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ABSTRACT

With the increasing volume of meat consumed in the world, and the consequent pollution
problems that arise from farm animal cultivation, new ways to produce meat keep
growing in research. The focus of this study is on the production of meat using cultivated
mammalian cells, mainly the optimization of bioreactor systems and the conditions needed
to achieve economically viable production of cells for human consumption.

The first part of the study is focused on the optimization of mass transfer coefficient
in the aerated bioreactors. Several impeller geometries were tested, and in the case
of a Toroidal geometry, the power number was estimated at 2.8, which is higher than
the commonly used elephant ear impeller. The increase of stirring speed and aeration
flow rate was shown to be linearly proportional to an increase in oxygen mass transfer
rate. The experimental data failed to fit the empirical model studied, which showed the
importance of specific models for each geometry and range of parameters. The impeller
optimal position was shown in accordance to the literature, § to % of the vessel’s diameter.
Membrane aeration was tested, without reaching scalable results. The existence of baffles
in the vessel was proven beneficial and the size of bubbles was proven hard to predict and
of low importance for higher scale.

The second part studied the growth and viability of mammalian cells. The effect of
shear stress was evaluated and proved the necessity of the addition of a shear protectant.
The use of PEMF was tested against foaming, but no clear correlation was reached. A fed-
batch cultivation was tested and the amino acid changes in the media was also evaluated
and used to test the adaptation of a previously developed metabolic model. The error

obtained was high, leading to the need of further optimization and cultivation data.

Keywords: Cultivated Meat, Bioreactor Optimization, Oxygen Mass Transfer, Shear Stress,
Mammalian Cells, Metabolic Modelling
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REsumMo

Com o aumento do consumo mundial de carne e os consequentes problemas de poluigdo
decorrentes da criacdo de animais para o mesmo, novas formas de produzir carne conti-
nuam a ser objeto de investigagdo. O foco deste estudo é a producdo de carne utilizando
células de mamiferos cultivadas, principalmente a otimizagdo de sistemas de biorreatores
e as condigdes necessdrias para alcangar uma produgdo economicamente vidvel de carne
para consumo humano.

A primeira parte do estudo centra-se na otimizagdo do coeficiente de transferéncia de
massa nos biorreatores com arejamento. Estudaram-se vérias geometrias de agitadores e,
no caso de uma geometria toroidal, o nimero de poténcia foi estimado em 2.8, o que é
superior a geometria orelha de elefante comumente utilizada. O aumento da velocidade de
agitacdo e do caudal de arejamento mostrou-se linearmente proporcional a um aumento do
coeficiente de transferéncia de massa de oxigénio. Os dados experimentais ndo se ajustaram
ao modelo empirico estudado, o que mostrou a importancia de modelos especificos para

cada geometria e gama de pardmetros. A posicdo 6ptima do agitador foi demonstrada em

concordancia com a literatura, estando no intervalo de 5 a 3 do didmetro do biorreator.
Foi testado o arejamento por membrana, sem atingir resultados escaldveis. A existéncia
de chicanas no recipiente revelou-se benéfica e o tamanho das bolhas revelou-se dificil de
prever e de pouca importancia para uma maior escala.

A segunda parte estudou o crescimento e a viabilidade das células de mamiferos. O
efeito do shear stress foi avaliado e comprovou a necessidade da adi¢do de um protetor
quimico. A utilizagdo de PEMF foi testada contra a formagdo de espuma, mas nédo se
obteve uma correlagdo clara. Foi testada uma cultura em regime fed-batch e as alteragdes
de aminoacidos no meio foram também avaliadas e utilizadas para testar a adaptacdo de
um modelo metabdlico previamente desenvolvido. O erro obtido foi elevado, levando a

necessidade de mais otimizagdo e dados de cultivo.

Palavras-chave: Carne Cultivada, Otimizacdo de Biorreatores, Transferéncia de Massa de

Oxigénio, Shear Stress, Células de Mamiferos, Modulagdo Metabdlica
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1

MOTIVATION

In this chapter the reasons behind this study will be explained as well as the objectives
and the structure of the thesis itself. The real motivation and benefits of this field of study

will be better understood in the General Introduction chapter.

1.1 Contextualization

In recent years the market for cultivated meat has been growing and consequently the
number of companies and research has increased with it. The use of animal cells for
large-scale production of biomass suitable for human consumption has many advantages
over conventional animal breeding. In the General Introduction chapter, namely in the
Mammalian Cells for Food Production subchapter, the state-of-the-art as well as the issues
and advantages of this technology is explained in greater depth. In this field there is a
great need for development and optimization in multiple techniques and technologies,
namely in bioreactor systems, as will be further explained in the aforementioned chapter
of General Introduction. Therefore, this study was made to focus on some of the factors
and technologies that can be used and must be kept in mind in order to optimise the

production of mammalian cells for the production of meat.

1.2 Objectives

The main objective of this study is to study the behaviour of different bioreactor systems,
namely the different factors that influence the oxygen mass transfer and how to proceed
in order to optimise a bioreactor system for mammalian cell production. Importance of
choosing the ideal mixing properties and aeration is taken into account with shear stress,
and total mass transfer. Multiple systems and vessels will be studied along with different
equations and models.

Another focus of this study is the use of metabolic engineering models to aid in the
optimization of the feeding and initial media composition for better growth rate and

1
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behaviour of mammalian cells, namely the use of a previously developed model and the
attempt to adapt it to a different comparable type of mammalian cells.

To achieve this main goals the following assignments were made:
¢ Theoretical study of different effects on oxygen mass transfer and technologies used

* Measuring oxygen content over time for different bioreactor systems changing mixing
speed Revolutions per Minute (RPM), aeration rate Volume of air per Volume of
medium per Minute (VVM) and other parameters that influence mass transfer

¢ Cultivation experiments with cells to estimate the limits of shear stress caused by
different factors

¢ Cultivation experiments with cells to understand cell growth, metabolite production
and amino acids consumption;

* Metabolic Model simulations and adaptation to different experimental data and

mammalian cell lines

1.3 Thesis Outline

This thesis is divided into five main chapters. The first chapter (Motivation) is a short
introduction to the objectives of this study as well as a short contextualization of the
importance of this industry. Also including a short explanation of the organisation of the
study done. Chapter 2 (General Introduction) explains the industry further, and gives a
theoretical introduction to the main topics approached in this study. All the materials,
equipment, cells and methods (experimental or analytical) are present in Chapter 3
(Materials and Methods). Chapter 4 (Results and Discussion), contains all experimental
results and discussion of the same. The final chapter, chapter 5 (Conclusions) presents the
conclusions drawn from each experimental topic studied, as well as future directions for
the whole research.



