional cancer therapy, such as radiation or
cancer drugs, attention has shifted towards adoptive cell therapy, which aims to activate the patient’s
immune system to target malignant cells by itself (Maus et al. 2014). Among the various types of
immune cells, especially NK cells present a promising candidate for cancer treatment. Unlike many
cells actively battling malignant cells such as T cells, NK cells show highly cytotoxic behavior towards
tumor or virally infected cells without prior sensitization. (Shin et al. 2020) The approach to source NK
cells for immunotherapy varies immensely. Approaches can be either allogeneic (cells from the same
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species but different individuals) or autologous (cells extracted from the same individual). Cells that fit
these categories consist but are not limited to: peripheral blood cell lines, stem cells and genetically
engineered cell lines. (Morvan und Lanier 2016)
The Natural Killer cell line NK-92 is a well-established culture of lymphocytes that has been
consistently used with high antitumor cytotoxicity and as a suitable transfection host, it is also the only
cell line product that has been successfully infused into patients with advanced cancer with clinical
benefit and minimal side effects (Arai et al. 2008). However, the therapeutic use of lymphocytes in
general and NK cells specifically depend on a precisely tuned cell expansion and activation protocol
with considerable amounts of serum and exogenous cytokines, additional to the fact that they are very
sensitive to process parameters, such as temperature (Cuchens und Clem 1977), overgrowth (Klapper
et al. 2009), shear stress (LI et al. 2001), and aeration (Atkuri et al. 2005).
Current NK-92 cell expansion process is performed through a batch and split strategy that is
carried on plates, flasks and bags. This approach tends to generate less efficient cultures than dynamic
cell suspension systems. Furthermore, there is currently no consensus on the effect of hypoxia (lower
than normal oxygen saturation) in growth and function of lymphocytes (McNamee et al. 2013), whilst
hyperthermia (higher than normal temperature) has been found to be beneficial for cell growth in
certain lymphocyte cultures (Roberts und Steigbigel 1977). However, these parameters have not been
explored with this specific cell line. In order to transition to a suitable bioreactor configuration, the
effect of these process parameters, in addition to the sensitivity of the culture to shear stress, must be
studied.
As important as the evaluation of the effect of process parameters on cell growth, the
determination of cell cytotoxicity, and its relationship with the metabolic profile of the expanded cells
has become a major research topic in the immunotherapy field. Distinguishing the specific nutrient
uptake characteristics of functional and non-functional lymphocytes may be the key for establishing
suitable on-line culture monitoring strategies, able to predict and adjust cell growth within an
integrative approach that includes cell quality. Although this possibility has been slightly explored in
some T-cells cultures and theoretically proposed for NK cells, a detailed metabolic profile in the context
of cell functionality has still not been addressed for the NK-92 cell line.
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A I

Motivation and Goal

With 26% of all deaths recorded in 2016 being caused by some sort of cancer (Eurostat regional
yearbook 2020), motivation to research new treatment methods for cancer is not hard to find.
Additionally, immunotherapy using NK cells shows a significant improvement in regard to side effects
compared to conventional treatment methods like radiation therapy (Ventola 2017).
The use of the cell line NK-92 is mainly driven by high cost of culturing autologous NK cells. The
goal towards culturing NK-92 for a broad application in cancer treatment is then increasing treatment
accessibility.
Generally, the experiments for culturing NK-92 cells under dynamic conditions are compared
to a traditional static approach. After careful consideration, the methodology chosen for this thesis is
partially based on a research paper by (Zhang et al. 2018), which optimizes the dynamic expansion of
Cytokine Induced Killer (CIK) cells. The approach leads to guidelines for the experimental setups and
expected results, because of the many similarities CIK and NK cells share. A detailed description of the
experimental setup of this thesis is outlined in C II Methods.
To improve yields and even functionality of NK cell cultures a shift from static cultures to
dynamic cultures is advised. Optimizing small scale dynamic experiments can lead to the development
of a dynamic process in bioreactors, which would yield numerous advantages such as better control of
process parameters (e.g.: pH, temperature, dO2), possible continuous operation, low operating costs
and efficient gas and nutrient transfer to the growing cells (Reinhart et al. 2002). Therefore, the thesis
explores the effect of different process parameters on NK92 cell culturing in dynamic conditions,
towards scaling it up from traditional flask-based culturing into medium lab scale bioreactors. In that
regard the following are the specific objectives:
1. Comparison of static and dynamic (shaking and stirring) conditions on cell growth, colony
characteristics and functionality of the cultured NK92 cells
2. Evaluation of different stimulation strategies such as serum and cytokine concentration on
culture output under dynamic conditions specified in objective 1.
3. Correlating the difference in cell growth and functionality with the metabolic profile of the
NK92 cells during culture.

9
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B

Theoretical Background
B I

Natural Killer Cells

Natural Killer (NK) Cells are lymphocytes closely related to T and B cells, which come from the
same precursor cell. The pathways of different maturation processes are displayed in Figure 1: NK cell
maturation (Geiger und Sun 2016). NK cells have a wide array of functions, including the control of
virally infected cells, several types of tumors, as well as protecting against various diseases, most
notably cancer and virally infected cells. (Vivier et al. 2008)

Figure 1: NK cell maturation (Geiger und Sun 2016)

NK cells predominantly develop in the bone marrow, but recent studies suggest that some
development and maturation processes take place in secondary lymphoid tissues, such as tonsils or
the spleen (Scoville et al. 2017). The precursor for all lymphocytes are hematopoietic stem cells (HSC),
which are further developed into the common lymphoid progenitor (CLP). CLPs differentiate into Bcells, T-cells, innate lymphoid cells (ILC) and Natural Killer Progenitor (NKP) cell lineages. Through a
multi-step process NKPs develop first into immature NK cells (iNK) and finally transition into mature
NK cells (mNK). After final maturation and reaching full functionality, mNK cells migrate into secondary
lymphoid organs (Abel et al. 2018). The maturation of the cell line NK-92 happens during the
development of mNK cells from iNK cells, which makes the cell line an intermediate of these cell
maturation stages. (Gong et al. 1994)
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The main difference between NK cells and cytotoxic T cells lies in their capability to destroy
tumor or other malignant cells without priming or prior activation. NK cell activation is mainly
influenced by cytokines, a large group of glycoproteins, proteins and peptide, which play a vital role as
signaling molecules. They are secreted by cells of the immune system and regulate inflammation and
immunity. Examples for cytokines are interferon, interleukin and growth factors. In general, stress
molecules are increasingly synthesized when cells are exposed to either extracellular or intracellular
stress. Famous examples of stress molecules are heat shock proteins and RNA chaperones. Cytokines
are stress molecules released upon detection of a viral infection or a malignant cell (Wan et al. 2020).
They serve the purpose of signaling the NK cells that some viral pathogens are present. Common
cytokines known to be involved in NK activation include IL-12, IL-15, IL-18 and IL-2 (Lanier 2008). To
gain control over viral infections, NK cells secret tumor necrosis factor α (TNFα) and Interferon γ (IFNγ).
IFNγ leads to the activation of macrophages for cell lysis, and TNFα encourages direct NK tumor cell
killing. (Maki et al. 2001)
Once recruited by cytokines, NK cells are in constant contact with the surrounding cells. The
decision if a cell is killed is based on a balance of signals from activating and inhibitory receptors.
According to (Terunuma et al. 2008)) and (Iannello et al. 2008) the activating receptors recognize
molecular markers expressed on the surface of the cancer or virally infected cells, which leads to the
NK cells being switched on. Inhibitory receptors on the other hand detect MHC I receptors, which are
Killer-cell immunoglobulin-like receptors (KIRs). Most regular healthy cells express MHC I, which
inhibits the NK cells and prevents killing. If the NK cell is not inhibited it releases cytotoxic granules
containing perforin and granzymes, which leads to lysis of the targeted cell. The gene expression for
MHC I as well as NK cell inhibitory receptors can severely vary between different individuals. The
functionality of NK cells is also influenced by age and can be affected by chronical viral infections such
as cytomegalovirus (Hazeldine und Lord 2013).
Furthermore, NK cells have been shown to play a role in tumor immunosurveillance by directly
inducing death of tumor cells. They act as cytolytic effector lymphocytes in both mice and humans,
even in the absence of surface adhesion molecules and antigenetic peptides. This leads to a critical
role of NKs in the successful immune response, especially because of inability of cytotoxic T cells to
recognize pathogens in the absence of surface antigens (Vivier et al. 2011).
According to (Terunuma et al. 2008) tumor cells which do not cause inflammation, will be
regarded as “self” and will not induce an immune response by T cells. To work around this deficiency
NK cells, produce several cytokines, including tumor necrosis factor α (TNFα), Interferon γ (IFNγ) and
Interleukin-10 (IL-10). The activation of NK cells leads to production cytolytic effector cells alarming
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other parts of the immune system such as macrophages, dendritic cells and neutrophils. Consequently,
antigen-specific responses by B- and T-cells are enabled (Ferlazzo und Morandi 2014).

B I.1

CAR-NK and NK-92 cells

NK cells with a high functionality for immunotherapy can be gathered from various different
sources. Although adoptive transfer of expanded, autologous NK cells has been safely tolerated in
clinical trials, their efficacy has been shown to be limited (Locatelli et al. 2014). A promising alternative
for immunotherapy are NK cells derived from an allogeneic source. Allogeneic NK cells can be
generated from the peripheral blood (PB) of healthy donors or expanded from cord blood (CB).
Additionally, with the surge in success of chimeric antigen receptor (CAR)-engineered T (CART) cells for treating various diseases, there is also a rapidly growing interest in developing CARengineered NK (CAR-NK) cells for cancer therapy. Compared to CAR-T cells, CAR-NK cells could offer
some significant advantages, including:
•

better safety, for example the lack or minimal cytokine release syndrome, a reaction to
the release of high amounts of cytokines into the blood of a patient, which can cause
severe health problems.

•

various mechanisms for activating cytotoxic activity

•

high expediency for ‘off-the-shelf’ manufacturing. (Xie et al. 2020)

CAR-NK cells could be engineered to target diverse antigens, enhance proliferation and
persistence in vivo, increase infiltration into solid tumours, overcome resistant tumour
microenvironment, and ultimately achieve an effective anti-tumour response. (Suck et al. 2016)
Although there are plenty examples of studies supporting the use of expanded, activated CARNK cells, the majority of scientific publications utilize NK cell lines to express CAR molecules. Even
though several cell lines exist (Glienke et al. 2015), the by far most widely studied is NK-92. NK-92 is an
immortalized, interleukin-(IL) 2-dependent NK cell line, which had been established in 1992 from the
peripheral blood of a 50-year-old male patient with non-Hodgkin’s lymphoma at diagnosis. (Gong et
al. 1994). NK-92 cells lack almost all inhibitory Killer-cell immunoglobulin-like receptors (KIRs) except
KIR2DL4. KIRs are inhibitory receptors, which prevents the NK cells from killing the target cell. The lack
of KIRs on NK-92 cells may be the reason for their exceptionally high in vitro activity against a broad
spectrum of tumor targets. (Tonn et al. 2013)
The successful in vitro results led to early-phase testing of NK-92 cells. They have been
administered to over 40 human subjects with advanced cancer. (Tonn et al. 2013) Although infusions
were repeated regularly, the efficacy of the NK-92 cells remained limited. This major problem led to a
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number of research groups exploring the use of CAR modification to enhance the antitumor activity of
the cells. (Arai et al. 2008). Some examples of clinical trials are depicted in Table 1 (Zhang et al. 2019).
The majority of the presented trials are currently in Phase 1 and 2. One trial is being conducted in
Germany on Glioblastoma enrolled 30 participants and is in Phase 1.
Table 1: Examples for clinical trials with NK-92 cells (Zhang et al. 2019)

B II

Metabolism of Lymphocytes

The study of amino acid and carbohydrate metabolism provided major contributions to
mammalian cell culturing. Specific understanding of the amino acid metabolism has promoted highly
functional mammalian cell cultures by optimizing the design of media, which made it possible to
produce vaccines or antibodies routinely. Amino acids play a major role, which is based on the fact
that they are the main building blocks for proteins, DNA or RNA. (Sanfeliu et al. 1996)
However, when comparing cell types, they differ significantly in their amino acid metabolism.
Furthermore, the metabolism gives an insight into the internal pathways and how resources are being
used for energy generation and building blocks (Kontoravdi et al. 2007). The balance between
production and consumption of amino acids can also be changed by altering the culture conditions,
such as concentrations, stirring speed or reactor configurations (Sanfeliu et al. 1996).
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Not only the flux of amino acid, but also the consumption and production of macronutrients
play a major role in growth rate and efficacy of lymphocytes (Buck et al. 2015). As in most cases, the
main source of energy is glucose, therefore it’s consumption is a highly regulated process with
significant effects on cell function and survival of the cell (Maciver et al. 2008). Additionally, an
increased glucose consumption inevitably leads to a higher production of lactate, which shows to have
an effect on efficacy of lymphocytes such as T cells (Romero-Garcia et al. 2016). Similar research has
been conducted on the intra- and extracellular concentration of acetate, which also shows complex
effects on T and B cell responses, cell mobility and cytokine secretion (Degauque et al. 2018). But not
only carbohydrate-based metabolites are worth looking into, as the nitrogen-based metabolism seems
to also influence lymphocytes. Especially the consumption of glutamine and the consequent
production of ammonia and glutamate play a vital role in growth and functionality (Brand et al. 1989).
The challenges for NK cells are still high in number and variety. Especially the ability to
characterize all intracellular and extracellular components quantitatively and qualitatively is hard to
gain, because of the complex nature of the metabolic pathways (Marquis et al. 1996).

B II.1

Amino Acid Metabolism

Amino acids are into groups of essential and non-essential amino acids. By definition, essential
amino acids cannot be synthesized by the organism by itself but needs to be supplemented by diet.
The essential amino acids for vertebrates are: Histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, tryptophan, threonine, and valine. Non-essential amino acids are: Alanine, arginine,
asparagine, Aspartate, cysteine, glutamate, glutamine, glycine, ornithine, proline, serine, and tyrosine
(Boyle 2008).
(Higuera et al. 2012) investigated if Human Mesenchymal Stem Cells (hMSCs) consumed more
essential amino acids from an extracellular source than non-essential amino acids. As NK cells are
derived from human pluripotent stem cells, as described in (Lowe et al. 2016), the previously
mentioned research can be considered suitable reference, but further investigation into the
metabolism of NK-92 cells is undoubtedly necessary.
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Figure 2: hMSCs metabolic rates for essential and nonessential amino acids in static culture. Mean of three
donors ± standard deviations. (Higuera et al. 2012)

Figure 2 shows the results of the study conducted by (Higuera et al. 2012), which shows the
production and consumption of all essential and non-essential amino acids in a static culture of hMSCcells using the mean of three donors ± standard deviation. Although standard deviations are high due
to the variability and low number of samples, trends for most amino acids can be derived from the
data. The major takeaways are:
•

Alanine, Cysteine, Glycine and Proline are produced in high quantitites

•

Arginine, Asparagine, Serine and Valine are consumed in high quantities

•

Glutamine is consumed and transformed into Glutamate, although the rate of
degradation is presumably very high

This metabolic pattern differs from the metabolism observed in non-stemcell cultures,
especially for the non-essential amino acids. “For example, in cell lines such as HEK-293 and CHO,
asparagine can be secreted and alanine, glutamate, and glycine are consumed, which is the opposite
from the pattern observed here for these amino acids.” (Higuera et al. 2012). These results show that
metabolic pathways can differ immensely between different cell types and cannot be generalized.
Furthermore, they can explain processes like proliferation or differences in cytotoxicity.
Another important factor is the conversion of isoleucine, leucine, serine, and valine to
derivatives of the Krebs-cycle, which shows to be indirect to energy generation and direct to protein
synthesis (Nelson et al. 2000). Additionally, energy can be generated by converting arginine and
histidine to glutamate. (Drews et al. 2000) showed an increased alanine secretion in insect cells if an
excess of carbon source is available. Glutamine, proline, histidine and arginine are also converted into
glutamate before being used in the TCA cycle (Boyle 2008). Lastly, the serine metabolism creates
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glycine as a byproduct, which could lead to the secretion of glycine as a result of serine consumption.
The few examples listed show the importance of media design and the impact on the cells metabolism,
because excessive concentrations of carbon and energy sources can lead to overflow reactions and
shifts in metabolic pathways (Higuera et al. 2012).
The consumption of specific amino acids in lymphocyte cultures has been target of many
research projects (Sakagami et al. 2017; Genzel et al. 2004). As tracking the concentration of every
amino acid over time is a labor-intensive task, the amino acids with the highest expected uptake can
be identified. For lymphocyte cultures those amino acids are arginine, serine, glutamine, tyrosine,
threonine, isoleucine, leucine and lysine. An increase in L-arginine has shown an enhancement of antitumor activity of T-cells, by altering the cells metabolism (Geiger et al. 2016; Kim et al. 2018). Culturing
T cells under glutamine-restricted conditions led to more efficient

tumor

elimination

by

preventing T-cell exhaustion in vivo (Cruzat et al. 2018; Nabe et al. 2018). Leucine has been described
as an essential amino acid that takes part in activating complexes which regulate T cell proliferation,
differentiation and function (Ananieva et al. 2016). Although serine is a non-essential amino acid, it’s
extracellular concentration plays a major role in T cell expansion and activation (Ma et al. 2017). Lastly,
the group around Sakagami et al. published research in 2017 comparing the uptake of different
extracellular amino acids. Although the used organisms are neuron models, the result that the uptakes
of arginine, glutamine, leucine, lysine and serine are particularly high leads to the conclusion, that
those amino acids should be monitored closely (Sakagami et al. 2017).

B III

Expansion of Natural Killer Cells

Research conducted in the past two decades have shown, that the immune system has
thorough mechanisms in place to battle malignant diseases and therefore can aid the positive outcome
of different treatments. Especially the field of stem-cell transplantation (SCT) is a promising field in
that regard. (Barrett und Malkovska 1996) documented the graft-versus-tumor (GvT) effect, which
describes the recognition of malignant cells by immune cells. The rate of a decrease in relapses is firmly
related to the GvT effect.
A similar approach to treat malignant diseases is the use of adoptive cellular immunotherapy
with cytotoxic effector cells. This research includes the ex-vivo expansion of cytotoxic and tumorinfiltrating lymphocytes (CTLs and TILs), lymphokine-activated killer cells (LAK) or activated natural
killer cells (ANK) (Lapteva et al. 2012), (Pierson et al. 1996). Although these approaches have shown
difficulties in expansion, isolation and high cost of large-scale expansion in a clinical setting, hopes for
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further deployment of said treatments in cancer immunotherapy are still high (Hu et al. 2019). The
complementary approach of using cytotoxic cell immunotherapy in vivo, by administering cytokines
like IL-2, showed promising results, but the toxicity associated with cytokines are still problematic.
(Freedman et al. 2000)
To prevent high costs and toxicity, (Klingemann und Miyagawa 1996) suggest the expansion of
specific cytotoxic cell-lines, which yields the advantage of easier expansion, as well as a uniformity in
population. Another advantage is the lack of defects of autologous cells because the proposed celllines are allogeneic by nature. The most prominent candidate of a cytotoxic cell-line is NK-92, which
has been described in detail in chapter B I.1. The traits of NK-92 cells make them an ideal candidate
for in vivo therapy, especially when considering that their proliferation can be controlled by irradiation.
(Tam et al. 1999) used murine models of malignancy to show the cytotoxic capabilities in vivo.
Additionally, it is shown, that the NK-92 cells immunogenic, tumorigenic or toxic effect towards the
host.
To realize the evident potential of NK-92 cells a large-scale ex vivo expansion process in a GMP
setting has to be developed, which follows certain guidelines:
•

Ability to expand the cells to high numbers using sterile culture containers

•

Use of serum-free media

•

Use of cGMP conform media and supplements

(Tam et al. 2003) outlined their development of a large-scale ex vivo expansion process of NK92 cells that fulfill the above-mentioned criteria. The optimized protocol uses X-Vivo 10 serum-free
media, supplemented 2,5% allogeneic or autologous human serum. The dependency of NK-92 cells of
Interleukin-2 requires supplementation with rhuIL-2 (Proleukin). The study shows that best results are
achieved by adding media regularly, instead of exchanging the entire media periodically. To sum up,
the NK-92 cells can be grown to a maximum cell density of 1 x 106 cells/mL with an overall viability of
> 85%.

B III.1

Dynamic Lymphocyte Cultures

Conventional ex vivo expansion of NK cells is normally performed in static culture with either
gas permeable culture bags or T flasks. This method presents one major drawback: The cells sink to
the bottom and the environment around them becomes more heterogenous over time due to the lack
of mixing (Curcio et al. 2012). The results are suboptimal nutrition of cells and hindered growth.
Furthermore, NK-92 cells tend towards forming strong clumps of cells. Although the slumps can be
disrupted rather easily without compromising viability, the cells in the inner part of the clump are
mostly not viable.
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The inhomogeneity and clump-forming could be prevented by using a dynamic culture
condition, most notably a stirred bioreactor system. Another advantage of a bioreactor system is the
ability to measure critical process parameters such as pH, temperature, O2, CO2 and various other
nutrient concentrations. (Spanholtz et al. 2011) for example, applied wave bioreactors to expand NK
cells ex vivo and yielded higher expansion folds than in static culture bags.
(Zhang et al. 2018) characterized cell growth, cell population and physiological function of CIK
cells in a dynamic culture process. The use of shaking Erlenmeyer flasks prevented an excessive sheerforce, which normally leads to reduced growth. The corresponding speed of shaking in this study,
showed that high shaking speeds inflicts stress on the cells and therefore hinders growth. At medium
shaking speeds total cell viability was >90% with a higher expansion compared to a static culture. The
cytotoxic abilities stayed in a comparable range. Due to the more homogeneous environment in
dynamic cell cultures, the number of contacts between cells and cytokines are increased which
presumably leads to enhanced activation. Furthermore, glucose consumption and lactate production
surged significantly in dynamic cultures. This observation led the authors to believe, that the cells use
glucose more efficiently to improve cell growth rates (Zhang et al. 2018). Although the aforementioned
research focuses on CIK cells, it is still a good starting point for culturing NK-92 cells dynamically, due
to the significant similarities between these two cell types.

B III.2

NK-cell stimulation

One more reason for the rise in popularity of NK-92 cells, is the ability to keep them alive in a
static culture for long periods of time. Additionally, there are various stimulation strategies to activate
NK-cells. A popular strategy is the use of feeder layers of irradiated cells, which become nonmultiplying, but supply conditioning or growth factors, which are used to enhance cell expansion.
(Jessop und Hay 1979). Although the use of feeder layers contributes to an enhanced expansion, there
are increased risks regarding virus contamination, xenoantigencity or tumorogenesis due to the
mutagenic effect of irradiation (Schwab et al. 2006).

Another stimulation strategy uses magnetic bead cell sorting to increase NK cell’s purity by
removal of T and B cells (Alici et al. 2008). Although the strategy shows improved expansion, purity
and cytotoxicity, it is not easily deployed and financially feasible (Iyengar et al. 2003).
The most widely used stimulation strategy is activation by administering different types of
cytokines (Wu et al. 2017). (Törnroos et al. 2019) tested the activation capabilities of different
Interleukins, a group of cytokines secreted by different proteins and signal molecules, on NK-92 cells.
The cells showed proliferation when in contact to IL-2 and IL-15 but seemed unphased by the presence
of IL-4 and IL-7. Surprisingly, IL-15 seemed significantly more potent at all measured timepoints, as it
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led to the same cell proliferation with 1/20 of the concentration. Although both IL-2 and IL-15 seem to
multiply the activity and therefore the cytotoxicity of NK-92 cells, there is no synergistic effect when
combining the two cytokines. (Törnroos et al. 2019)
To find an optimal stimulation strategy, we carried out experiments with both IL-2 and IL-15 in
dynamic and static conditions. The results are displayed and discussed in detail in D I Stimulation
Strategy. Due to its low entry cost, low risk of contamination and easy handling we opted for a
stimulation strategy using IL-2. The method only needs a sterile environment to resuspend the
purchased lyophilized Interleukin and a reproducible stimulation procedure.
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C

Experimental part
C I
C I.1

Materials
Chemicals and laboratory equipment

All chemicals used in experiments or HPLC measurements are listed in table X in the appendix.
Table Y shows all the laboratory equipment including the corresponding use.

C I.2

Incubation Equipment

Cells were cultured in a Binder incubator. To control the CO2 amount in the atmosphere, a
Binder Model CB 170 was used. Furthermore, the atmosphere’s water content is controlled by passive
evaporation from a water pan.

C I.3

Cell line, media and supplementation

The NK-92 cells used in this thesis were purchased from ATCC in partnership with LGC
standards. The specific cell line is NK-92® (ATCC® CRL-2407™). The product is stored in the vapor phase
of liquid nitrogen.
The cancer cell line K-562 was also purchased from ATCC. The specific product is called K-562
(ATCC® CCL-243™) and stored in the vapor phase of liquid nitrogen. This cell line is a widely used target
in natural killer assays.
The NK-92 cultures were stimulated using IL-2 purchased from Miltenyl Biotec, with a specific
product code of 130-097-743. The stimulation reagent was delivered as a lyophilizate and is stored at
-20 °C.
Alpha Minimum Essential Medium Eagle (aMEM) purchased from Stemcell Technologies was
used to culture the NK-92 cells. The medium was supplemented with L-glutamine from Stemcell
Technologies, due to the high rates of degradation of said reagent. The final medium consisted of a
total Serum concentration of 20%. The Fetal Bovine Serum was purchased from ATCC with a specific
product code Fetal Bovine Serum (FBS) (ATCC® 30-2020™) and is stored at -20 °C.
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C II
C II.1

Methods
Cedex HiRes

To determine the viable cell-count the cell analyser Cedex HiRes was used. Besides the total
and viable cell count, it also evaluates the viability, aggregation rate and the average cell diameter. The
system uses 300 µl of cell suspension as a sample and uses a tryphan blue exclusion assay to determine
which cells are viable and which are dead. The Cedex HiRes takes several pictures of the stained sample
and can differentiate between stained and unstained cells. The cell viability is calculated by counting
the cells in every pictured and calculating a mean value of all pictures taken.

C II.2

Cedex BioHT

The bioprocess analyser Cedex BioHT has the ability to determine the concentrations of
different metabolites by performing a variety of enzymatic assays. The assays are based on colorimetric
measurements induced by a substrate-enzyme reaction. The colour change is quantified via UV
absorption. The Cedex BioHT analyser was used to quantify Glucose, Glutamate, Glutamine, Lactate,
Ammonia, Total Protein content and Acetate. The cell-free supernatants were used directly for the
measurements, as the device is able to perform dilutions automatically.
The following list contains all kits used during the experiments of this thesis and a short description of
the corresponding reaction:
•

Glucose: Enzymatic photometric assay using hexokinase

•

Lactate: Enzymatic photometric assay using lactate oxidase

•

Ammonia: Enzymatic photometric assay using glutamate dehydrogenase

•

Total Protein: Colorimetric biuret reaction with copper ions

•

Acetate: Enzymatic photometric assay using phosphorylation by acetate kinase

•

Glutamine: Enzymatic photometric assay using glutaminase

•

Glutamate: Enzymatic photometric assay using glutamate oxidase

C II.3

Cultivation

All static NK-92 cultures were performed in T-25 flasks purchased from CytoOne; all dynamic
cultivations were performed in 125 mL Erlenmeyer shake flask purchased from Corning. The cells were
thawed according to the universities Standard Operating Procedure (SOP) and added to prewarmed
medium with the composition described in C I.3. The final culture volume for every cultivation was 20
mL with an inoculation viable cell density (VCD) of 105 cells/mL. The cultivation temperature was set
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to 37 °C with a 5% CO2 atmosphere. The process end point is depending on the growth of the cells. As
NK-92 cells are sensitive to overcrowding cultivation is terminated at a VCD of 106 cells/mL or if the
daily sampling shows a decline in viability.
To grow properly, the NK-92 cells need a stimulus from a cytokine. The most commonly used
and best researched cytokine is Interleukin-2 (IL-2). To achieve a maximum growth rate, the cells were
stimulated every 3 days with 1000 U/mL of a recombinant human IL-2 manufactured by Miltenyi
Biotec. The stimulation was performed after the sampling procedure when adding back the withdrawn
medium.
To deliver statistically significant results all experiments are performed in triplicates as well as
an additional reaction vessel containing the cultivation medium. This stability experiment is kept at the
exact same conditions as the culture experiments and is also treated with the same sampling
procedure. The stability flasks were not supplemented with IL-2. This medium stability experiments
serve the purpose of quantifying degradation of certain medium components, such as glutamine.
Without a stability experiment, there would be no way to tell if a medium component like glutamine
is degrading or used up by the cells.