2

(GENERAL INTRODUCTION

The following chapter serves as an introduction to the most important theoretical concepts
needed to grasp the full scope of the present thesis. The first section focuses on an overview
of the general scientific research and development made over the last years to come closer to
the main goal, namely the sustainable and affordable production of cultivated meat. There
is also summarised the current State-of-the-art, including a superficial analysis of the main
companies and countries doing this research and the research development over the last
decade. The second section focuses on one of the most important parameters of bioreactors
for mammalian cell cultivation, the mass transfer of oxygen and the optimization of the
parameters that affect it. The third section focuses on another equally important topic for
optimization, which is the media’s composition. Mainly focusing on the development of
analytical and predictive models to simulate the cell’s metabolism, thus helping to reduce

the time and financial costs behind countless optimization experiments.

2.1 Mammalian Cells for Food Production

FAO (Food and Agriculture Organisation of the United Nations) describes “Cell-based
food production” as “the field of growing animal agricultural products directly from
cell cultures” [1]. FAO and WHO (World Health Organisation) have collaborated and
published a paper [1] entitled Food safety aspects of cell-based food, to give readers current
technical knowledge on the multidisciplinary subject of cell-based food production, with
a focus on food safety concerns. With such important organisations recognizing the
importance of said technologies we can confirm that this field is developing rapidly.
Cell-based food production includes the in vitro development of animal cells or
microbial cells for the creation of analogues of animal or plant products and have nutritional
qualities that are similar to those of components made traditionally. This field of technology
is evolving quickly, and several forms of large-scale cell-based food production facilities
are in the works. In this study, there is a focus primarily on mammalian cells for food
production, specifically different cell strains which will be mentioned as mammalian cell
line A and B, throughout the rest of this study. The two mammalian lines used (A and B)
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serve as a starting point for an in depth more detailed understanding of other mammalian
cells needs in terms of economically viable industrial production.

2.1.1 Main Setbacks in Cultured Meat

After 10 years since the first public proof of this technology, questions about common
product availability still remain. The main setbacks mentioned in 2013, by Professor Mark
Post, were mainly the sustainability of the product, its quality and the acceptability of the
consumers [2].

The first hamburger presented costs of thousands of euros to produce, and its quality
as aforementioned was still far from perfectly mimicking a “real” hamburger. Even though
it was shown to be possible, the scalability of this technology proves to be a big setback.
A specialist team of patent experts have presented five main problems that need to be
solved in order for it to be commonly available [3]. Another setback was due to the use
of Fetal Bovine Serum (FBS).t This serum was the basis for the growth factors needed to
develop the cells, and to obtain it, it is necessary to draw blood from a recently born calve.
This goes against the goal of sustainability and slaughter free meat, presented by the idea
at hand [4].

¢ Consumer Acceptance: Food production is becoming a bigger mystery to people
as a whole. Many customers are more alienated from the food industry and meal
preparation due to the prominence of highly processed convenience foods and a
decline in culinary abilities. Consumers are used to the classic look, smell and
most importantly the taste of the products they buy in the supermarket week after
week. Other alternative protein sources, such as insects, have been slow to develop
because they cannot replace the public acceptance of current meat products. For
plant-based meat to gain acceptance, companies need to develop products that meet
these characteristics. Instead of relying on animals that are easy to raise, producers

can use only cell lines from animals with the best characteristics to produce products

[5].

¢ Price of Production: Despite good progress over the past decade, cultured meat
is still much more expensive to produce than traditionally raised meat. A study
proved that a kilogram of beef cost about 5 euros to produce [6]. A kilogram of
cultivated meat with current technology would cost around 40 euros minimum,
which would easily be sold at retailers for 200 euros per kilogram [7]. This is
mainly due to the small scale of the current production process and the high cost of
culture raw materials (such as growth factors and their substitutes as well as other
medium components [8]). We expect cultural media and conditions to be key areas
in which companies in this space generate intellectual property. This situation can

be improved if economies of scale are realised [3].
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¢ Environmental Impact: Currently used technologies are very energy intensive.
Nonetheless, as the processes grow towards a higher scale, the energy consumption
per kilogram of product may decrease. It is undeniable that this technology of
cultured meat has the potential to use less resources such as water, energy and
feedstock, while reducing the emissions of greenhouse gases. Nevertheless it is still
far from optimised at the current moment [3]. According to a study done at Oxford
[9], depending on the type of meat, it is estimated that cultured meat would cause
78-96 fewer greenhouse gas emissions and require 7—45 less energy, can be up to
almost 90 fewer acres of land needed, and 82-96 less water resources than currently

produced European meat [10].

¢ Product Regulation and Policy: Singapore was the first country that has given
regulatory approval to cultured meat products. Policymakers need to take a forward-
looking stance on the issue if plant-based meat is to succeed. For example, in the
United States, which is one of the largest consumer markets in the world, cultured
meat products are jointly regulated by the United States Department of Agriculture
and the Food and Drug Administration (FDA). In November 2022, FDA reviewed
Upside Foods and its lab grown meat, as safe for consumers [7]. There is a certainty
that things can get more complicated if the animal cells used for production are
genetically modified. However, a recent report by the European Union and the
World Health Organization suggests a desire to reduce the regulatory burden on
producers of genetically modified foods [3, 11]. Another concern comes from a
cultural standpoint and the change in meat production jobs, causing a loss of jobs
in farming [12]. Said cultural and legislative changes have already been openly
discussed in Italy, for example, that moved to ban lab-grown meat to protect food
heritage in March 2023 [13].

¢ Scale-up of Production Process: The scale-up needed to achieve lower production
costs will also present many challenges. Companies must develop scalable, optimised
production facilities and ensure a robust supply chain. It will also require significant
capital investment in production capacity to reach production levels that allow
alternative meat to penetrate the consumer market in a meaningful way. A strong
intellectual property position will be key to attracting this investment [3]. This factor
is seen as the most important, due to the fact that by achieving higher production
rates and lowering costs by using diverse optimization techniques the availability
and price problems would be closer to being solved [14, 15]. In the present study,
there is a focus on solving this problem, specifically the optimization of bioreactor
parameters that could influence the reduction of production costs and result in
higher product yields.
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2.1.2 State-of-the-art of Cultivated Meat Production

The main focus of this study is the optimization of the production bioreactor for mam-
malian cells to produce meat, and it is important to refer to the current state-of-the-art
in this recent industry and to do some summary of the important developments, growth
and technologies. Good Food Institute [16], describes itself as “a nonprofit think tank
working to make the global food system better for the planet, people, and animals. This
organisation has presented complete state of industry reports on cultivated meat that have
data about the growth and the main technology used.