C II.4

Sampling procedure

Every experiment is sampled every day with a daily sample volume of 3 mL. 2 mL of the taken
sample is centrifuged at 10000 rpm for 8 minutes and the supernatant is stored at -20 °C for further
analysis. The remaining 1 mL is used to perform a triplicate measurement on the Cedex HiRes to
determine the total cell count, viable cell count, viability, aggregation rate and average cell diameter.
The pH of the supernatant is determined directly after sampling using a pH 3110 electrode
manufactured by WTW. The sample volume of 3 mL is refilled with medium to keep a total culture
volume of 20 mL. Before sampling, after sampling and after adding back of medium each flask is
weighed to account for any evaporation and to calculate exact dilution rates. The difference in weight
after overnight cultivation is of particular importance to outline the rate of evaporation.
Due to the tendency of NK-92 cells to form aggregates, so called “clumps”, thorough mixing of
the entire culture is necessary to disrupt these gatherings of cells. This process was standardized
internally and consisted of 20 seconds shaking of the flasks with constant eccentricity by hand.
Additionally, prior to sampling mixing with the sampling pipette was performed 10 times.
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C II.5

Cytotoxicity

To quantify functionality, which in case of NK-92 cells is the ability to kill cancer cells, a
cytotoxicity test is performed when the process end point is reached. The CyQUANT LDH Cytotoxicity
Assay by Thermo Scientific is a well-established, colorimetric assay that provides a reliable method to
determine cellular cytotoxicity. It uses Lactate Dehydrogenase (LDH), a cytosolic enzyme present in
many different cell types, as an indicator of cellular cytotoxicity. When plasma membranes are
damaged LDH is released into the surrounding cell culture medium. This extracellular LDH can be
quantified by a coupled enzymatic reaction in which LDH catalyzes the conversion of lactate to
pyruvate via NAD+ reduction to NADH. Diaphorase then uses NADH to reduce a tetrazolium salt (INT)
to a red formazan product that can be measured at 490 nm. The level of formazan formation is directly
proportional to the amount of LDH released into the medium.
The LDH Cytotoxicity test was performed in 96-well microtiter plates. Serial dilutions of NK-92
cells were added to cancer cells of the line K-562. The Effector to target ratio set points can range from
1:1 to 1:10. In this specific work four setpoints were chosen, specifically 1:1; 1:2,5; 1:5; and 1:10.
Triplicates of three different measurements (spontaneous LDH release, Maximum LDH release and
chemically treated LDH release) are performed. First 10 µl of 10X Lysis Buffer is added to the maximum
LDH Activity controls and the plate is incubated at 37 °C with 5% CO2 atmosphere for 45 minutes. Next
50 µL of each sample medium (Spontaneous LDH Activity, Maximum LDH Activity, and Chemicaltreated LDH activity) are added to a 96-well flatbottom plate in triplicate wells. After mixing thoroughly
using a pipette, the plate is incubated at room temperature protected from light. After adding 50 µl of
Stop solution to every well remaining air bubbles are broken. Using a tecan plate reader, the
absorbance is measured at 490 nm and 680 nm. To determine LDH activity, the 680-nm absorbance
value (background) is subtracted from the 490-nm absorbance before calculation of % Cytotoxicity
using Equation 1.
%

=

−

−

∗ 100

−
Equation 1

C II.6

Expansion Fold Calculation

To calculate the expansion fold during the culturing experiments Equation 2 is used. Dividing
the TCC at the process end point by the inoculated VCC delivers the expansion.
Equation 2

=

.
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C II.7

HPLC Analytics

Free amino acid concentrations in the supernatants were determined by ultra-highperformance liquid chromatography. All measurements were performed on a UHPLC Thermo Ultimate
3000 with an Agilent Eclipse AAA 3,5 µm 3x150 mm column with an analytical guard column – 4,6x12,5
mm, 5 µm. Peaks were detected using a FLD-3400RS fluorescence detector manufactured by Thermo
Scientific. The method relies on an in-needle derivatisation process to enable detection via
fluorescence. Every UHPLC measurement for this thesis was performed according to SOP-44 (standard
operating procedure), which can be found in F V SOP-44 – AAA.
The chromatograms were analysed using the software Chromeleon Chromatography Data
System Version 7.2. The software automatically detects peaks and calculates areas when possible.
Every chromatogram was checked and manually integrated when necessary. The amino acid
concentrations of the samples were calculated by measuring amino acids standards with known
concentrations to create calibration curves. The SOP in F V outlines the details on the creation of
calibration curves and measurements.
The final data sets used in this thesis are the means of triplicate measurements of every
collected sample, as well as the corresponding deviations. The degradation, which is quantified by the
stability experiments, is always considered for every amino acid individually.

C II.8

Mass balance, growth rate and uptake rate calculations

All equations to calculate specific rates of the cultivations are based on the publications of
(Pörtner et al. 1994) and (Fogler 2006).

F

F

CS0

CS(t)

X0=0

X(t)

P0=0

P(t)

Figure 3: Ideal chemostat according to Shuler und Kargı (2002)
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The equations are based on the mass balance of cells in a chemostat with constant volume, an
example is shown in Figure 3. Under the assumption that no cells are introduced into the reactor, in
the case of this thesis a shake flask, from the feed stream, the mass balance for the cells is as follows:
(

( )

)=

−

( )

+

µ

−

( )

( )

( )

=

Equation 3

F being the in and out volumetric flow rate, which is kept approximately constant, X(t) is the cell
concentration in the reactor at a given time t, X0 is the inlet of cell concentration, VR is the reactor
volume µ is the specific growth rate and kd is the cell loss rate. Chemostats normally assume a sterile
feed (X0 = 0), and kd is so small that is neglected, kd = 0. The cell mass balance becomes:
µ

( )

−

( )

( )

=

Equation 4

In a similar fashion, the above-mentioned equations can be reworked to provide equations for
the substrate mass balance:
−

( )

−

µ

( )

1
/

1

−

/

=

( )

Equation 5

CS(t) is the substrate concentration at a given time t in the reactor, CS0 is the substrate
concentration in the feed, Yx/s is the cell yield coefficient per substrate, Yp/s is the product yield
coefficient and qp is the specific extracellular product formation.
−

( )

+

( )

=

( )

Equation 6

The product mass balance is outlined in Equation 6. Cp(t) is the product concentration at a time
t in the reactor, CP0 is the product concentration in the feed, which is assumed to be 0, qp is the specific
extracellular product formation and X(t) is the cell concentration in the reactor at a given time t.
To account for evaporation of water in the medium and degradation of both substrates and
products, the correction factor Cdeg and revap were introduced, resulting in the following equations:
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Equation 8
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Equation 9

X(t) is the total cell concentration, cs0 is the substrate concentration in the feed, cp(t) represents
the product concentration and cp0 the product concentration in the feed, which is relevant for all
products, as the medium contains 20% fetal bovine serum, which contains every product to an at least
considerable extent. Furthermore, equation 7 can be used to determine µ as shown in equation 10
and 11 below.
µ=

( )

+

( )

∗

∗

( )

∗(

(

1
)∗

( ))

Equation 10
( )

µ=

+

Equation 11

To account for evaporation of medium and the accompanying increased concentration of cells,
substrates and products an evaporation correction factor revap was calculated by determining the
weight of each individual flask before (m1) and after sampling (m2). The weight difference (Δm)
between m2 and the weight before the next sampling point m3 is the amount of water evaporated
during that time span. revap shows numerical values between 0,95 and 0,99, as the measured cell
concentration X(t) is higher than the actual cell concentration would be without the evaporation of
water. The following equation was used to calculate the evaporation correction factor to account for
the increase in the cell concentration:
( )

=1−

∆

Equation 12

Over the course of cultivation substrates and products show various amounts of degradation.
Therefore, a stability experiment incubated in parallel to the actual culturing experiments, the setup
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is detailed in C II.3. To account for the degradation of substrates and products, a degradation
correction factor Cdeg was introduced. It was calculated by determining the difference in concentration
of component z (Cz(tn)) in the stability experiment for every sample point. The same rules of evaporation
apply to the actual culture flasks, which contain cells consuming substrates and secrete products. The
following equation outlines the mathematical approach:
( )

=

(

)

−

(

)

Equation 13

To sum up, equation 11 delivers the specific growth rate µ, the specific uptake rates qs can be
derived from equation 8 and equation 9 is used to calculate the specific metabolite production rates
qp. The different substrates and product quantified in this thesis are listed in Table 2.
Table 2: Products and substrates

Substrate

Product

Glucose

Glutamate

Glutamine

Ammonia

Acetate

Lactate

Asparagine

Aspartate

Serine
Gylcine
Threonine
Tyrosine
Valine
Methionine
Tryptophane
Phenylalanine
Isoleucine
Leucine
Lysine

The directly measured values are the total cell concentration, viable cell concentration and the
concentrations of lactate, ammonia, glutamate, glutamine, glucose and acetate, as well as all the
important amino acids.
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C II.9

Exponential growth onset

Determining the onset of the exponential growth rate is crucial because it is a prerequisite for
calculations like uptake and production rate. The equations, assumptions and calculations are based
on the scientific work of (Ben Yahia et al. 2015), (Bertrand 2019; Himeoka und Kaneko 2017) and
(Schultz und Kishony 2013). To approximate the start of the exponential growth rate the following
assumptions are proposed:
•

Cultures in the exponential growth phase present a characteristic biomass distribution, which
is determined by the individual minimum biomass, the culture's mean mass or growth rate,
and the variability of the individual masses at division.

•

changes in the characteristic distribution may only take place if drastic and substantial genetic
or metabolic modifications occur.

•

Whenever an inoculum is added to a new medium, if its biomass distribution is different from
the exponential one, it will go through a lag phase until the distribution reaches the
characteristic shape (Ben Yahia et al. 2015). Inoculating fresh medium with cells which already
are in the exponential phase, they still experience a lag phase in our experiments. A possible
explanation are the differences in the medium, as the fresh medium can have a dissimilar
composition to the medium of the cells used for inoculation, mainly the presence of
endogenous cytokines or an increase in cell to cell contacts.

First the total biomass (B) growth rate and the cell density biomass are defined:
µ =

1

Equation 14

µ =

1

Equation 15

Although each individual cell is changing when growing and reproducing, the means of the
variables describing the whole population stay constant and are equal to a maximum value (µB = µN =
µexp), which is a cell-specific value.
Furthermore, the variable of mean mass m̅ is introduced, which describes the mean of
duplications per hour that an individual carries out (f):
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=

2
ln (2)

Equation 16

The parameters can be related in the following equation:
=
Equation 17

Which leads to:
1

=

1

+

1

Equation 18

Which can be in turn rewritten to:
µ =µ −

1

Equation 19

When an inoculum has no growth restrictions, the cells reach exponential growth after a
variable amount of time. The calculations to determine the onset of the exponential growth phase
assume, that during the exponential growth phase, the rates are constant and equal to a maximum
value.
µ =µ =µ
Equation 20

In our case a delay, a so-called lag-phase can be observed, which can be divided into two
separate phases:
1. Initial phase: during PI(N) the cell density growth rate μN is equal to zero or even
negative, if some cells of the inoculum are damaged or too small. The cellular biomass
must increase until the first duplication takes place (t1st).
µ =0
Equation 21

2. Transition phase: once the first duplication has occurred, the cell density growth rate
increases until it reaches the exponential value μN = μB = μmax = μexp (Ben Yahia et al.
2015).
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µ =

∗( −

)

Equation 22

After completion of the transition phase, the culture enters the exponential growth phase:
µ =µ
Equation 23

After integration the following equations are presented:
1. Initial phase (PI(N)), t ≤ t1
=
Equation 24

2. Transition phase (PT(N)), t1 ≤ t ≤ t2
=

∗(

∗

)²

Equation 25

3. Exponential phase (Pexp), t ≥ t2
=

∗

∗(

)

∗

µ

∗(

)

Equation 26

This model has four parameters: t1, t2, a, and N0. We can relate them to four independently
measurable experimental quantities. The inoculum size N0 is a controlled initial condition of the
experimental cultures. The first division time t1 can be measured with microscopic techniques, as well
as the maximum growth rate μexp which can also be measured as the slope of the cell density growth
curve at the exponential phase (Ben Yahia et al. 2015).
Using the defnitions of the transitional and exponential phases, we can determine a as a
function of t1, t2 and μexp.
=

µ
−

Equation 27

Combining Equation 26 and Equation 27 leads to the following equation to determine t2 , the
time of the onset of exponential growth. The variable te is time of measurement and Neis measured
cell density are the coordinates.
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−

2
µ

∗

Equation 28

The time t2 will be calculated to determine the onset of the exponential growth rate. Rates in
this thesis will only be calculated when exponential growth is achieved.

C II.10

Statistical evaluation

To determine the correlations of two different process parameters, the Pearson coefficient
was determined. It is a measure of linear association of two variables. The values range from -1 to +1,
with values between ±0,5 to ±1 indicate a high correlation. All correlations presented in this thesis
were tested and show a high correlation if not indicated otherwise.
To determine if two regressions are equal the following null hypothesis is tested:
•

H0: β1 = β2 i.e. β1 – β2 = 0

•

H1: β1 ≠ β2 i.e. β1 – β2 ≠ 0
Equation 29

The test statistic is:
=

~ (

+

− 4)

Equation 30

If the null hypothesis is true, then:
−

~ (0,

)

Equation 31

Where:
=

+

Equation 32

The test is carried out using the Excel-command SlopesTest(Rx1, Ry1, Rx2, Ry2, b, lab)

To compare the variances of the different sample sets, an independent two-sample t-test was
performed. There are two possible hypotheses:
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● The null hypothesis (H0) states that there is no significant difference between the means of
the two groups.
● The alternative hypothesis (H1) states that there is a significant difference between the two
population means within a confidence interval, which determines the likeliness of the difference being
caused by a sampling error or chance. The confidence interval used throughout this thesis was set to
95%.
:µ =µ
:µ ≠µ
Equation 33

The t statistic to test for the difference in the means can be calculated as follows:

Equation 34

Where:

Equation 35

sp is the pooled standard variation for n = n1 = n2 and sx1² and sx2² are the unbiased estimators
of the variances of the two samples (Kim 2015).
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D

Results and Discussion
This chapter is comprised of the detailed experimental results of this thesis. It contains all the

experimental data of the performed cultures and the analytics. To round out the chapter, results are
reviewed and discussed in depth.

D I

Stimulation Strategy

To determine the optimal stimulation for NK-92 cells during culturing, experiments with the
cytokines IL-2 and IL-15 using different concentrations were performed. Due to the extensive costs of
IL-2 and IL-15, the experiments were carried out in small scale under static and dynamic conditions. 6
well plates with a reaction volume of 3 mL, which is manufacturer’s recommended maximum working
volume, each were used as reaction vessels while performing duplicates for every experiment. To
achieve dynamic conditions in this small volume, a shaking speed of 180 rpm was chosen. Even though
later experiments showed that the 125 mL shaking flasks used in the larger scale experiments are not
suited for shaking speeds in this high range, the 6-well plates showed no agitation with a lower shaking
speed due to the difference in vessel geometry. Although, the optimal stimulation strategy determined
in 6-well plates is not directly applicable to the larger shake flasks, a definitive trend can be observed.
The Total Cell Counts after 72 hours are displayed in Figure 4, while the corresponding
viabilities are shown in Figure 5. The included error bars show high variability between the measured
duplicates. Possible reasons are clump formation or the very small volume. The viability is very
comparable between the different Interleukins. However, when looking at the expansion fold in Figure
6 IL-2 shows significantly higher growth with an expansion fold of 5,7 compared to 4,1 of the IL-15
stimulated experiment. The fact that IL-2 is a more broadly used stimulation reagent, it’s cheaper price
and the findings of this small scale experiments, lead to the conclusion, that all larger scale experiments
of this thesis will use IL-2 as a stimulation reagent (Arai et al. 2008; Suck et al. 2016).

Raoul Friedberg, Master Thesis 34
Results

Total Cell Count (TCC)
200000

TCC [cells/ml]

150000
100000
50000
0
IL-2 static

IL-15 static

IL-2 dynamic

IL-15 dynamic

Figure 4: TCC of the stimulation optimization experiments after 72 hours
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Figure 5: Viability of the stimulation optimization experiments after 72 hours
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Figure 6: Total Expansion fold of the stimulation optimization experiments after 72 hours
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D II
D II.1
D II.1.1

Cultivation of NK-92 cells
Cultivation Results

VCC, TCC, Viability
As previously mentioned in A I Motivation and Goal, the aim of this thesis is to perform and

optimize the conditions of NK-92 cell cultures in dynamic conditions with the major goal of moving the
cell expansion into a lab-scale bioreactor. To get a baseline of cell growth, the first cell culture was
performed as a static cell culture. As static cultures are still the most widely used type of culture for
these cells, it is a good tool for comparing a hopefully improved cell growth, a difference in metabolite
production and cytotoxicity. The method and experimental setup are detailed in C II.3 Cultivation.
To easily compare the different experiments, the individual cultures are plotted in the same
diagram below. Only the static, 80 rpm, 120 and 180 rpm experiments are considered. An experiment
with a shaking speed of 160 rpm was not considered due to the lack of significant results.