The first cell-based beef burger was presented to the public in 2013, by Professor Mark
Post, of Maastricht University in, Netherlands, who displayed it and had professional
food critics taste the first cell based burger. The taste and general feel, as described by
critics, was very close to a real regular hamburger, still far from perfect, but quite close
[1, 17]. This hallmark was 10 years ago, and served as a proof to everyone that this could
actually be done, and since then many companies have been born with hopes of becoming
suppliers of cell-based meat and fish.

In a general economic overview, the main points to notice from the last year of 2022,
are that FDA gave clearance to Upside Foods, for their cultivated chicken, which is not
only a major breakthrough in the United States but also the world. Due to the magnitude
of the American market, not only that but in the past month (June 2023) there has been
official clearance from the U.S. department of agriculture for the sale of cultured meat by
both Upside Foods and Good Meat [18]. Outside of the United States, Singapore has also
approved the sale of cell-cultured meat. Another important development is the number
of publicly announced cultivated meat companies has risen to more than 150, registered
around the world in 26 different countries.

There are currently more than 20 operational industrial facilities worldwide dedicated
to the production of cultivated meat, including the recent (June 2023) new facility from
Mosa Meat [19, 20]. It is a pilot plant facility making the commercialization in Europe
closer to reality. Related to prototypes development and product announcements over the
last year, South Korea announced its first cultivated chicken fillets and nuggets, by Space F
[21]. Germany-based company, Alife Foods revealed the world’s first cultivated schnitzel
(breaded cutlet) [22]. Mogale Meat and Mzansi Meat, both in South Africa have revealed
first cultivated chicken breast and first cultivated beef burger, respectively [23, 24] and
these are but a few examples of the growing economical and technological advancements
in cultivated meat and seafood.

For the most important research developments in the last year related to the this study,
we can also highlight the following:

¢ There has been development in bioreactor and bioprocessing such as the computially
model for growth of cells in microcarriers [25]

® There have been published details on the pilot-scale processing, showing high cell
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densities, the highest yet (100 million cells per millilitre) under perfusion conditions
[26]

¢ The continuous development of optimised culture media [27], as well as the de-
velopment of new mixing conditions, impellers that have reduced shear stress [28,
29], aeration techniques and other cultivation parameters have still been a possible
bottleneck for upscaling and making the final products more commercially viable
and competitive with animal grown meat, leading to multiple research on this front
as well [30-32]

Other main developments over the last years can also be seen in the multiple topics
that make up the development of sustainable lab grown meat [33-47]

2.2 Bioreactors in Biotechnology

The main way to cultivate microorganisms, and even mammalian cells (as in this study’s
case) is to use a bioreactor system. A bioreactor can be defined as a system developed
and optimised for supporting biologically active systems [48, 49]. It can have multiple
applications, as it is an indispensable part of any bioprocess. It can be used for cultivation
of bacteria, fermentation processes and even for the production of cell biomass for food
production [50].

A Bioreactor is mainly a fermentation vessel that should ensure the following parame-
ters [51]:

¢ Agitation, for guaranteeing mixing of medium and cells, preventing sedimentation
(in stirred suspension bioreactors, which will be the focus of this study) and also, as

better explained below, improving gas mass transfer rate

e Aeration, in the case of aerobic fermentation cultures, which is the case of mammalian

cells, specially for supply of oxygen

¢ Regulation of factors for the culture, such as pH level, pressure, aeration, nutrient

feeding, temperature and liquid level

¢ Sterilisation, one of the most important factors in biotechnology is the sterility
of the systems, specially in food and pharmaceutical industries Harvesting of
cells/medium, the ability to remove the final product, being it a extracellular chemi-
cal or the biomass itself.



CHAPTER 2. GENERAL INTRODUCTION

The main components of a bioreactor can be seen in the diagram shown in figure 2.1 below,
as well as explained in greater detail in the sections below.

Bioreactor

Agitation system
Acid/base /

Steam suppl _ Pressure gauge
pp y M 1 Owverpressure valve
Medium ] ._'control panel: regulates
. - B N 5 pump cooling water
Air SUpp'Y l] B = — pump air supply
air filter — acid/base supply
Sensors
Cooling water check :
medium temperature
Supply medium aeration
medium pH value

of cooling
water

2y
=] 00 Discharge
2y

Thermal jacket

Steam Effluent

Figure 2.1: Diagram of an example of a Stirred Tank Bioreactor [52]

A complete bioreactor system must have some of the following parts: Fermenter Vessel;
Heating and Cooling apparatus; Aeration System; Baffles; Impeller; Sparger; Feed Ports;
Sampling Ports; Valves and Controlling Devices for environmental factors.

The existence of these compounds depend highly on the type of cultivation, and this

can separate bioreactors into the following types [53]:

¢ Stirred tank fermentor [54] - Is the most common type of bioreactor in the industry,
allows for continuous culture and has the existence of a shaft controlled by a motor
that supports one or more impellers that in combination with the sparger allow for
better distribution of gas and compounds in the vessel

¢ Airlift fermentor [55] - also known as tower reactor, it uses a two-zone system where
only one zone is sparged directly with gas creating a downpour zone improving the
oxygen transfer It is a simple design as it does not require moving parts and has
lower cost than the continuous stirred tank reactor

¢ Bubble column fermentor [56] - mostly used for biological wastewater treatment and

some fermentations. This system is similar to the above mentioned airlift fermentor,
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the main difference being the distribution of the aeration and the sparging, the
advantages are the same as the airlift system, being simple and having low operating

cost

¢ Fluidized-bed fermentor [57] - this system constitutes packed beds with smaller
particles, preventing clogging and high liquid pressure drop, in these bioreactors
the cells are immobilised and move with the fluid. It is usually used when the use

of catalysts is necessary and for immobilised enzymes or cells

¢ Photobioreactor [58] - These units are specialised for cultures where there is a need
for direct sunlight or artificially illuminated, mostly for photosynthetic cultures such
as microalgae and cyanobacteria

* Membrane bioreactor [59] - This system combines the common membrane filtration
process with cultivation in bioreactors, resulting in removal of solids and well as
removal of high nutrient levels to control the concentration gradients better, and

even with the use of pure oxygen the benefits of this bioreactor are even bigger

From these different types, the main one this study will focus on is the continuous
stirred tank reactor, which is the most commonly used in industrial scale. This type is in
general preferred due to the existing industrial capacity, proven performance and easy

scale-up, control and maintenance of homogenous conditions [60].