Figure 7: VCC, TCC and viability of the different NK-92 culturing experiments
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As shown in Figure 7 the final VCC is comparable between the different experiments. A major
difference is the process time in which the final VCC is reached. In other words: The main difference in
the cultures is the time the cells need to duplicate their population. As shown in Table 4, the doubling
time of the static culture is 1,86 time higher compared to the 120 rpm experiment, which reaches the
critical cell density after 90 hours. The growth rate using dynamic culturing conditions at medium shake
speeds, in this case 80 rpm, shows a significant increase. Reduced formation of clumps, better access
to nutritional compounds and increased number of cell-to-cell and cell to cytokine contacts can be
listed as possible reasons for the improved growth rate due to agitation (Anaya et al. 2013; Juneja et
al. 1992). An example for NK92 cells forming clumps is presented in Figure 8. The trend of viability is
similar for all experiments. After a slight decline directly after inoculation, viability increases to about
80% over a longer stabilization period. A possible cause for the early decline in viability is that the cells
are not yet adapted to the medium or the inoculation procedure induced stress on the cells and they
need time to recover. The reason for the difference of the recovery phase between the different
cultures could be the order in which the experiments are conducted. A separate flask with cells was
maintained and served as a donor for cells used as inoculum. Therefore, the differences could be
explained by the cells being more adapted to the medium, causing the experiments conducted at a
later stage of the thesis to transition more smoothly. Another reason could be the increased
experience in handling the cells, as a precise and quick workflow reduces the amount of stress the cells
experience during inoculation.

Figure 8: Picture of the cultured NK92 cells using bright-field microscopy
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In comparison, the experiment deploying a shaking speed of 180 rpm is an outlier in every
measured parameter. A slightly declining total and viable cell count after 24 hours shows that the cells
are either not yet adapted to the medium or the stress caused by the inoculation procedure was higher
than with the other experiments. After 24 hours, the cells seem to have recovered enough to start
growing in a linear trend. After a process time of 120 hours, the cells show exponential growth. The
high shake speed leads to significant clumps of cells which adhere to the vessel wall firmly. As
previously mentioned, NK cells are very sensitive to mechanical stress. This leads to difficulties
disrupting the clumps and removing the firm bond to the side of the reaction vessel, as harsh
techniques cannot be used without compromising viability. Due to the aforementioned problems,
variability is very high and even increasing over time, which could be caused by increased
augmentation of the clumps over time. Viability drops to below 50% after a process time of 70 hours.
The cells slowly recover to a viability of about 64% until the end of the culture at 190 hours process
time. Variability is, similar to VCC and TCC, very high.
D II.1.2

Growth rates
The calculation of the specific growth rate is detailed in C II.8. To sum up the calculations,

equation 36Fehler! Verweisquelle konnte nicht gefunden werden. is used to calculate µ with X(t) being t
he total cell concentration, VR is the reactor volume and F the flow rate. Furthermore, the doubling
time is calculated using Equation 37 and Equation 38. The specific growth rates of the static, 80 rpm
and 120 rpm experiment are depicted in Figure 9. The growth rate of the experiment using a shaking
speed of 180 rpm is not displayed, as the variability, which is high throughout the whole process, is
even higher for the growth rate. Therefore, no conclusions from the specific growth rate can be drawn
from this experiment.
( )

µ=

+

Equation 36

=

∗2

∗

Equation 37

1

=

Equation 38

Furthermore, the onset of the exponential growth phase was determined using the equations
derived in C II.9. The static and 80 rpm experiment reach the exponential growth phase after
approximately the same process time of 68 and 66 hours, respectively. Although the static experiment
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shows a lower growth rate overall, there is no drop in viability during the first 24 hours. The 80 rpm
experiment on the other hand depicts a higher growth rate, but also experiences a significant drop in
viability during the first 24 hours of process time. As the cells take time to adjust to the dynamic
conditions, viability drops. After the short adjustment period, the increased growth rate results in a
similar time needed to reach exponential growth. When comparing these findings to the 120 rpm
experiments, distinct differences can be observed. Firstly, no drop in viability during the first 24 hours
of process time can be observed. Secondly, the cells seem to enter the exponential growth phase
immediately after inoculation. A sample after 12 hours of culturing would be needed to determine the
onset of the exponential growth rate more accurately.
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Figure 9: Growth rates over time of static, 80 rpm and 120 rpm experiment

For a better comparison between the different growth rates, the onset was zeroed as shown
in Figure 10. Especially the initial growth rate during the exponential phase shows significant difference
between the three experiments. The 120 rpm experiences the highest initial growth rate. The static
and 80 rpm experiment both show a lower initial rate but are more comparable. 24 hours into the
exponential phase, the dynamic experiments show the same growth rate, as the 120 rpm’s µ declines
and 80 rpm shows an increase in the growth rate. The static setup reaches its highest growth rate after
50 hours, catching up with the growth rate of the dynamic experiments. The following decline of the
µ is comparable between static and 80 experiment, while the 120 rpm setup shows a less significant
decrease in the growth rate. An important note is the process time of the dynamic experiments, which
differs in the total time, while the exponential growth phase is similar in length. This leads to the
conclusion, that the initial loss in viability shown in the 80 rpm experiment is responsible for the longer
total process time, because of the delayed onset of the exponential growth phase. During the
exponential phase the dynamic and static experiments show similar growth rates.
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Figure 10: Normalized growth rates over time of static, 80 rpm and 120 rpm experiment
Table 3: Numerical growth rate over time of static, 80 rpm and 120 rpm experiment

Time [h]

Static

80 rpm

120 rpm

20

-

-

0,0264

45

-

-

0,0214

68

0,027

0,0257

0,0266

93

0,018

0,0290

0,0214

117

0,021

0,0222

-

142

0,017

0,0144

-

167

0,018

-

-

193

0,014

-

-

A better representation of the different growth rates are the doubling times depicted in Table
4. The static and 80 rpm only show a difference of 13%, while the 120 rpm experiment differs
significantly.
A comparison of the doubling times recorded in this work to values obtain in known literature
yields the following results. (Pierson et al. 1995) cultured NK92 in DMEM/F2 Medium and RMPI 1640
medium, both containing 10% Serum. They recorded a doubling time of 48,7 and 56,9 hours,
respectively. The experimental setup differed from this works setup, as they used a static approach in
24-well plates, while exchanging the entire medium every three days. Although there are differences
in the experimental setup and the used medium which prevents a comprehensive comparison
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between the results of this thesis and the data procured by (Pierson et al. 1995), it still shows, that the
growth rate of the 120 rpm culture shows an improving trend in the doubling time of NK92 cells.
Tonn et al. (2013) used an established culture bag setup to expand NK92 cells. Utilizing IL-2 as
a stimulant they achieved a doubling time of 32 hours. Even though the referenced work used an
established, GMP-validated method, they only achieve a slightly faster doubling time than this thesis.
Table 4: Doubling time, µmax, µexp during the different experiments

Doubling time td [h]

µmax [1/h]

Onset exp. growth [h]

Static

67,8 ± 2,7

0,018 ± 0,003

68

80 rpm

59,2 ± 1,9

0,021 ± 0,002

66

120 rpm

36,4 ± 1,4

0,026 ± 0,001

21

D II.1.3

pH

pH
7,8
7,6

pH

7,4
7,2
7,0
6,8
6,6

0

20

40

60

80

100

120

140

160

180

200

Process Time (hours)
static

80 rpm

120 rpm

180 rpm

Figure 11: pH of NK-92 cultures using different conditions

As the number of cells grow, the nutrients supplied by the medium are more and more
depleted. According to our experience, a pH below 7 is a less than ideal environment for cell growth.
Therefore, cultures are terminated when a pH of 7 or less is reached. Figure 11 depicts the pH over
time. As the dynamically cultured cells show a much higher growth rate, nutrients are naturally
consumed more quickly, which leads to a faster drop in pH.
Interestingly, the pH decline is very slow for the 180 rpm dynamic experiment. The slow growth
rate and therefore long process time leads to this slow consumption of nutrients. The final pH after
190 hours of process time is also rather high with a value of about 7,3.
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D II.1.4

Cell-Size
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Figure 12: Size of NK-92 cultures using different conditions

The size is considered an important indicator of “healthiness” of the cells. Figure 12 shows the
size over time of the static and dynamic NK-92 cultures. All experiments show a slight increase in cell
diameter during the first 60 process hours. The NK-92 cells in dynamic conditions are slightly larger
than the statically cultured cells. Although the difference is only about 1 µm, the difference can be
regarded as significant, as the cells have a total diameter of about 11 µm. Even such a “small” increase
in size has a significant effect on the surface to volume ratio and therefore an effect on the uptake of
nutrients and the doubling time. Reasons for the increase in size could be caused by the high number
of contacts to nutrients, as the cells try to maximize their surface area to improve nutrient uptake.
Another possible explanation is the short doubling time of dynamically cultured cells, which could lead
to the increased cell size to optimize reproduction time.
When comparing the cell size of the 180 rpm experiment to its counterparts, the very low cell
size over the entire process time is abundantly clear. The average cell diameter of about 8,5 µm is very
small, which could be caused by the high amount of shear stress. To preserve viability, the cells might
reduce their surface area.
To sum up, the size of the cells stays, after a short adaptation phase during the first 60 hours,
approximately constant over the course of the cultivation. This leaves the conclusion, that the cells are
mostly viable and well nourished. If there was a problem with the medium composition due to wrong
preparation, degradation or expenditure of nutrients, the cell size would start to deviate heavily.
Furthermore, significant amounts of shear stress could induce shrinking of the cells. The overall larger
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size of the dynamically cultured cells leads to a higher surface to volume ratio and therefore increased
uptake rates of nutrients, which could be the cause of the increased growth rate.
D II.1.5

Cytotoxicity
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Figure 13: Cytotoxicity of NK-92 cultures using different conditions

The cytotoxic capabilities of the differently cultured cells are depicted in Figure 13. Over all
effector to target ratios, both dynamic cultures show the almost exact cytotoxicity. For ratios 5:1 and
10:1, the statically cultured cells show comparable efficiency, but the cytotoxicity drops drastically
when using a ratio of 1:2,5 or even 1:1. The difference in the killing capacity of cancerous cells could
once again be caused by an increase of cell to cytokine contacts during dynamic culturing. Interestingly,
the cytotoxicity of the 180 rpm experiment is high, despite the problems during culturing, which are
detailed in the previous chapters.
To compare the measured cytotoxicity, known cytotoxic capabilities of NK92 cells reported by
literature are displayed Table 5 and in Figure 14. (Törnroos et al. 2019) show a steady increase in
functionality when Effector to target cell ratio is also increased. A comparison of the results created in
this thesis and the reported cytotoxicity are depicted in Table 6. As this thesis uses IL-2 as a stimulation
reagent, the comparison will be made with the reported experiment which uses 0,01 µg/mL of IL-2.
Possible reasons for the higher cytotoxicity reported by literature are the daily stimulation of
IL-2 compared to the stimulation strategy deployed in this thesis, which is only carried out every three
days. Furthermore, the cells are cultured in a qualified environment with reported success. In general,
the methodology used by (Törnroos et al. 2019) differs from the method used in this thesis, as they
applied radioactive markers for cell counting and semi-automatic cell harvesters for sampling.
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Combining all the described factors, as well as the difference in the culturing approach, a difference in
cytotoxicity is expected.

Table 5: Comparison of cytotoxic properties reported by literature (Törnroos et al. 2019)

Figure 14: NK-92 cells (1.25 x 105/ml) were cultured with 0.1μg/ml of IL-2 (filled circles), 0.1 μg/ml of IL-15 (filled squares), 0.1 μg/ml of
IL-2+0.1 μg/ml of IL-15 (filled triangels) or in medium alone (open squares) for 48 h and were subsequently analyzed for their NK activity
against K562 cells. Results are expressed as means±SD and are representative of three independent experiments. (Törnroos et al. 2019)
Table 6: Comparison of different cytotoxicities

Target to Effector Cell Ratio
rpm

1:1

1:1,25

1:2,5

1:5

1:10

Cytotoxicity
Literature

-

71.7±6.24

8.5±3.46

91.5±7.01

100±14.7

Static

1,1

-

10,4

15,6

18,3

80 rpm

19,4

-

14,9

20,8

16,1

120 rpm

18,3

-

14,2

17,2

18,4

180 rpm

15,3

-

24,5

22,4

25,0
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D II.1.6

Correlations

Correlations between VCC, viability, size and pH could lead to the determination of critical
process parameters, which could be monitored during culturing. Most notably, the exponential growth
of viable cells drops at the end of the cultivation, which correlates to the drop in pH. A drop in pH could
have numerous causes such as depletion of nutrients due to the high number of cells and lactate or
acetate accumulation. Therefore, monitoring pH during the expansion of NK cells can help to
determine when the nutrients of the medium are used up. The correlation factors for pH – viability
and pH – size were calculated, but showed no correlation, as both Pearson coefficients were below a
value of 0,1.
To test the hypothesis that pH correlates to VCC, the correlation coefficient was calculated
using the means of the process points of the different cultivation experiments. The procedure of
calculating the correlation coefficient stayed consistent throughout this thesis. A Pearson correlation
coefficient of -0,986 and -0,978 for the static and 80 rpm experiment respectively a strong negative
correlation between VCC and pH can be shown. The significance of the results was statistically analyzed
using independent two sample t-tests, the method is detailed in C II.10. In case of the correlation
between VCC and pH, no significant difference between static and 80 rpm experiment could be
detected.
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Figure 15: VCC – pH Correlation

When comparing the cell size to the viability the calculated Pearson coefficient results in values
of 0,603 and 0,834, respectively, which are both mathematically considered strong correlations. The
questions if the increased cell size improves viability or if the overall healthiness of the cells leads to
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their expansion cannot be answered by this correlation, as the calculation cannot draw any conclusions
towards causality.
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Figure 16: Size – Viability correlation

The evaluation of the correlation between VCC and size leads to the conclusion, that the
correlation occurs in two different phases. During the early stages of culturing, size and VCC correlate
as they both rise to a plateau, which remains constant and strongly correlated during the rest of the
culture. The respective Pearson coefficient 0,528 and 0,638 underline this conclusion. The start of the
correlation plateau coincides with the onset of the exponential growth phase, which leads to the
conclusion that cell size stabilizes once the exponential growth phase is reached. The same conclusion,
an increase in size during the lag phase, was found by Bertrand (2019).

VCC - Size
12,5

Size [µm]

12
11,5
11
10,5
10
9,5
9

1

2

3

4

5

VCC
static

80 rpm

[105

6

7

cells/mL]
static early

Figure 17: VCC – Size Correlation
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Interestingly, the correlation of pH and size show the same plateau-like correlation previously
shown in the correlation between VCC and size. During the early stage of culturing pH drops quickly as
the size of the cells increase and reaches a plateau during the second phase of the experiment. The
observed strong negative correlation is confirmed by the Pearson coefficients of -0,660 and -0,737.
Different regression fits, such as a logarithmic correlation, led to worse correlation results than splitting
the experiment in two different linear stages.
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Figure 18: pH – Size Correlation
Table 7: Pearson Correlation Coefficient of various Correlations

Correlation

VCC-pH

Size-Viability

VCC-Size

pH-Size

Static

-0,986

0,603

0,528

-0,660

80 rpm

-0,978

0,842

0,638

-0,737

D II.1.7

Summary

Before going into the analysis of the consumption and production of different metabolites and
amino acids, it can be summarized that dynamically cultured NK-92 cells show some advantages over
their static counterparts. First and foremost, the process time can be halved, as indicated by the
reduced doubling time shown in Figure 19, which has numerous benefits: Not only are the costs
reduced, but the risk of contamination decreases as every step during the culturing process is a
possible entrance for an infection. The sampling procedure is less error prone, as the procedure for
clump-disruption can be more sensitive, which also leads to a decrease of the amount of variability, as
the cells are more evenly dispersed in the medium. Although the clumps formed during the static
cultivation of NK92 cells can be disrupted, the force to disperse them is still induced by hand using a
pipette. As the cells are very sensitive the induced shear stress can be easily exaggerated, which would
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lead to a decrease in viability. Lastly, cytotoxicity, even though only at lower effector to target ratios,
is improved when cultures are performed with medium shake-speeds.
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Figure 19: Doubling time of the different experiments

Regarding the experiment deploying a shake speed of 180 rpm, the very high variability of VCC,
TCC, viability and size lead to the conclusion, the experiment will not be taken into consideration for
optimizing the NK-92 dynamic culturing process. Although it will not be compared to the other
experiments in the upcoming chapters, it serves the purpose of setting the upper end of the shaking
speed, which is determined by the reduced viability, growth rate and overall decreased healthiness of
the NK92 cells.
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D III

Metabolite Analysis

The following chapter contains the results of the metabolite analysis using the Cedex BioHT
system described in C II.2. For better comparison, the metabolites are divided into Carbon and
Nitrogen dependent metabolites. Acetate, Lactate, Glucose and Total Protein comprise the
Carbohydrate dependent metabolites, while Glutamine, Glutamate and Ammonia are considered
Nitrogen dependent. Every metabolite is displayed in two different graphs for the experiments under
static conditions and with a shaking speed of 80 rpm. On the one hand, metabolite-concentrations are
displayed over time, on the other hand the correlation between concentration and TCC is shown.