2.3 Oxygen Mass Transfer in Bioreactors

For the cultivation of mammalian cells, oxygen is one of the most important nutrients,
especially because most cells have a low capacity to carry a large amount of it. Oxygen mass
transfer is a difficult topic to optimise since it depends on multiple factors that influence the
behaviour of the cells and the way the bioreactor functions. Without oxygen, mammalian
cells like Chinese Hamster Cells (CHO), which is one of the most studied mammalian cell
types for biotechnology applications, cannot properly proliferate or have stable metabolic
activity, such as production of indispensable compounds and maintenance of the cell’s
metabolites [61, 62].

Cells consume Dissolved Oxygen (DO) and the amount available in water is restricted
by the solubility of oxygen in water. This restriction causes limitations and even cell
death if the conditions are not understood and optimised. For this reason it is imperative
that the Oxygen Transfer Rate (OTR) is controlled and the value is enough for the needs.
It is necessary to focus on two main parameters, namely a, the area that is available
for mass transfer and the mass transfer coefficient, k; [63]. These two parameters are
usually described as Oxygen kra or oxygen volumetric mass transfer rate, which is a
compound parameter, between kL and a, which represents the aforementioned area of

contact between liquid and gas available per unit of volume.
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The process of generating DO is usually called aeration. There are multiple types of
aeration systems that present multiple advantages and disadvantages. We can divide them
according to the effect they have on kLa, the cells viability due to shear stress or economic
viability and scalability to industrial processes. For a more detailed discussion on this
topic, there is a need to study the effect of certain parameters on Oxygen kLa and the
different techniques that exist nowadays for the aeration of bioreactors. In general, there is
a good understanding of what maximises kLa when it comes to the parameters mentioned
below. Nonetheless, the complexity comes from the effect said maximisation has on the

viability of cells and economic viability of the production process as aforementioned.

2.3.1 Mass transfer dependence on bubble size

One of the most commonly used aeration methods in bioreactors is the use of bubble
aeration, namely through the use of spargers. There are a number of factors that influence
the way this is done as explained in more detail below. In bubble aeration the size of the
bubbles impact the way they behave in the system. There have been multiple studies on
this and the effect of bubble size on kLa and it is still a widely researched topic, evermore
due to the increase in biotechnology advancements over the last years [64—66].

According to several research articles [67, 68] the behaviour of bubbles, the conse-
quences of its size and effect on cells has been studied on multiple systems. Throughout
the different studies there are some recurring conclusions that must be present when
studying aeration. Namely, cell damage as a function of bubble size, bubble rise speed
and mass transfer coefficient of oxygen and carbon dioxide based on bubble size [69].

As presented in the aforementioned studies, according to Laplace’s equation, bubble
size is related to the pressure inside of it and the difference with its environment. It is
known that the smaller the bubble, the higher the pressure is inside when compared to the
external pressure of the medium. During ascent in bioreactor, bubbles tend to get slightly
larger due to reducing the pressure or by coalescence with other ones. Although the
changing in shape and size is more commonly observed in larger bubbles, since smaller
more pressurised bubbles tend to behave as solid particles. Another important factor
to notice, which is related to the bubble size is that smaller bubbles have lower rising
velocities due to a smaller buoyant force caused by a smaller volume of displaced fluid.
The terminal velocity is reached when buoyant force and drag force are equal in intensity
[70, 71]. Therefore they present longer residence time in the fluid which in terms allows
for more time of contact between the gas-liquid boundary. This, in combination with the
observed higher pressure and the increase in superficial area in relation to volume, are
three main reasons why small bubbles have higher mass transfer rates of oxygen.

Nonetheless there are two other important factors to consider when it comes to aeration
of bioreactors for cultivation of mammalian cells, namely the cell damage and the CO,
absorption by the bubbles. When it comes to smaller bubbles we have seen really good

advantages over larger sizes, when it comes to increasing kLa. As seen in Biotechnology
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Volume 3, by H. J. Rehm and G. Reed [68], there is the occurrence of damage to the
cells caused by bubbles. In the “Mechanisms of Bubble-Induced Damage” chapter of the
aforementioned book, there is a clear pattern observed of increased cell death the smaller
the bubble size. It is presented as a correlation between the rate of death of cells and the

bubble diameter, as shown in equation 2.1.
pgVsy
=< 2 2.1
ko= = Eld) e

Where k; is the cell death rate, p, and p are the densities of the gas and liquid phase,
respectively, V, is the gas superficial velocity and H is the liquid height. E(d}) is the effect
of dj bubble diameter on liquid entrapment.

Even though bigger bubbles cause less cell damage, as seen above, it also causes lower
kLa due to lower residence time and lower surface area, which would result in higher
sparging rate and higher mixing speeds. This antithetical relationship between “bubble
size vs kLa” and “bubble size vs cell damage”, lead to the conclusion that there must
be two optimal bubble sizes that optimise these relationships, one small and one big.
According to research [69], the bigger size should be close to 6mm while the smaller one,
that should minimise cell damage and guarantee high kLa should be less than Imm. In
general, the most used sizes are small, since the high death cell damage is proven to be not
as important as cell density grows, and the high kLa leads to less need for energy costs
associated with increased mixing and gas feed rate [69]. However, this becomes more
complex on a larger scale, as systems to produce smaller bubbles are harder to design,
and the existence of longer bubble time residence due to higher water level height leads
to the existence of coalescence. This specific problem will be better understood below, in
the correlation between power input and kLa.

The last problem worth mentioning about smaller bubbles is the CO, scrubbing. As
cell densities increase, not only does oxygen needs rise but also the need to dispose of the
present dissolved C; that can be harmful to cells. The main difference between CO, and
O, when it comes to the bioreactor with cells is that CO; has a much higher solubility
than O, and the direction of transfer for these two compounds is contrary. This means
that CO, moves from liquid to gas, while O, goes the other way. Due to much higher
CO, solubility, the bubbles often reach the top of the bioreactor saturated with CO,, while
in contrast, they keep diffusing O, to the water during the whole rising process to the
surface. Therefore, by not accounting for this effect, it is possible that the logical solution
is to decrease the costs, by cutting the amount of air sparged and making sure the bubbles
have as big as possible residence time. This leads to bubbles getting saturated with CO,
too soon, and possibly not stripping all the CO, needed.