D III.1
D III.1.1

Carbon dependent metabolites
Acetate

The acetate metabolism is closely related to the metabolism of acetyl-coenzyme-A (acetylCoA). It serves multiple purposes, such as energy production, lipid synthesis and protein acetylation.
Uptake of acetate is mostly driven by the availability of transporters, which can be influenced by
external factors, such as hypoxia and lack of nutrients among other factors. (Luengo et al. 2017). On
the other hand, acetate can also be consumed. As an example, cancer cells have been shown to use
acetate as a substrate alternative to glucose to power their metabolism and growth (Qiu et al. 2019).
Therefore, it does come as surprise that acetate is exceedingly consumed by the growing cells.
Furthermore, the rates of consumption are very comparable between the experiments, which is
unusual, as the dynamic condition experiment shows a faster growth rate and therefore should show
faster consumption of nutrients. When comparing the slopes of the concentration-TCC graphs shown
in Figure 21 and numerically in Table 8, the slope of the static experiment is 7% steeper. The evaluation
of the difference in the slopes using the test outlined in C II.10, no significant difference can be
observed. This leads to the conclusion, that the growth rate has no significant impact on the
consumption and production of acetate.

Raoul Friedberg, Master Thesis 49
Results

Concentration [mM]

Acetate
0,9
0,85
0,8
0,75
0,7
0,65
0,6
0

20

40

60

80

100

120

140

160

180

200

Time [h]
static

80 rpm

Figure 20: Acetate concentration over time of the static and 80 rpm experiment
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Figure 21: Accetate – TCC correlation of the static and 80 rpm experiment
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Figure 22: Rate of consumption of Acetate
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D III.1.2

Lactate

Lactate is produced by anaerobic glycolysis, it is therefore produced in large quantities during
cell growth (Terrén et al. 2019). Unlike acetate, lactate shows an increased production when a higher
growth rate is achieved. Figure 23 shows the increased production of lactate during the 80 rpm
experiment, which experienced a higher growth rate than its static counterpart. When comparing the
correlations of lactate concentration and TCC of the experiments in Figure 24, the slopes of the curves
are almost identical. Numerically the difference is 9% as depict in Table 8. No statistically significant
difference was found when comparing the two regressions. Figure 25 shows an initially high rate of
production in the 80 rpm experiment, which is followed by a steep decline after a short increase. The
static experiment on the other hand experiences a stable production rate, which is ensued by a steady
decline of the rate over time.
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Figure 23: Lactate concentration over time of the static and 80 rpm experiment
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Figure 24: Lactate – TCC correlation of the static and 80 rpm experiment

2000000

Raoul Friedberg, Master Thesis 51
Results

qLac [mM/105 cells/h]

Lactate
1,5E-10
1E-10
5E-11
0
0

50

100

150

200

Process time [h]
static

80 rpm

Figure 25: Rate of production of Lactate

D III.1.3

Glucose

As glucose is the main energy source of the cultured NK-cells, its consumption is related to the
number of total cells (TCC). Figure 26 shows the increasing consumption of glucose over time, while
Figure 27 depicts very similar slopes of consumption, with the dynamic experiment presenting a 33%
steeper slope. The statistical evaluation indicates a significant difference in the slopes of the two
regression. In consequence, the glucose uptake rate is not only related to the Total cell count (TCC),
but also to the growth rate.
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Figure 26: Glucose concentration over time of the static and 80 rpm experiment
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Glucose - TCC correlation
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Figure 27: Glucose – TCC correlation of the static and 80 rpm experiment
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Figure 28: Rate of consumption of Glucose

D III.1.4

Total Protein

During the culturing time of 194 and 142 hours respectively, a variety of intra- and extracellular
proteins are produced. The Total Protein content, which is measures using a colorimetric biuret
reaction with copper ions, aims to quantify every detectable protein. Although nitrogen-based
metabolites contribute to the formation of proteins, carbon dependent metabolites are the main
components, therefore the analysis of Total Protein content is included in this chapter. Due to the
various parameters which influence protein formation and secretion, the variability of these
measurements is high, as indicated by error bars in Figure 29. Therefore, drawing major conclusions
from these measurements is not advisable. Due to the differences in molecular weight of the different
proteins, the total protein concentration is measured in mg/L.

Raoul Friedberg, Master Thesis 53
Results

Total Protein
Concentration [mg/L]

15
14
13
12
11
10
9
8

0

20

40

60

80

100

120

140

160

180

200

Time [h]
static

80 rpm

Figure 29: Total Protein concentration over time of the static and 80 rpm experiment
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Figure 30: Total Protein – TCC correlation of the static and 80 rpm experiment
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Figure 31: Rate of consumption of Total Protein
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Table 8: Numerical display of the carbohydrate dependent metabolite graphs

Metabolite

Acetate

Lactate

Glucose

Total Protein

Slope Static* 10-9

-7,442

1,876

-1,299

1,534

Slope 80 rpm * 10-9

-6,948

2,054

-1,937

1,873

Difference * 10-9

-0,4938

-0,1771

0,6378

-0,3385

Difference %

-7%

9%

33%

18%

Confidence Interval

95%

95%

95%

95%

Max. Uptake rate static [mM/105 cells/h]

-2,24*10-12

3,09*10-10

-1,97*10-10

3,55*10-9

Max. Uptake rate 80 rpm [mM/105 cells/h]

-5,26*10-12

4,33*10-10

-3,97*10-10

-6,71*10-8

-

1*10-11

-5*10-11

-

Avg. Lit. Values [mM/105 cells/h]

The values displayed in Table 8 are a novelty and not previously reported in literature. Uptake
rates of human mesenchymal stem cells reported in literature were evaluated as a comparison
(Higuera et al. 2012; Higuera et al. 2009; Dos Santos et al. 2010; Schop et al. 2009). Average reported
values are 1*10-11 mM/105 cells/hour glucose uptake and 5*10-11 mM/105 cells/hour lactate
production. Our results are comparable to the values reported in literature, with one difference. Hmsc
cells show a decrease in growth rate and uptake rates in dynamic conditions, as shear stress has a more
significant effect on hmsc cells compared to NK92 cells (Higuera et al. 2012).

D III.2
D III.2.1

Nitrogen dependent metabolites
Ammonia

Ammonia is mainly produced after the breakdown of amino acids. Therefore, the
concentration of ammonia increases over time as the cells multiply. When inspecting Figure 32 a
slightly higher increase in the ammonia concentration can be detected in the dynamic experiment. Due
to the higher growth rate, cell count is higher and therefore more ammonia is produced. Another
considerable factor is the amount of degradation of nitrogen dependent metabolites. The stability
experiments allow an accurate quantification of the occurring degradation of metabolites and amino
acids. Ammonia degradation decreases when switching from static to dynamic conditions by 4%,
concluding that more nitrogen based metabolites, especially glutamine, degrade into ammonia due to
the increased kinetics induced by the agitation of the system.
The correlation between ammonia concentration and the TCC shows a 41% increase in the
slope of the dynamic experiment, concluding that the TCC and the growth rate has an influence on the
production of ammonia. The degradation quantified by the stability experiment were included in the
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calculations. The test for significant difference outlined in C II.10 shows a significant difference in the
slopes, solidifying the previous statement. The numerical data of the graphs are displayed in Table 9.
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Figure 32: Ammonia concentration over time of the static and 80 rpm experiment
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Figure 33: Ammonia – TCC correlation of the static and 80 rpm experiment
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Figure 34: Rate of consumption of Ammonia

D III.2.2

Glutamine

The amino acid glutamine plays an important role as a fuel for metabolically active cells. The
mechanism of glutaminolysis provides the substrates for tricarboxylic acid cycle (Loftus et al. 2018).
Glutamine serves as both nitrogen and carbon precursor for synthesis of macromolecules. The high
rate of glutaminolysis can be seen as a mechanism of control to allow the synthesis of macromolecules
when required, without the need of extracellular signals to make glutamine available for these cells
(Newsholme et al. 1985). Although the analysis of glutamine concentration over time plays a major
role in understanding the amino acid metabolism of NK cells, it poses significant difficulties. The main
problem is the rather rapid degradation of glutamine into ammonia and other derivatives (Jagušić et
al. 2016). Figure 35 shows the glutamine concentration over time. After a similar start, the glutamine
content declines more rapidly after only 70 hours of culturing. Figure 37 shows the rate of consumption
of glutamine and further solidifies the previous stated claims, as the uptake rates are increased in the
dynamic experiment. This trend continues until the end point of both experiments when they reach a
comparable concentration. When inspecting Figure 36 the linear curve of the glutamine concentrationTCC correlation shows a 23% faster decline in glutamine concentration. All of the mentioned
arguments lead to the conclusion, that glutamine consumption is heavily influenced by the Total Cell
Count. According to (Newsholme et al. 1985), isolated lymphocytes consume glutamine at a
significantly higher rate than glucose. In summary, many immune cells depend heavily on glutamine
availability to survive, expand and function properly. The important fact, that glutamine plays an
important role in both anabolic and catabolic metabolism of the cells is a key-factor when evaluating
the consumption and degradation of glutamine. Especially during catabolic circumstances glutamine
demand increases rapidly, a situation that can quickly lead to glutamine depravation impairing viability
and functionality of the cultured cells. (Cruzat et al. 2018).
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An important note regarding glutamine is its tendency to degrade quickly over time. As for all
the other metabolites and amino acids, the stability experiment was taken into account to consider
the amount of degradation which amounts to 28% and 38% for the static and 80 rpm experiment
respectively. These results outline the importance of the stability experiment, as the overall
degradation and the difference between the degradation of the experiments are both significant. As
long as different process parameters are tested, the inclusion of stability experiments is highly advised.
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Figure 35: Glutamine concentration over time of the static and 80 rpm experiment
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Figure 36: Glutamine – TCC correlation of the static and 80 rpm experiment
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Figure 37: Rate of consumption of Glutamine

D III.2.3

Glutamate

Glutamate, a close relative of the previously discussed glutamine shows an entirely different
concentration over time profile. According to (Newsholme et al. 1985), the consumption of glutamine
produces aspartate, lactate, ammonia and mainly glutamate. As Figure 39 depicts, both experiments
show very similar glutamate concentrations over time. The fact that the glutamine is not only
converted into glutamate, but also other, previously outlined, substrates, could be the reason for the
different trends in the consumption and production of glutamine and glutamate. Theoretically, a mass
balance between degraded glutamine, glutamine metabolized into glutamate by the cells and
glutamine used in anabolic pathways, but the complexity of the glutamine and glutamate interaction
shown in Figure 38 raises some difficulties. The fact that glutamine and glutamate are both also
converted into different amino acids and proteins makes an accurate quantification complicated
(Tapiero et al. 2002).

Figure 38: Metabolic products derived from glutamine (Tapiero et al. 2002)

Additionally, the difference in the slopes of the correlation graphs in Figure 40 is 2%. Statistical
analysis deems the difference as not significant. Therefore, the production of glutamate neither
correlates with an increase in the growth rate nor with the consumption of glutamine. The rate of
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production of glutamine continues the trend and further solidifies the previous statements. The
numerical values of the aforementioned graphs are displayed in Table 9.
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Figure 39: Glutamate concentration over time of the static and 80 rpm experiment
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Figure 40: Glutamate – TCC correlation of the static and 80 rpm experiment
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Figure 41: Rate of consumption of Glutamate
Table 9: Numerical display of the nitrogen dependent metabolite graphs

Metabolite

Ammonia

Glutamine

Glutamate

Slope Static* 10-9

9,681

-6,923

8,637

Slope 80 rpm * 10-9

16,48

-8,974

8,851

Difference * 10-9

-6,796

2,051

-0,2142

Difference [%]

41%

23%

2%

Confidence Intervall

95%

95%

95%

Max. Uptake rate static[mM/105 cells/h]

1,17*10-11

-1,58*10-11

2,07*10-12

Max. Uptake rate 80 rpm [mM/105 cells/h]

1,80*10-11

-2,57*10-11

3,24*10-12

Degradation static[%]

9%

28%

12%

Degradation 80 rpm [%]

5%

38%

16%
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D IV

Amino Acid Analysis

To determine the amino acid metabolism of NK 92 cells, they were cultured in static and
dynamic conditions. The data is presented as a comparison between static and dynamic conditions to
outline the difference in uptake and consumption between statically and dynamically cultured cells.
Figure 42 shows the total consumption and production of the amino acids for the different
culturing parameters: static and 80 rpm shaking speed. To account for the different durations and
growth patterns of the cultures, the total uptake of amino acids in Figure 43 is normalized by diving
the individual total consumptions by the daily cell growth. As mentioned in B II.1 Amino Acid
Metabolism, the amino acids, which have shown the most influence in previous studies are Asparagine,
Serine, Glutamine, Threonine, Tyrosine, Isoleucine, Leucine and Lysine. A list of publications which
outline the importance of every amino acid is found in Table 10. Glutamine quantification was
performed using the Cedex HiRes, the results of the analysis are shown in D III.2.2 Glutamine.