2.3.2 Mass transfer dependence on mixing profile

The second biggest parameter needed to account for in oxygen transfer, after the aeration,

is the mixing profile. To ensure a homogeneous media content distribution, a commonly
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used solution is stirring. Homogeneous distribution means that there are no concentration
gradients or cell accumulation in dead zones as well as to break up the bubbles sparged
into the reactor. Stirring depends on a lot of parameters, and the amount of equations that
go into the creation of a working Computational Fluid Dynamics (CFD) model make it a
complex subject. Though in this short section, we will go over the important parameters
and research done in this field, namely on the importance of agitation for biotechnology
fermentation and cell cultivation. A graph presented in Lilly, 1983 (Fig. 2.2), summarises
well the operating boundaries for scale-up in bioreactors, that depend mainly on aeration

and agitation and the important problems to minimise or prevent completely.

Cell Damage
002
5 Inhibition Cost
E Ideal
(=) Conditions
< Oxygen
Xyger Foaming
Limitation
Poor Mixing
Aeration

Figure 2.2: Operating conditions and problems that rise from them in bioreactors

Operating conditions and problems that rise from them in bioreactors.

It is standard practice to use agitation, in the form of stirring in cell suspension and
microcarrier cultures to improve oxygen transport and provide a uniform environment
for cell development. Microcarriers are usually small beads made from different materials
such as gelatin or glucose, they provide attachment for cells and other advantages [72,
73]. Cell death and separation from microcarriers is observed when the stirring speeds
are too high. In this study microcarrier culture was not further studied. Concerning
cell suspension, due to fragility and relatively large size, mammalian cells are damaged
by excessive agitation. Therefore, for bioreactor engineering and design, it is crucial to
comprehend the hydrodynamics of agitated bioreactors and the mechanisms causing cell
damage [74].

2.3.2.1 Impact of Eddies

One important concept to have in mind is the existence of eddies. In fluid dynamics, the
definition of an eddy is that of the swirling of a fluid and the opposite moving current
created when the fluid is in a turbulent flow regime [75]. The size of eddies depends on
different characteristics of the system, another important consideration to have present
is the concept of Kolmogorov microscales. Kolmogorov microscales, in fluid dynamics,
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characterise the smallest scales in the turbulent flow regime of fluids. In this small
scale, reaching the eddy size of cells, (which is within the size range that matters in
biotechnology with mammalian cells) viscosity of the fluid dominates and the existing
turbulence kinetic energy is transferred into the fluid as thermal energy. This concept
is of extreme importance, specifically the Kolmogorov length scale, which describes the
amount of distance at which the dissipation of the transfer of energy stops and defines a
cut-off in the turbulence spectrum [76, 77]. This concept can be shown using the following

equation 2.2.

7)3 1
n= —(?)4 (2.2)

Where 7 is the size of dissipating eddies, dependent on v and €, which represent the
viscosity of the medium and the rate of viscous energy dissipation by eddies per unit of
fluid mass, respectively.

The aforementioned concept of the Kolmogorov length scale and the equation is used
in computational fluid dynamics and for the giving case of agitated bioreactors, which
are governed mostly by turbulent liquid flow, which leads to the existence of eddies. The
largest observed eddies are found near the impeller region where the shear stress is the
most intense [66]. The size of those eddies is similar to the impeller’s blade width. These
large eddies start a gradient of multiple smaller eddies through the dissipation region,
which in turn reach the small scale described by the aforementioned equation 2.2. The rate
of viscous energy dissipation, needed for the Kolmogorov length scale, can be calculated
using the following equations 2.3 and 2.4 [78].

P
€ = p_V (23)
P = NppN°D? (24)

Where P is the mixing-power input, V is the liquid volume where the energy is
dissipated, p is the fluid density, Np is the dimensionless power number related to
impeller geometry, N is the impeller rotation speed in Revolutions per Second (RPS) and

D is the impeller diameter.

2.3.2.2 Reynold’s Number

There is another fundamental concept to have in mind before diving more into the impact
of the fluid dynamics caused by agitation and the impact on the oxygen mass transfer,
and that is the Reynolds number. When characterizing the flow regime of a fluid, the
Reynolds number is a must known parameter, that basically using the fluid’s properties

and calculates a dimensionless number that characterizes the flow regime in laminar,
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turbulent or transition. Reynolds number corresponds to measuring the ratio between
the inertial and viscous forces [79]. There are countless applications of this number and
multiple scales and variations of the main equation but the following equation 2.5 [80] is
most suitable for the work presented in this study. It is important to note that a stirred

vessel system is fully turbulent for values of Re above 20000.

3 pND?
1

Where p is the density of the fluid, y is the dynamic viscosity, N is rotational speed
(RPS) and D the diameter of the agitator.

According to the aforementioned equations, we can conclude that the higher the

Re

(2.5)

agitation speed the higher the power input, the higher the dissipation, and the smallest
the eddy sizes, and because small eddies cause more damage to cells, it is important
to minimize the needed rotation per unit of time of the impeller. According to past
computational fluid dynamics studies [81], particles that are neutrally buoyant, meaning
that have approximately the same density as the fluid (for example cells or microcarriers),
tend to follow the motion of eddies larger than them. Therefore, smaller eddies or closer
in size to aforementioned particles, collide with them and transfer the energy they carry
onto said particle, causing the mentioned cell damage, or shear stress [74].

There have been multiple studies about the effect of different agitation rates in different
bioreactors [82]. It was observed that in an agitated vessel, mammalian cell damage was
only noticeable in the range of 160-200 RPM, where the bubbles in the aerated system
break in the lower part of the vortex. Reduction of the vortex formation, by increasing the
liquid level, allowed reaching cultivation without noticeable cell damage at 800 RPM.