Total consumption/production

Concentration [mM]

0,06
0,04
0,02
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0,00

80 rpm
-0,02
-0,04
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-0,10
Figure 42: Total consumption and production of the amino acids
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Total uptake

Concentration [mmol/105 cells/day]
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Figure 43: Total Uptake of the amino acids

Asparagine, Serine, Threonine, Tyrosine, Isoleucine, Leucine and Lysine all show a similar trend,
as the total consumption increases with an increase in growth rate. This trend and the underlying trend
in the uptake rate will be discussed in detail in the corresponding subchapters. The cause of the high
variability can only be assumed, but possible factors are the high number of different HPLC
measurements as triplicates of every flask were measured and considered, as well as the variety in
peak resolution between the different chromatograms.
Table 10: List of references regarding importance of certain amino acids

Amino Acid

Reference

Asparagine

(Genzel et al. 2004)

Serine

(Ma et al. 2017)

Glutamine

(Cruzat et al. 2018); (Nabe et al. 2018)

Threonine

(Alack et al. 2020)

Tyrosine

(Sefton und Taddie 1994); (Yakura 1994)

Isoleucine

(Calder 2006); (Burns 1975)

Leucine

(Ananieva et al. 2016)

Lysine

(Sakagami et al. 2017)
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D IV.1

Time-resolved Amino Acid concentrations

This chapter comprises three different graphs for every important amino acid as previously
outlined in B II.1 Amino Acid Metabolism. The in depth evaluated experiments are the static culture
as a baseline for reference and the dynamic experiment using a shaking speed of 80 rpm. Each amino
acid is depicted as concentration over time, correlation between concentration and Total Cell Count
(TCC) and rate of consumption over time. Furthermore, the differences of the slopes the static and
dynamic conditions show are summarized in Table 11.
D IV.1.1

Asparagine

The only known use of asparagine in mammalian cells is in protein synthesis, with ammonia
being the main side-product (Ubuka und Meister 1971). Furthermore, asparagine has been described
to be an important amino acid exchange factor: intracellular asparagine can be exchanged for other
extracellular amino acids (Krall et al. 2016). Ammonia has shown an increase in production
accompanying an increase in the growth rate, the concentration decreases more rapidly over time.
Figure 44 depicts the concentration over time of Asparagine for the static and dynamic experiment
using 80 rpm shaking speed. The concentration – TCC correlation for Asparagine shows a major
difference in the slopes of 64%, which displays the rising demand of Asparagine when the growth rate
increases. The statistical analysis concluded that there is a significant difference in the slopes. This
statement is underlined by Figure 46, which shows the different rates of consumption. The dynamically
cultured NK cells consume Asparagine constantly throughout the culture. A similar trend can be
observed in static approach, but at a slower rate.
In general, there are observable differences in the variability of the rates of consumption
throughout all amino acids. A high variability in the concentration over time leads to an even more
significant standard deviation when calculating the corresponding rates. Possible reasons for the
variability are the experiments themselves, as the performed triplicates show some variability already.
These deviations are further increased by differences in peak resolution during the HPLC
measurements. When put together, the calculated rate of consumption can result in a high variability.
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Figure 44: Asparagine concentration over time
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Figure 45: Correlation between Asparagine concentration and TCC
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Figure 46: Rate of consumption of Asparagine
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D IV.1.2

Serine

Even though serine is a non-essential amino acid, it has been shown to have an impact on
lymphocyte cell expansion (Ma et al. 2017). Furthermore, serine is a major source of one-carbon units
entering the THF cycle, which in turn supports the maintenance of functional metabolites including
ATP, NAD(P)H and SAM (S-adenosylmethionine) (Newman und Maddocks 2017; Mattaini et al. 2016).
As Figure 47 shows, the concentration of serine decreases more rapidly in the dynamic culture
compared to the statically expanded cells. When comparing the correlations between serineconcentration and TCC, a difference in the slope of 25% can be observed. This leads to the conclusion,
that serine consumption, similar to asparagine, is directly linked to the growth rate of the NK92 cells.
Although trends are similar, the statistical approach does not indicate a significant difference in the
slopes. When inspecting the rate of consumption of serine depicted in Figure 49, the dynamic culture
shows a higher rate of consumption when compared to the static experiment. Towards the end of both
cultures Serine consumption almost completely stops.
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Figure 47: Serine concentration over time
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Figure 48: Correlation between Serine concentration and TCC
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Figure 49: Rate of consumption of Serine

D IV.1.3

Threonine

Threonine is an essential amino acid. Apart from its role in protein synthesis, threonine
catabolism generates glycine and acetyl-CoA, both are considered key metabolic intermediates
participating in the biosynthesis of nucleotides among other functions (Jog et al. 2017; Chen und Wang
2014). Threonine shows, unlike the trend establishes by asparagine and serine, very similar
concentration over time when comparing static and dynamic experiments. Figure 50 depicts the
Threonine concentration over time, which indicates only slightly higher consumption of Threonine
towards the end of the dynamic experiment. When examining Figure 51 there is a noticeable difference
in the slopes of the Threonine-concentration – TCC correlations. A 58% steeper slopes lead to the
conclusion that Threonine is consumed more heavily due to the increased growth rate. This
assumption is confirmed by the statistical analysis, which determined that the difference is significant.
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Figure 50: Threonine concentration over time
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Figure 51: Correlation between Threonine concentration and TCC
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Figure 52: Rate of consumption of Threonine
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D IV.1.4

Tyrosine

The reversible phosphorylation of tyrosine residues is an important mechanism for modulating
biological processes such as cellular signaling, differentiation, and growth (Salomon et al. 2003). The
main degradation pathway of tyrosine consists of five different enzymatic reactions yielding the
ketogenic acetoacetate and the glucogenic fumarate, which is an intermediate of the Krebs cycle. The
pathway is frequently described as a catabolic pathway that funnels aromatic amino acids into CA cycle
(Sterkel und Oliveira 2017). When assessing the concentration over time curves, depicted in Figure 53,
of static and dynamic experiments are almost on a par. A slightly higher consumption at a process time
of 40 hours can also be observed in the rate of consumption in Figure 55. When correlating the tyrosine
concentration to the Total Cell Count (TCC), a 42% faster uptake during dynamic culturing can be
observed. Once more, also the statistical analysis determined the difference as significant, which
continues the trend previously established by the other amino acids.
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Figure 53: Tyrosine concentration over time
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Figure 54: Correlation between Tyrosine concentration and TCC
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Figure 55: Rate of consumption of Tyrosine

D IV.1.5

Isoleucine and Leucine

Isoleucine and leucine make up the group of branched chain amino acids (BCAA) together with
valine. They have been shown to be oxidatively metabolized to generate and energy and CO2 as a final
product (Murín et al. 2009). Additionally, medical research has shown a significant effect of isoleucine
and leucine on cell growth, protein metabolism, fatty acid metabolism, glucose transportation and the
innate immune system (Gu et al. 2019). Due to their close relation, isoleucine and leucine show almost
identical patterns; therefore, they will not be discussed separately. The concentrations over time are
depicted in Figure 56 and Figure 59 respectively. The static experiment shows a minor increase of both
amino acids after 40 hours of process time. This increase can be considered negligible, as the
exponential growth phase has not been reached. After culturing for 45 hours and upon reaching of the
exponential growth phase, the trend of consumption of Isoleucine and leucine is very similar to the
consumption shown in the dynamic experiment. The same pattern can be observed when inspecting
the graphs outlining the rate of consumption for both amino acids (Figure 58 and Figure 61). The
difference between the uptakes of static and dynamic experiments can be observed when analyzing
Figure 57 and Figure 60. The correlation of concentration and TCC show a difference of 51% for
isoleucine and 43% for leucine. A statistical analysis confirmed that the difference in the slopes of
isoleucine and leucine are both deemed significant. In conclusion, both isoleucine and leucine show a
higher consumption when the corresponding growth rate increases.
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Figure 56: Isoleucine concentration over time
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Figure 57: Correlation between Isoleucine concentration and TCC
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Figure 58: Rate of consumption of Isoleucine
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Figure 59: Leucine concentration over time
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Figure 60: Correlation between Leucine concentration and TCC
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Figure 61: Rate of consumption of Leucine
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D IV.1.6

Lysine

The main metabolic route for lysine degradation is the saccharopine pathway, leading to αaminoadipic δ-semialdehyde and glutamic acid as the final products (PAPES et al. 1999). Lysine is an
essential amino acid and is required for protein synthesis, enzyme catalysis and L-carnitinebiosynthesis (Hallen et al. 2013). The trend established by isoleucine and leucine continues when
evaluating the concentration over time in Figure 62. The main difference can be found in Figure 63,
which outlines the correlation between concentration and TCC. The observed difference in the slopes
of the static and dynamic experiment is 28%. Although the difference is noticeable, a statistical analysis
found no significant difference in the slopes. In conclusion, the consumption of lysine increases
similarly when the growth rate increases.
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Figure 62: Lysine concentration over time
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Figure 63: Correlation between Lysine concentration and TCC
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Figure 64: Rate of consumption of Lysine
Table 11: Differences in the slopes of the Amino Acid concentration – TCC correlation

Amino Acid

Slope Static * 10-5

Slope 80 rpm * 10-5

Asparagine

-1,5342

-4,31663

Serine

-1,68224

-2,2519

Threonine

-0,624543

-1,49401

Tyrosine

-0,652631

-1,12645

Isoleucine

-1,08413

-2,22227

Leucine

-1,16444

-2,03293

Lysine

-1,68117

-2,34708

Difference %
-64%
-25%
-58%
-42%
-51%
-43%
-28%

Table 12:Amino Acid uptake rates and degradation

Amino

Max. Uptake rate

Max. Uptake rate 80

Degradation

Degradation

static[mM/105 cells/h]

rpm [mM/105 cells/h]

static [%]

dynamic [%]

-8,52*10-7

-2,46 * 10-6

24%

30%

Serine

-4,66*10-7

-8,47*10-7

1%

16%

Threonine

-5,12*10-7

-4,59*10-7

8%

15%

Tyrosine

-4,58*10-7

-4,98*10-7

5%

16%

Isoleucine

-4,96*10-7

-8,04*10-7

6%

16%

Leucine

-5,04*10-7

-7,91*10-7

3%

11%

Lysine

-1,83*10-6

-8,23*10-7

2%

16%

Acid
Asparagine
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D IV.2

Growth rate – Uptake rate correlations

Another target of this thesis was to find correlations between the growth rate of the NK92
cells and the uptake of different metabolites and amino acids. The correlations were quantified using
the Pearson Correlation Coefficient, which indicates a strong correlation with a value of ±0,5 - ±1. The
statistical significance of the difference between the correlations of the static and 80 rpm experiment
were evaluated by performing an independent two sample t-test. The results of the metabolite
correlations are depicted in Table 13, while the results for the amino acid correlations are shown
displayed in Table 14.
The Pearson coefficient between metabolites and the growth rate indicates a strong
correlation in the static experiment throughout. Interestingly, this is not the case for the dynamic
experiment, as only the Total Protein production shows a strong correlation with the growth rate.
Furthermore, there is a significant statistical difference between static and dynamic cultures in the
correlations, with total protein being the again the only exception. As the growth rate increases in the
dynamically cultured experiment, a possible conclusion is, that the consumption and production of
metabolites is affected by the growth rate but not directly correlated to it.
Table 13: Pearson Coefficient of the correlation between metabolites and growth rate

Metabolite

Static

80 rpm

Correlation (static/dynamic)

S.D. 1

Glucose

0,648

0,478

Strong/Medium

Yes

Glutamine

0,641

0,437

Strong/Medium

Yes

Lactate

-0,650

-0,438

Strong/Medium

Yes

Acetate

0,734

0,190

Strong/Low

Yes

Ammonia

-0,639

-0,334

Strong/Medium

Yes

Total Protein

-0,560

-0,705

Strong

No

Glutamate

-0,500

0,120

Medium/Low

Yes

In contrast to the differences in the correlations of the analyzed metabolites, the uptakes of
amino acids mostly show a strong correlation with the growth rate. In the static culture the Pearson
Coefficient determines strong correlation throughout all amino acids. The dynamic culture shows a
comparable pattern of strong correlations, with the exception of serine and isoleucine. These two
amino acids also experience a significant difference in the correlations of the static and dynamic
cultures. The quantified results are displayed in Table 14.

1

Significant difference, determined by independent two sample t-test

Raoul Friedberg, Master Thesis 75
Results
Table 14: Pearson Coefficient of the correlation between amino acids and growth rate

Amino Acid

Static

80 rpm

Correlation

S.D.

Asparagine

0,653

0,757

Strong

No

Serine

0,633

0,411

Strong/Medium

Yes

Threonine

0,726

0,638

Strong

No

Tyrosine

0,563

0,642

Strong

No

Isoleucine

0,618

0,466

Strong/Medium

Yes

Leucine

0,688

0,530

Strong

No

Lysine

0,698

0,613

Strong

No
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D IV.3

Amino Acid – Process parameter correlations

Lastly, this work aims towards finding correlations between amino acid uptake rates and specific
cell parameters, such as glucose uptake rates, cell size and viability. The possible correlations were
evaluated in the same way as previously described in D IV.2, utilizing the Pearson coefficient. The
statistical significance of the differences between the static and 80 rpm experiment was determined
by performing an independent two sample t-test outlined in C II.10.
When examining the correlation between amino acid uptake rates and glucose uptake rate
shown in Table 15, a strong correlation for both experiments can be detected for asparagine, serine
and leucine. Although the statistical evaluation shows significant differences throughout, especially
isoleucine and lysine differ significantly from the rest. While other correlations show at least medium
or strong correlations, isoleucine shows a strong correlation during the static experiment, but only a
low correlation during the dynamic approach. A low correlation with glucose uptake, even though the
growth rate is higher during the dynamic culturing, could mean isoleucine is not as heavily utilized for
cell growth and proliferation or that the isoleucine pathway is thermodynamically unfavored. Lysine
on the other hand, shows the exact opposite result, as the static approach displays a low and the
dynamic a high correlation.
Table 15: Amino Acid uptake rate – glucose uptake rate correlation

Amino Acid

Static

80 rpm

Correlation

S.D.

Asparagine

0,666

0,994

Strong

Yes

Serine

0,549

0,856

Strong

Yes

Threonine

0,411

0,756

Medium/Strong

Yes

Tyrosine

0,351

0,855

Medium/Strong

Yes

Isoleucine

0,636

0,183

Strong/Low

Yes

Leucine

0,516

0,915

Strong

Yes

Lysine

0,165

0,521

Low/Strong

Yes

Table 16 displays the correlation coefficients between amino acid uptake rates and viability.
The two experiments deliver mostly similar results for overall correlation, with asparagine and serine
showing a low correlation with no significant differences between the correlations and threonine,
isoleucine and lysine correlating strongly with the viability of the cells. Tyrosine is the only amino acid
that shows a major difference between the correlations, as the static experiment displays a low
correlation, while the dynamic culture experiences a strong correlation. These arguments outline the
question if certain uptakes increase with a higher viability. On the other hand, there could be change
in viability due to a difference in the uptake of a substrate. Such correlations could be identified by

Raoul Friedberg, Master Thesis 77
Results
comparing experiments with significantly different viabilities. Therefore, this thesis cannot determine
significant correlation in this direction, as all the experiments show an unsignificant difference in
viability.
Table 16: Amino Acid uptake rate – Viability correlation

Amino Acid

Static

80 rpm

Correlation

S.D.

Asparagine

0,181

0,058

Low

No

Serine

-0,193

-0,259

Low

No

Threonine

-0,899

0,657

Strong

Yes

Tyrosine

-0,151

0,593

Low/Strong

Yes

Isoleucine

-0,677

0,920

Strong

Yes

Leucine

-0,577

0,487

Strong/Medium

No

Lysine

-0,945

0,886

Strong

Yes

The correlations between amino acid uptake and cell size are predominantly strong, as
asparagine, serine, tyrosine and leucine show such correlations in both experimental setups. Especially
lysine jumps out, as the static experiment shows a strong, while the dynamic experiment only shows a
low correlation.
Table 17: Amino Acid uptake rate – Cell Size correlation

Amino Acid

Static

80 rpm

Correlation

S.D.

Asparagine

-0,500

-0,726

Strong

Yes

Serine

-0,634

-0,891

Strong

Yes

Threonine

-0,465

-0,625

Medium/Strong

No

Tyrosine

-0,796

-0,544

Strong

Yes

Isoleucine

-0,665

-0,281

Strong/Medium

Yes

Leucine

-0,747

-0,583

Strong

No

Lysine

-0,736

-0,110

Strong/Low

Yes
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D IV.4

Minimum Essential Medium Composition

The previous results open up the possibility of calculating a theoretical medium with the
minimal necessary concentration of essential components to ensure the optimal growth rate of the
NK92 cells. Employing these optimized conditions has a major benefit, apart from cost efficiency: An
abundance of available nutrients can cause overflow reactions in lymphocytes. These reactions can
cause a switch from respiration to glycolysis, mainly caused by the higher rates of ATP production and
the supply of metabolic precursors (Stark et al. 2015). The switch in metabolism influences both
proliferation, as well as cytokine production. Although this thesis neither has the goal nor the scope to
explore this metabolic switch in NK92 cells, a contribution towards the minimum concentrations of
certain medium components can be made. Table 18 shows a summary of the different minimum
medium composition for both static and dynamic culture, as they show different uptakes. To account
for the different VCCs at the process endpoint, the growth rate was used to calculate the consumption
at the theoretical process end point, which is a VCC of 106 cells/ml. The calculation was performed
using Equation 39 under the assumption of continued exponential growth. The time needed to reach
the target VCC was 234 and 187 hours for the static and 80 rpm experiment, respectively.
Equation 39

=

∗2

∗

Table 18: Minimum Medium composition to ensure enough supply of necessary components

Component

Current aMEM [mM]

Minimum static [mM]

Minimum 80 rpm [mM]

Asparagine

0,333

0,129

0,173

Serine

0,238

0,167

0,181

Threonine

0,403

0,072

0,120

Tyrosine

0,198

0,065

0,082

0,4

0,095

0,125

Leucine

0,397

0,101

0,129

Lysine

0,399

0,125

0,156

Glucose

5,55

1,921

2,088

Isoleucine

The results show, that across all analyzed components, concentrations can be reduced. It has
to be pointed out, that this is a theoretical medium composition, which is not tested. If a similar
medium was to be used to culture NK92 cells, further testing has to be done to ensure the cells do not
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experience malnutrition, because of localized nutrient shortages. As these results were created in a
medium which offers nutrients in a high abundance, a true minimum medium could lead to local
shortages of nutrients as perfect distribution of every component in the medium cannot be assured.
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D IV.5

Amino Acid – Functionality Correlation

One goal of this thesis was to find correlations between the consumption of specific amino
acids and the functionality of the NK92 cell line. The main obstacle that prevents the drawing of
relevant conclusions, is the fact that there is very little difference in functionality, in this case
cytotoxicity, of the evaluated experiments. As previously discussed, the cytotoxicity test used for this
thesis requires the entirety of the cultured cells, which leads to the problem of only one timepoint at
which the cytotoxicity is determined. Although the cultures show differences in certain uptake and
production rates that do not correlate with growth, such as lactate, glutamate, serine and isoleucine,
possible correlations with cytotoxicity present difficulties. As the detected cytotoxicities show no
significant differences, no statistically significant correlations between functionality and amino acid
consumption can be derived. To detect conclusive correlations further tests, utilizing cells showing a
significant difference in cytotoxicity, need to be performed and quantified.

Cytotoxicity
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Figure 65: Cytotoxicity of the static and 80 rpm experiment
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E

Discussion and Conclusions
The aim of this thesis was to determine the optimal dynamic conditions for culturing the NK92

cell line, by comparing experiments using different shaking speeds to a statically cultured control
experiment. The different culturing parameters were then evaluated by predefined criteria such as cell
growth rate, functionality, pH over time and the uptake and production of certain metabolites and
amino acids. Furthermore, the stimulation strategy using different Interleukins was tested and
evaluated. Lastly, this thesis tries to link differences in cell growth rate and functionality with metabolic
profiles of the NK92 cells during culturing. The main goal of this work was to lay the groundwork for a
transition from traditional flask-based culturing into medium lab scale bioreactors, which yields
benefits regarding process control, less process time and therefore higher yields of functional cells.
The results of the stimulation experiment, detailed in D I, demonstrate that both IL-2 and IL15 induce sufficient stimulation in both static and dynamic conditions. Due to the very small scale of
the experiment, a high shaking of 180 rpm was needed to see any visible mixing effect. Due to the
higher availability, lower cost and more widespread application IL-2 was used as a stimulant for all
further experiments. Although the application of 20% fetal bovine serum to the medium is in
accordance with the cell source guidelines, it can also have a significant impact on stimulation.
Therefore, other stimulation experiments will have to be conducted when the medium is changed in
further experiments.
A definitive conclusion can be drawn when inspecting the growth of the different culturing
experiments. When comparing the statically cultured experiment to both 80 and 120 rpm shaking
speed, a clear increase in the growth rate can be determined. Not only do the cells enter the
exponential growth phase faster, but the total process time is also reduced by 52 (27%) hours for the
80 rpm experiment and 98 hours (51%) for the 120 rpm experiment, while the viability is very
consistent between the three approaches. When considering the delayed onset of the exponential
growth phase, there is no difference in the dynamic experiments and 52 hours or 41% between the
dynamic and the static experiment. This decrease in process time also leads to a reduction in the
doubling time of the cells as shown in Table 19.
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Table 19: Difference in doubling time of the different cultures.

Static

80 rpm

120 rpm

Doubling time td [h]

67,8

59,2

36,4

Doubling time td,exp [h]

52,2

38,3

36,4

Apart from cell viability, functionality is always an important parameter which has to
monitored carefully. Although the cells grow more rapidly under dynamic conditions, the cytotoxicity
shows no difference in the 1:10 effector fold over target measurement, showing about 18% for all the
different conditions. Furthermore, the cytotoxicity improves when comparing the 1:1 effector fold
over target measurement. The statically cultured cells only kill 1% of cancer cells, while both dynamic
cultures show the potential to destroy about 18%. In conclusion, the analysis of culturing parameters
shows a clear increase in growth rate, which leads to significant decrease in process time, while the
functionality improves slightly. Possible reasons for aforementioned improvements could be the
formation of fewer cell-clumps, which lead to a high number of cells affected by malnutrition, because
there are less “Center-Cells”, which have little access to nutrients. As the cells take up nutrients via
diffusion, which is a slow process, a close contact of nutrients and cells speed up the uptake process.
By forming clumps, these contacts are less close and less frequent. Additionally, some cells are
completely surrounded by other cells. The “Center-cells” have no access to nutrients and they die
rather quickly (From bench to bedside 2013; Juneja et al. 1992). By increasing the movement of the
NK cells in the medium, the cell-to-cell contacts, as well as the contact to fresh nutrients is increased.
These findings lead to a reduced process time and has substantial implications on the feasibility of
NK92 cell cultures, as the risk of infections and contaminations, as well as the cost of the culture itself
increases with longer process times. This argument stands in contrast to the negative effect of
increased shear forces on the cells. Therefore, a balance between agitation, to increase stimulation
and improve nutrition, and keeping shear forces low to maintain a high viability.
To efficiently run a bioreactor, a continuous culture control is strongly advised. This thesis
applied a daily sampling procedure, detailed in C II.4, using a cell counter. This approach is not ideal
for a bioreactor setup, because it is only snapshot of the current condition of the culture and a
continuous procedure is not feasible due to the high workload. Therefore, simple monitoring
procedures using existing probes have to be developed. The pH of the cultures was measured every
day during the sampling procedure. The results show clear pattern of decreasing pH as the number of
cells grow. The reason for the drop in pH is the consumption of nutrients as well as the generation of
waste in the medium by the cells. The initial pH of 7,6 drops to below 7 during the course of the
culturing procedure. The environment for the cells is less than ideal at a pH below 7, as our studies
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have shown a rapid decline in viability at that point. In this case, the pH is not the cause of the viabilitydrop, but rather an indicative symptom. Furthermore, as the dynamically cultured cells show a higher
growth rate, nutrients are consumed more quickly, which leads to a faster drop of the pH-value. In
conclusion, by inserting a pH-probe into a NK92 bioreactor culture, the progress on cell growth can be
quantified. Equation 40 shows a basic correlation, with c and d being culture specific constant
parameters, which have to be determined for the specific cell, medium and bioreactor in use.
Equation 40: pH – VCC correlation formula

=

−

The problem this method poses is the fact, that no deduction towards viability and
functionality can be made. Another monitoring approach in a bioreactor setup is the observation of
dissolved oxygen (dO2). The important role and influence of dissolved oxygen has been shown
repeatedly in mammalian cell cultures (Naciri et al. 2008) and Human Mesenchymal Stem Cell Cultures
(Bahsoun et al. 2018).
The analysis of metabolites can be a vital tool to develop different monitoring strategies for
NK92 cell cultures. The detailed results of the analysis using the Cedex BioHT are described in D III.
When looking into carbohydrate dependent metabolites, lactate-production and glucose-consumption
show a strong correlation to the cell growth rate, while the acetate-concentration seems to only be
affected by the Total Cell Count and not the rate. Although there are mathematical correlations with
a Pearson coefficient of up to 0,7 when assessing glucose, a prediction with adequate precision is not
yet possible. Especially the differences between the correlations of static and dynamic cultures make
an accurate, general prediction difficult. The data collected for this work suggest that lactate
production and glucose consumption would be the optimal predicators to determine an accurate
correlation equation. The nitrogen dependent metabolites ammonia and glutamine show similar
tendencies, as they both are heavily influenced by the TCC and growth rate. In the case of glutamine,
one of the most important amino acids for metabolically active cells, the consumption increases with
an increase of the growth rate. Ammonia on the other hand is mainly product of broken down amino
acids, therefore its production increases accordingly. Interestingly, glutamate, which normally shows
an increase in production when glutamine consumption is increased, seems unaffected by both the
cell growth rate and glutamine consumption. Finally, this thesis tries to find correlations between
specific uptake rates of certain metabolites and the specific growth rate µ. The found correlation are
depicted in Table 13. The main conclusion of drawn from the correlations is the constant difference
between the static and dynamic culture. While the static culture experiences a strong correlation
between specific uptake and specific growth rate, the dynamic culture only shows a medium
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correlation according to the Pearson correlation coefficient. The difference between the two
correlations was deemed as statistically significant, concluding that the uptake of certain metabolites
correlates strongly with the growth rate, as long as the growth rate does not exceed a certain
threshold. When the specific growth rate µ approaches µmax, which means the cells focus entirely on
reproduction, the uptake rate no longer correlates strongly with the growth rate (Ben Yahia et al.
2015). In conclusion, the consumed metabolites are used in various different metabolic pathways, not
only in pathways focused on proliferation.
To unravel the different amino acids requirements by NK92 cells, every important amino acid
was analyzed and quantified using a specific HPLC method, which is outlined in C II.7, while the results
are detailed in D IV. The number of amino acids that show similar kinetics in both static and dynamic
conditions is significant. The results indicate that the cells consume asparagine, serine, glutamine,
valine, methionine, phenylalanine, threonine, tyrosine, isoleucine, leucine and lysine in high, but very
different amounts when comparing static and dynamic conditions. This metabolic pattern differs
greatly from other cell types, such as HEK-293 and CHO (Traustason et al. 2019). Asparagine can be
secreted in the aforementioned examples, whereas the NK92 cells consume the amino acid heavily.
Differences like this outline the importance of metabolic profiling, as metabolic pathways cannot be
generalized. Practical conclusions can be drawn, as amino acids which are being consumed are
required by the NK92 cells for expansion in both static and dynamic conditions, although the necessary
amount of each individual amino acid can vary in different conditions. This thesis shows that there are
amino acids which are consistently consumed by NK92 cells despite the fact, that the specific culture
conditions affect the uptake rates. The effect of the uptake rate rather than the direction of transport
is outlined by glutamate, asparagine, serine, glutamine, valine, methionine, phenylalanine, threonine,
tyrosine, isoleucine, leucine and lysine. Although these amino acids indicate the minimum nutritional
requirement by NK92 cells to sufficiently expand, the rates of consumption are too low to deplete the
supply provided by the medium and thereby limit growth. Nonetheless, this thesis still provides the
composition of a medium with the minimal nutritional requirements the cells showed in the static and
dynamic culture. Although these results have to regarded with caution towards the direct applicability
in actual cell culture experiments, as the calculations do not take local nutrient depletion into account.
Therefore, it is still possible that the cells experience effects of malnutrition when this medium is
applied. To sum up, the calculated minimum medium composition can be viewed as a benchmark that
needs further testing to be realistically applied. A first step towards industrial application would be a
test-run with the suggested minimum essential medium, with precise analytical procedures to quantify
metabolites and amino acids. The concentration of nutrients which are depleted first and hinder
growth, should be increased for a second test run. This procedure can be continued to until no

Raoul Friedberg, Master Thesis 85
Results
hindering in growth is detected. Furthermore, a medium without the supplementation of fetal bovine
serum can be attempted to optimize the stimulation with Interleukin-2 or -15.
When looking into the correlations between specific amino acid uptake rates and the specific
growth rate µ, strong correlations are detected throughout all the measured amino acids for both
static and dynamic cultures. These results, which are detailed in Table 14, differ majorly from the
correlations found between the uptake of metabolites and the specific growth rate. The differences in
the static and dynamic correlations are mostly identified as not significant. In conclusion, unlike the
uptake of metabolites, the uptake rates of amino acids correlate strongly with the specific growth rate
µ, even when µ approaches µmax. In conclusion, amino acids are mainly recruited in metabolic pathways
that play an important role in the reproduction of the NK92 cells. To conclude this chapter and the
found correlation, the questionable-cause logical fallacy has to stated. This logical fallacy, better known
as “correlation does not imply causation”, has been the reason for many misjudged causations (Lawlor
et al. 2004). Identifying the wrongful reasoning behind an argument does not imply that the drawn
conclusion is false, just that further testing is needed to verify the conclusion with a statistical
significance. Statistical methods, such as the Granger causality test or convergent cross mapping, have
been proposed as the basis for causality test, but are not feasible for this thesis (Grassmann 2020;
Sugihara et al. 2012). Lastly, this thesis also aimed to find correlations between the uptake of certain
amino acids and functionality. Although significant differences in the uptake of various amino acids
when comparing static to dynamic conditions could be found, there was no distinct difference in
cytotoxicity. The absence of a detectable functionality difference prevents drawing any statistically
reliable conclusions.
The previously mentioned quantifications of uptake and production rates, as well as the
correlations with the corresponding cell growth rates have not been reported in literature. Most
scientific publications aim towards increasing the functionality (Chrobok et al. 2019; Gong et al. 1994;
Topham und Hewitt 2009), evaluating the feasibility of clinical applications (Arai et al. 2008; Suck et al.
2016; Tonn et al. 2013) or the development of an optimized expansion procedure of the NK92 cell line
(Klingemann und Martinson 2004; Tam et al. 2003; Törnroos et al. 2019). Although the detection of
correlations between growth rates and metabolite production is not entirely new, they have only been
reported in other human cells, such as human progenitor cells (van Beylen et al. 2020) or cytokine
induced killer cells (CIK) (Wu et al. 2017). When specifically looking for quantified uptake and
production rates of amino acids and the quantified metabolites, no research on NK92 cells can be
found, although there are publications on other human cell types in this research field, like human
mesenchymal stem cells (Higuera et al. 2009; Higuera et al. 2012; Schop et al. 2009; Dos Santos et al.
2010).