2.3.2.3 Geometry of impeller

The geometry of the impeller used in stirred bioreactors defines the way the system is
mixed and impacts substantially the flow dynamics. To classify impellers, usually, it is
used the flow pattern they produce [83]. These flows can be described as:

¢ Axial flow: It produces a top to bottom motion in the tank, meaning that it is ideal
for solid suspension and stratification, shear produced tends to be lower than that

by radial flow impellers, nonetheless this depends on other factors as well

¢ Radial flow: The fluid is moved sideways and then it can either go up or down,
creating two main circulations that go from the impeller to the top /bottom of the
vessel and back to it. It is more suitable for high-shear applications, like liquid-gas
dispersion (like the aeration of a bioreactor) and emulsification. Even though there

is higher shear, there is less flow when compared to axial flow

14



2.3. OXYGEN MASS TRANSFER IN BIOREACTORS

¢ Tangential flow: In this last flow pattern, the fluid moves with the impeller in an
horizontal way around the vessel, as with the movement of the paddle. This is
usually used for mixing highly viscous materials, the shear is low and there is
minimal vertical flow

x________..xw

Figure 2.3: Different stirring flow patterns, from left to right, axial, radial and tangential
[84]

According to each type of flow there has been an increasing amount of testing for the
behaviour of bubbles in these different types of mixing regimes. The relationship between
the shear stress, the power input into the system and the flow pattern that help reduce or
increase the residence time of bubbles are all important considerations when creating an
optimal system for a given application. Below we can see in figure 2.4 different types of
impellers used.

There are hundreds of possible geometries for impellers, in this study only a few will
be covered. Nonetheless there is another important parameter related to the impellers, and
that is the size relationships and the position in the bioreactor. The relationship between
diameter of the bioreactor and the impeller are directly correlated to the distribution of
energy through the system and the formation of vortexes at higher or lower agitation
speeds [85]. Also the specific ratio in impeller geometries, for example the height of the
paddles to diameter of the impeller in Rushton impellers, or the number of blades/paddles
and angle of the same, greatly influence the system. The height of the liquid level above the
impeller also correlates to the formation of vortexes, that not only diminish the existence of
vertical flows, but also create zones of higher shear stress for cells and make the gas-liquid

transfer slower in some cases.
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In the case of multiple impellers, it is also imperative that the distance between them
is studied, as the flows can be confluent and create higher shear stress zones and impact
the power number of the impeller system. For example, in a dual Rushton turbine system,
the power drawn by the rotation of the shaft differs on the distance between both, which

can be clearly observed by the flow patterns created [85].
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€

Helical

distributed flow
solid substrate / high viscosity

Angled pitch-blade

mixed flow
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Figure 2.4: Different types of impellers used in bioreactors [86]

Correlated to this factor of mixing and vortexes, is also the existence of baffles. Most
industrial and even lab scale systems present 4 or more baffles, these vertical elements,
can be present in many shapes and sizes as well, but most commonly exist to prevent
formation of vortexes and to improve the mixing of the vessel [87].

In conclusion the main important processes to keep in mind when optimising the

mixing in bioreactors are as such:

¢ Breaking bubbles from sparger (in case of bubble aeration system)
¢ Eliminating dead zones (anaerobic zones)
¢ Guaranteed good mass transfer from air bubbles to cultivation broth

¢ Ensuring good mass transfer from cultivation broth to microorganisms/cells and

fast distribution of components, by reducing existence of concentration gradients
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¢ Getting good heat transfer between heating components and media

2.3.3 Power input and mass transfer

Power Input is an important way to correlate a system and the observed oxygen mass
transfer rate. As mentioned above, one key parameter shown is the power input for
mixing [87, 88]. Multiple attempts and correlations have been studied and made about the
relationship between power input in a stirred bioreactor system and the observed oxygen
mass transfer rate. In this study we will analyse the results given by existing equations
and discuss them. For large systems, an example for a given range of parameters (such as
specific range of viscosity, power input and aeration) can be seen in the following equation
2.6 [89].

kpa =0.027 - PY7® - V4 - +35% (2.6)

Where ki a is the mass transfer coefficient of oxygen, Pr is the total specific power
input dissipated into 1 m® of the liquid in the system, and Vj is the superficial velocity
of the gas. This equation is empirical and the constants shown are specific to a limited
range of vessel size, liquid properties and sparging air rate. Nonetheless it is important to
know such empirical equations have been created for estimating and modelling conditions
in bioreactors. For the main goal of optimization of the bioreactor the use and possible
improvement of said empiric equations is necessary for evaluating conditions that would
be too time consuming and expensive. The parameter Pr can be described as the sum of
the power dissipated in the aerated vessel (P) and the power from the gas expansion of
the sparged air (Pg). Which can be seen in equations 2.7, 2.8 and 2.9 [90].

Pc=g-p-Vq 2.7)

P =0.147 - PX** - V0% £ 30% (2.8)
n 3
L' N

Pe =y (- D) B 29)

i=1

The aforementioned equations are an example of the way to correlate power input
into an aerated vessel and the volumetric gas mass transfer rate, in the discussion of the
acquired data in this study these equations will be among the ones used to verify the
results and to optimise the system.
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2.3.4 Mass transfer dependence on temperature and pressure

Another important aspect of the bioreactor operating conditions are Temperature and
Pressure.There have been multiple studies on the effect of these two conditions on the
mass transfer coefficient, and the relationship is positively proportional. Meaning that by
increasing temperature and pressure, the volumetric mass transfer coefficient of oxygen
increases as well [91]. Due to the fragility of cells when it comes to temperature and
pressure the ranges that can be used in this optimization are short, since the cells studied
are mammalian and thrive at 37°C.

Nonetheless it is important to understand also that the increase in temperature leads
to decrease in viscosity, which in terms leads to the increase in kLa [92]. The decrease
in surface tension caused by increased temperature is a beneficial impact. But, there is
a disadvantage that ultimately can lead to smaller kLa value. So as the gas solubility of
Oxygen decreases with increasing temperature, leads to the driving force being lower
[93]. Pressure increase [94], leads to an overall increase in kLa, due to increasing the
main driving force. Since the partial pressure difference between gas and liquid phases
is responsible for creating the concentration gradient between both phases, by increasing
pressure the partial pressure of gas in gas phase increases as well. Another direct
implication is that the solubility of most gases increases with pressure, a contrary effect

of temperature when referring to oxygen kLa.