Raoul Friedberg, Master Thesis 86
Results
To sum up, this thesis found a clear improvement in the growth rate of NK92 cells with
consistent functionality when applying dynamic in comparison to static conditions. Additionally, it was
determined that a stimulation with IL-15 holds no clear advantage over IL-2, when utilizing a medium
with a high amount of fetal bovine serum in both static and dynamic conditions. A pH probe was shown
to be a feasible option to monitor the cell growth rate in a bioreactor setup, although additional
monitoring strategies will have to be applied to ensure viability. Lastly, it has been shown that
gradients for individual amino acids can be obtained to develop, control and optimize culture systems
specific for the NK92 cell line. Further testing in this direction could lead to an in-depth insight into the
intra- and extracellular amino acid dynamics, with the ultimate goal of optimizing the expansion of
highly functional NK92 cells for cancer treatment.
There are many contributions in this thesis both to the scientific field of immunotherapy and
to the NK92 cell research at TU Wien. First, a stimulation strategy was established, which will be applied
during further experiments at TU. Secondly, the possibility of dynamic cultures was explored and
successfully applied, as the agitation of the suspension led to an increase in the growth rate with
constant cytotoxicity. This result in of itself is an advancement, as a reduced process time saves time,
money and reduces the risk of infection. The analysis of the uptake and production of important amino
acids and metabolites in static and dynamic conditions is a scientific novelty, which was not reported
previously in literature. It also provides insight into the changes in the metabolism of the cells when
they are exposed to shear stress. The stability experiments delivered valuable information regarding
the significant effect of degradation and showed that they should be included in the upcoming
experiments. Valuable knowledge can also be derived from the correlations established in this thesis,
especially the correlations between cell size, pH and VCC are of high interest.
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E I.1

Outlook

This thesis lays the groundwork for future research in various directions, some of them will be
outlined in the following chapter.
The main objective was the optimization of dynamic culturing conditions. Although this work
found differences in different shaking speeds and certainly delivered the boundaries of possibilities,
the time and resources for a proper Design of Experiment (DoE) setup were missing. To pin-point the
optimal dynamic conditions a carefully planned DoE is advisable. Additionally, transitioning from
shaking flasks to a stirred system would approximate the conditions in a bioreactor even further.
Another research direction is the culture medium. This thesis outlines a minimum essential
medium, which could prevent unnecessary metabolic shifts, but did not test it. Furthermore, a medium
which grants high cytotoxicity without the addition of fetal bovine serum is a desirable approach, as
Drug-Approving Agencies (e.g., FDA, EMA, ...) prefer media which have a known composition with little
to no variance.
The influence of low oxygen concentration, also known as hypoxic conditions, have been
shown to have an influence on both functionality and development of cytotoxic lymphocytes
(Nakagawa et al. 2015; Tao et al. 2015). Although the field has been well researched for T-cells, there
is little research of the influence of hypoxia on the functionality and expansion of NK92 cells.
The connection between functionality and amino acid uptake rates is still subject of research,
due to the lack of difference in cytotoxicity in the experiments conducted for this thesis. If a difference
in cytotoxicity can be generated by applying different process parameters like shaking speeds, hypoxic
conditions or different medium compositions, a correlation between the mentioned specific uptake
rates and functionality could be established. The goal behind these correlations is, as mentioned in the
introduction to this thesis, to development of monitoring strategies to determine functionality of the
NK92 cells on-line.
After all the above mentioned process parameters are optimized, a proof of concept run using
a lab-scale bioreactor can be performed. A successful run in a bioreactor has major implications on the
availability of immune-cell-therapy, as a shift from individual medicine to large-scale clinical trials can
be attempted.
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Abbreviation

Description

µ

Specific growth rate

aMEM

alpha Minium Essential Medium

ANK

activated natural killer cells

cGMP

Current Good Manufacturing Practice

CHO

Chinese Hamster Ovary

CIK

Cytokine Induced Killer Cells

CIL

Cytotoxic- infiltrating lymphocytes

CLP

common lymphoid progenitor

CO2

Carbon Dioxide

FBS

Fetal Bovine Serum

HEK

Human Embryonic Kidney Cells

hMSC

Human Mesenchymal Stem Cells

HPLC

High Pressure Liquid Chromatography

IFN

Interferon

IL

Interleukin

ILC

innate lymphoid cells

iNK

immature Natural Killer cells

K-562

immortalised myelogenous leukemia cell line

KIR

Killer-cell immunoglobulin-like receptors

LAK

lymphokine-activated killer cells

LDH

Lactate Dehydrogenase

mNK

mature Natural Killer cells

NADH

Nicotinamide adenine dinucleotide Hydrogen

NKP

Natural Killer Progenitor

O2

Oxygen

qp

specific metabolite production rate

qs

specific uptake rates

rpm

Revolutions per minute

SCT

stem-cell transplantation

TCA cycle

Tricarboxlic Acid Cycle
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TCC

Total Cell Count

TIL

tumor-infiltrating lymphocytes

TNF

Tumor Necrosis Factor

VCC

Viable Cell Count

VCD

viable cell density

Raoul Friedberg, Master Thesis 94
Appendix

F IV

Index of equations

Equation 1 ................................................................................................................................. 23
Equation 2 ................................................................................................................................. 23
Equation 3 ................................................................................................................................. 25
Equation 4 ................................................................................................................................. 25
Equation 5 ................................................................................................................................. 25
Equation 6 ................................................................................................................................. 25
Equation 7 ................................................................................................................................. 26
Equation 8 ................................................................................................................................. 26
Equation 9 ................................................................................................................................. 26
Equation 10 ............................................................................................................................... 26
Equation 11 ............................................................................................................................... 26
Equation 12 ............................................................................................................................... 26
Equation 13 ............................................................................................................................... 27
Equation 14 ............................................................................................................................... 28
Equation 15 ............................................................................................................................... 28
Equation 16 ............................................................................................................................... 29
Equation 17 ............................................................................................................................... 29
Equation 18 ............................................................................................................................... 29
Equation 19 ............................................................................................................................... 29
Equation 20 ............................................................................................................................... 29
Equation 21 ............................................................................................................................... 29
Equation 22 ............................................................................................................................... 30
Equation 23 ............................................................................................................................... 30
Equation 24 ............................................................................................................................... 30
Equation 25 ............................................................................................................................... 30
Equation 26 ............................................................................................................................... 30
Equation 27 ............................................................................................................................... 30
Equation 28 ............................................................................................................................... 31
Equation 29 ............................................................................................................................... 31
Equation 30 ............................................................................................................................... 31
Equation 31 ............................................................................................................................... 31
Equation 32 ............................................................................................................................... 31
Equation 33 ............................................................................................................................... 32

Raoul Friedberg, Master Thesis 95
Appendix
Equation 34 ............................................................................................................................... 32
Equation 35 ............................................................................................................................... 32
Equation 36 ............................................................................................................................... 37
Equation 37 ............................................................................................................................... 37
Equation 38 ............................................................................................................................... 37
Equation 39 ............................................................................................................................... 78
Equation 40: pH – VCC correlation formula .............................................................................. 83

Raoul Friedberg, Master Thesis 96
Appendix

F V

SOP-44 – AAA

Version
Replaced version

4.0
Alexandra Hofer

Author
Date
Signature

Barbara Mahlberg
19.10.2015

Authorized by
Date of authorization
Signature

Summary

HPLC Method for Amino Acids Analysis

Materials
-

NaH2PO4*H2O (CAS 10049-21-5)

-

Na3N (CAS 26628-22-8) → toxic!

-

OPA Reagent (CAS 643-79-8) → toxic!

-

H2BO3 (CAS 10043-35-3)

-

3-Mercaptopropionic acid (CAS 79-42-5) → toxic!

-

FMOC (CAS 28920-43-6 )

-

Acetonitrile, HPLC grade

-

Methanol, HPLC grade

-

1M Acetic acid

-

10N NaOH

-

AA-Standards:

-

•

Fluka 18 AA 2.5 mM in 0.1N HCl (AAS18)

•

Asparagine (70-47-3), Glutamine (56-85-9) Tryptophane (73-22-3)

•

Taurine (107-35-7), Hydroxyproline (51-35-4)

Internal-Standard:
•

Norvaline (6600-40-4)
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•

Sarcosine (107-97-1)

-

0,2µm Filter

-

MilliQ Water
Equipment

-

HPLC Thermo Ultimate 3000

-

HPLC Column Agilent Eclipse AAA 3,5 µm 3x150 mm (& analytical guard column – 4,6x12,5 mm,
5 µm)

-

FLD

-

Ultrasonic water bath

-

pH - probe

-

Laboratory balance

-

Analytical balance

-

HPLC Equipment (vials, caps, septa)
Introduction
Amino acid quantification can be performed on the Thermo UHPLC in the 5th floor, BH building.

The method requires the FLD, therefore scheduling of runs should be well coordinated with your
colleagues. Plan at least half a day for buffer preparation.
Preparation of various solution
1M Acetic acid (prepare under hood):
Weigh 3,003g concentrated acetic acid (>99,8%) into a beaker with 10 mL MQ, stir, fill up to 50 mL
with MQ in a measuring cylinder

10N NaOH (prepare under hood):
for 500 mL: weigh 199,95g solid NaOH into a beaker. Prepare a 1 L beaker with approx.200 mL MQ
in it on a magnetic stirrer; have a box of ice ready. Add the solid NaOH in small portions: it will cause an
exothermic reaction! Cool down the solution in between by putting it into the box of ice. When all NaOH
has successfully been disolved, fill up the solution to 500 mL with MQ in a measuring cylinder.

Prerequisite for HPLC usage
New users have to ask the equipment responsible person to show and explain to them the general
working procedure of the HPLC Thermo Ultimate 3000, special care must be taken when using the 5th floor
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HPLC due to the Corona detector! The Eluent of this method is not suitable for the CAD, so the flow must
be diverted from the detector always!
Preparation:
Buffer A 10x stock 2L (400mM):
110,4 g NaH2PO4*H2O
64 mg NaAzid (Na3N)
Dissolve in MQ water and fill up to 2L → filtrate; store in fridge

Buffer A dilution 40 mM:
Add 500 mL 10x stock solution Buffer A (400mM) to 4 L MQ; titrate pH with 10N NaOH to 7,8 and
fill up to 5 L with MQ in measuring cylinders. Note: there are different suggestions to the pH in different
protocols ranging from 7.8 – 8.2 – our method was designed for pH 7.8.

Buffer B (45:45:10, v/v/v):
900 mL Acetonitrile
900 mL MeOH
200 mL MilliQ Water

Sonicate both buffers with slightly open caps for 15-20 min in the ultrasonic water bath before
use, to avoid bubbles in the HPLC System.

Borate Buffer (400 mM):
12.4g H2BO3 in 500 mL MQ Water
Titrate pH to 10.2 with conc. NaOH
Store at room temperature; check pH once in a while to make sure the storage life has not expired.

Derivatization reagents:
•

dissolve 50 mg OPA in 1 mL MeOH and add 9 mL borate buffer (400mM) pH 10.2 - vortex

Raoul Friedberg, Master Thesis 99
Appendix
•

transfer into a small glass bottle, close bottle and cover with aluminium foil (attention OPA is
sensitive to air!); then put into supersonic bath for at least 10 min.

•

filter through 0,2µm liquid filter to remove remaining solids

•

final concentration: 1% of 3-MPA. Work under the hood, add 10µl 3-MPA to 990µl of OPA
solution in HPLC vial, shake vigorously after addition.

•

Dissolve 2,5 mg/mL FMOC in Acetonitrile if you want to analyse secondary amines.

•

Use OPA/FMOC max. 7 days and prepare a fresh vial before every new AA run; store at 4°C. OPA
should be stored before addition of 3-MPA. The final mixture should be prepared directly before
use.

Purge both lines A and B, first with high velocity (4 mL/min) for 5 min, close purge valve, then set
pump speed to 0.2 ml/min and equilibrate the column for about 20 min with buffer A. Increase the flow
stepwise to the final flow of 1.2 ml/min . Before every use of the HPLC prime syringe, wash buffer loop
and needle. Turn on the FLD.

The method is designed for in-needle-derivatization of amino acids.
Place derivatization reagent vials in autosampler as followed:
RA1 borate buffer
RA2 1% 3-MPA OPA
RA3 Acetic Acid 1M
RA4: FMOC reagent

Create a new sequence with an injection volume of 10 µl.
For analysis of primary amines only load the method AA_FLD_only_fast
For analysis of primary and secondary amines load the method AA_FLD_only_fast_FMOC_new.
Start with measurements. Measure water once before starting with samples measurement. Measure 2 or
3 check standards after every 20 samples.

Pump settings for method:
Flow rate 1.2 mL/min
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-1.0 min 0% B
0.0 min Run
0.0 min

0% B

2.5 min

0% B

20.0 min 47.5% B
20.5 min 100% B
23.0 min 100% B
23.5 min 0% B
26.0 min Stop Run

Column oven temperature 40°C
Autosampler Temperature 4°C

Detector settings
FLD Channel 1: Excitation 340 nm; Emission 450 nm
FLD Channel 2: Excitation 266 nm; Emission 305 nm

FLD channel 2 is only necessary to detect FMOC-derivatized amino acids.
Sequence of Elution
N

AA name

r

N

AA name

1

Cystine

1

Valine

1

Methionine

r
1

Aspartic acid
1

2

Glutamic acid
2

3

Asparagine
3
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4

Glutamine

1

Norvaline

1

Tryptophane

1

Phenylalanine

1

Isoleucine

1

Leucine

1

Lysine

2

Proline (sec.amine)

2

Hydroxyproline (sec.amine)

2

Sarcosine (sec.amine)

4
5

Serine
5

6

Histidine
6

7

Glycine
7

8

Threonine
8

9

Arginine
9

1

Alanine

0

0
1

Taurine

1

1
1

Tyrosine

2

2

Standard & sample preparation:
➢ Not included in the commercially available 18 AA standard mix:
•

Make a 2.5mM mix solution of Asparagine, Glutamine, and Tryptophane – do not dissolve them
in acidic environments, but separately in MQ water and add them when diluting your stock
solution.
For 10 mL: 3,75 mg Asparagine + 3,65 mg Glutamine + 5,1 mg Tryptophane

•

Prepare a solution of 2.5mM Taurine in 0,1 M HCl
For 10 mL: 3,13 mg Taurine + 3,28 mg Hydroxyproline

•

Prepare a solution of 2.5 mM Hydroxyproline in 0,1 M HCl
For 10 mL: 3,13 mg Taurine + 3,28 mg Hydroxyproline
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➢ standard stock solution preparation
Mix „Sigma 18 AA standard mix (2.5 mM in 0.1N HCl)“ + 2.5mM Hydroxyproline + 2.5mM Taurine
+ 2.5mM mixture of Asparagine/Glutamine/Tryptophane → 400 µL of each! (final volume = 1,6 mL) in a
2 mL Eppendorf tube; vortex.

➢ Internal standard 25mM

29,28 mg Norvaline + 22,27 mg Sarcosine dissolved in 10 mL 0,1M HCl
In case one does not attempt to measure secondary amines: don’t add Sarcosine
Finally dilute this internal standard 1:10

1. Prepare standards for measurements. Range, e.g.: 1:2, 1:4, 1:5, 1:10, 1.12.5, 1:20, 1:25, 1:40,
1:50, 1:100.
1
:2

:4

:5

:10

:12.5

1
:20

:25

:40

:50

:100

8
00

50

00

00

0

1
0

0

5

0

0

5
0

0

0

0

0

All
AA, µL

5
0

0

0

0

0

Nor
valine,
(Sar
cosine) µL

8
50

00

50

50

70

9
00

10

25

30

40

Elue
nt A, µL

2. Thaw samples, centrifuge at 4°C, max speed, which is suitable for your samples (usually
for 10 min)
3. Prepare e.g. 1:50 sample dilutions for the measurements (930 ml MilliQ, 20 µL sample, 50 µL
internal STD).
4. Measure samples and standards do not forget to refill injection diluent or borate buffer during
longer measurements.
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5. Create calibration curve of each component and integrate all samples in the corresponding
range.

precolumn change & column storage & detector treatment
➢ When you notice a decrease in peak-separation change the precolumn
➢ When finished, fill the column with Buffer B until the next session
➢ Flush the system with Buffer B followed by MQ+NaN3 or 20% Methanol to avoid the saline
Buffer A to precipitate in the tubings and the detectors.

AA standard chromatogram channel 1 – primary amino acids
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AA standard chromatogram channel 2 – secondary amino acids

Literature:
ZORBAX Eclipse AAA Instruction for Use

Automated In-Needle Derivatization Applying a User-Defined Program for the Thermo Scientific
Dionex WPS-3000 Split-Loop Autosampler

-END-
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