2.3.5 Mass transfer dependence on medium properties

As seen above, the physical properties of the system greatly impact the effectiveness of
mass transfer, and as aforementioned properties such as solubility, surface tension and
viscosity greatly impact this complex process as well. For this reason it is important to take
into consideration that the different additives that can ensure better cultivation conditions,
also can affect the physical properties of the liquid-gas system, and affect mass transfer
rate [95-97]. The main important factors to observe when adding different substances to

the media are:
* Viscosity - higher viscosity leads to increased resistance to molecular diffusion

¢ Surface Tension - the increase in cohesive forces at the surface of the liquid can
reduce the gas-liquid interfacial area, diminishing the mass transfer rate

¢ Density - the amount of solutes per unit of volume greatly impacts the other afore-
mentioned properties, such as changing the way the fluid flows and the patterns for
the distribution of oxygen within the liquid

2.3.6 Aeration types

The importance of oxygen mass transfer has been stated as well as the many of the
complex parameters that influence it. Nonetheless regarding the operation conditions of
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a bioreactor it is important to understand the different possibilities that exist for aeration.
Aeration can be broken down into two main categories: External and internal [68, 98-100].

2.3.6.1 Perfusion Mode Aeration

Perfusion aeration (or external aeration), as the name suggests, involves the oxygenation of
the bioreactor fluid through an outside loop. It means that the culture media is oxygenated
outside of the bioreactor and pumped back in. This can be obtained mainly in two ways:
Modular Membrane Exchangers [101-103] and Pressurised Tank Recirculation [104, 105].

Modular Membrane Exchangers work as membrane aeration systems that are con-
nected to the main bioreactor. These types of systems use modular tubes that can be easily
replaced and act as membrane diffusion units that allow for oxygen to diffuse through
the membrane directly into the water without the need of bubbling. This type of sys-
tem presents the normal advantages and disadvantages such as allowing for bubble free
aeration and since the modules are outside of the bioreactor the circulating fluid is free
of cells reducing fouling of the membrane. Also being outside of the system makes the
maintenance of the system easier. But nonetheless to prevent fouling cells would need to
be separated from the recirculated fluid and the speed of the diffusion of oxygen through
the membrane is much slower than that from direct bubbling. In figure 2.5 we can see an

example of this aeration setup.

Target Gas Vent
Mixture

Figure 2.5: Modular Membrane Exchange aeration setup example [103]

Pressurised Tank Recirculation works similarly to the aforementioned modular mem-
brane exchangers, in the way that as an external aeration method. The liquid has to be
pumped free of cells into a separated tank, that is then pressured to increase solubility
of oxygen and sparged without the concern for cell damage, and once again pumped
back into the bioreactor. This system presents similar advantages to the one mentioned
above, but it’s mostly used for aquaculture and the increasing pressure process.It could
be coupled with the recirculation increase the operating costs when compared to other

internal aeration methods.
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2.3.6.2 Internal Aeration

Internal aeration is the process by which oxygen gets into the bioreactor system by direct
contact or transfer into the liquid inside of it. This process can be achieved mainly
through surface contacting (bubbleless) or through sparging, which produces the above
mentioned bubbles. The main ways used for internal aeration can be described as: Surface
Aeration; Membrane Aeration or Immersion Aeration and Sparging. Each of the previously
mentioned methods have a wide range of factors that impact their functionality and that
will be explained shortly for the understanding of the systems.

Surface Aeration [106, 107] is the phenomena by which the surface of the liquid as it
comes into contact with the gas surface diffusion of oxygen molecules happens according
to the gradient of concentration and the available surface area. This type of aeration
happens naturally and has to be accounted for when performing aeration of small vessels.
As the volume grows the impact of the surface of the water becomes less accountable for
the general mass transfer that happens for example in a sparged system. This process of
surface aeration can also be enhanced or facilitated, as it is done in some aquaculture and
ponds, by recirculation of water. The way this works is by pumping water from the bottom
of the vessel or pond and sprinkling it on the surface. The impact of the water droplets
create an increased surface area for oxygen transfer and the water from the bottom, in
natural systems, is not heated by the light source, as it is in case of an open tank or pond.
Thus the cold water that is sprinkled cools the surface water and since it’s denser than
the surface water. It also promotes recirculation of the system. These conditions can
be optimised and simulated in vessels. Nonetheless as mentioned above, as the system
grows to industrial volumes the impact of surface aeration diminishes. Thus rendering
this aeration option not viable or at least not enough for mammalian cell cultivation, when
by itself, it is important to note though the importance of it in smaller lab scale testing.

Membrane Aeration in Bioreactors [108-111] work in a similar way as the membrane
exchangers mentioned previously. The main difference between both systems is that this
one is inside the bioreactor and in direct contact with the growing culture. Membrane
systems have a lot of complicated parameters to keep in mind. Nonetheless this has been
developed and studied exponentially over the years, as the demand for low shear stress,
bubble free, aeration technologies rises due to the growing market on cell cultures [112-
114]. Of course said system is limited by the normal bottlenecks of membrane systems,
namely the clogging and fouling with cells and cell debris. Disadvantage could be the
higher degree of maintenance when compared to the more common sparging option
and a more complex scale up, due to the fact that to achieve high kLa. It is necessary to
reach high diffusion rates and for that reason high membrane area in the bioreactor. To
implement this technology it is necessary to study the different materials that can be used
as membranes for the system, meaning the thickness and the total contact area. There is
also the need to study the geometry and the placement within the bioreactor, as a coil
around the bioreactor circumference or central rotating with the shaft [115]. Also the mode
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of operation such as the flowrate and pressure of the gas flowing through the membrane
are important to optimise the system and to study its efficiency. In figure 2.6 we can see

an example of a membrane bioreactor.
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Figure 2.6: Example of a Immersed Membrane Bioreactor [116]

Lastly, the most studied and commonly used method of aeration is sparging. Sparging
[117-120] is the direct release of bubbles into the system’s liquid phase through the use of a
sparger. The sparger can be as complex as a series of concentric circles with different sized
holes drilled into them and separate gas supply or as simple as a silicone tube inside a
reactor that releases the air that is being pumped inside it in the form of bubbles [121-123].
In this type of system it is important to study how many orifices the sparger has, how big
are they and the distribution of the orifices. Since this greatly affects the distribution of
the gas in the system, also as a common and widely used technique there are hundreds
of different geometries studied and documented, such as perforated plates, tubes, disks,
ladder distributors, tri-nozzle spargers, ring spargers and so on. One of the most common
for high kLa is the sintered sparger, the sintered sparger, namely the stainless steel sintered
sparger. It is basically a cylinder made of porous stainless steel of specific porous size that
allows for the creation of multiple small bubbles at the same time, through each of the

hundreds of orifices present.

The material used is also an important parameter to study according to the system
needs, for our given bioreactor for mammalian cells, Stainless Steel 316L is the common
one and resistant to corrosion and widely used for the sintered spargers. By using different
hydrophobic or hydrophilic materials we can influence the process behaviour of sparger.
Other important features of this technique are the operation parameters, such as flow rate,
pressure and the placement of the sparger in terms of height and area (if it’s centred or
off centre). Even though this type of aeration produces bubbles which have been proven
to cause damage to cells, it is still the most cost effective way to aerate bioreactors for this
kind of application, so far, which might change as membrane aerated bioreactors develop

more and new technologies. A sintered metal sparger producing small bubbles can be
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seen in figure 2.7, as well as some different geometries that can be used in designing
spargers in figure 2.8.

(©) : (D)

Figure 2.8: Examples of different geometries for spargers [125]

2.3.6.3 Impact of Foaming in Aerated Bioreactors

Foaming is one of the problems that many chemical processes face [126], for example
biotechnology processes such as fermentation and in general cell cultivation.Especifically
sparged cultivation, suffer this as well [127] mostly due to the fact that the cultivation
broth has many foam active compounds, namely carbohydrates and some sugars and by
products of cellular metabolism [128]. The main issues with foaming are the reduction of
working volume, the trapping of cells and shear stress that leads to the death of the same.
Foaming can also lead to blockage of outlets and even putting the sterility of the process
in question [127]. With excessive foaming working volume is reduced, as the foaming
occupies space used for reaction and gas permeation and can even clog or damage the

equipment [129]. There are many ways to control foaming [130], namely the use of special
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additives to cultivation media that change the physical properties, such as surface tension
and viscosity which are the two main characteristics that influence foaming liquids.

Other forms of antifoaming (prevention of foam formation) and defoaming (active
destruction of existing foam) include the use of physical structures like special impellers
above liquid level [131] or a recently developed technique using micro engineered shapes
that break foam bubbles when they come into contact with them [132]. The use of
external simulation is also a well researched method of both defoaming and antifoaming,
for example the use of ultrasound is already a common practice in industry [133-135].
Nonetheless there is not much known about the potential use of electromagnetic fields
in defoaming or even as antifoaming treatment [136]. The use of magnetic fields and
electro-magnetic fields have been known to change some physical properties of water
[137], therefore the potential use of Pulsed Electromagnetic Field (PEMF) for defoaming
is an interesting topic with potential applications.

2.4 Metabolic Engineering

Metabolic Engineering is the science of the modulation and definition of metabolic path-
ways in cells combining molecular biological techniques to enhance cellular behaviour.
This has been a growing field of study over the years as biotech and pharmaceuticals evolve.
Metabolic engineering allows complex mapping of metabolic networks that in turn allow
for the better understanding of how everything is connected inside a cell. It could solve
the questions as to how we can perceive the behaviour of cells and improve their efficiency,
based on experimental, computational and modelling approaches of metabolic pathways.
In the Fig. 2.9 we can observe a simple example of a metabolic network. There are a
number of studies about typical approaches, namely to the media composition used for
production of cell biomass, or various environmental parameters changing the behaviour
of cells and even genetic modification [138, 139].

Metabolic pathways are sets of actions and interactions between different genes in cells
and the products that result from the change in some component in said system, essential
for the correct functioning of a biological system. In short terms, metabolic pathway is
the sequence of reactions to take a feedstock compound to the end form product [140].
Well known examples of metabolic pathways that are crucial to cells are the production of
immediate energy in the form of Adenosine Triphosphate (ATP) from Phosphocreatine,
the production of short-term energy in anaerobic glycolysis and long-term energy in the
form of oxidative production of ATP with oxygen [140].

Glycolysis is a metabolic pathway well studied that converts glucose into pyruvate, the
free energy released is stored and used to generate energy in the form of ATP. In a cell there
are dozens of metabolic pathways that together interact to form a metabolic network that

23



CHAPTER 2. GENERAL INTRODUCTION

Glycolysis and Glycolytic Enzymes
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Figure 2.9: Example of metabolic pathway, Glycolysis [141]

dictates the behaviour cells, and one of the most important units of measurement related
to metabolism is the flux. It is defined as the rate, quantity over time that metabolites are
converted or transported between different pathways and compartments [142].

By studying and mapping this networks scientists can focus on changing specific
reactions by gene manipulation or other above mentioned techniques and then share the
findings and results, there are several public metabolic networks databases, ranging from
organism specific ones such as EcoCyc [143], PseudoCyc [144] and general ones embracing
all types of organisms such as KEGG [145] or BIGG [146].

The use of metabolic engineering for the analysis of the metabolic pathways and un-
derstanding the best conditions and optimising cells is often achieved through modelling,
equations related to metabolic fluxes, the substrates and the kinetics of the reactions
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involved.
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Figure 2.10: An example of a metabolic network, a schematic diagram of part of the
metabolic network of Escherichia coli [142]

There are three main analysis modelling techniques used, which are: Metabolic Flux
Analysis (MFA); Metabolic Control Analysis (MCA) and Flux Balance Analysis (FBA). The
FBA will be explained in greater detail and used in this study to develop and demonstrate
how to use programing and metabolic engineering analysis to optimise the conditions
and media used for cells, as well as the potential use for gene manipulation mapping and
simulation.
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2.4.1 Flux Balance Analysis (FBA)

One of the main analysis techniques used in Metabolic Engineering is the Flux Balance
Analysis [147, 148]. In this technique the metabolic fluxes are computed under the
hypothesis of a main objective for the metabolism. The system created for this approach
is still undetermined. It means that there won’t be enough equations to compute all the
given unknowns. Nevertheless that is not a problem, since FBA is used to compute under
the assumption of a metabolic objective. It is important to note that the given solution
may not coincide with reality because there is always the lack of constraints in a system,
therefore the hypothetical solution reached to conclude the given objective can or not be a
good indicator of the real behaviour of the system.

FBA is part of the metabolic engineering constraints-based metabolic modelling, mean-
ing that the objective function of these tools is to predict the metabolic fluxes of a given
network in steady-state conditions. As mentioned above, this is accomplished with an
incomplete system of equations, resulting in solution “space” and not a single answer.
With the use of different constraints we reduce the available space for solutions, getting
the results closer to reality. Three commonly used constraints are: Metabolic reactions
stoichiometry; Pseudo-steady state assumption and the Thermodynamics of the system
[149, 150].

In these methods of analysis the main unit is the metabolic fluxes, and a metabolic

network that can be explained as the system of interconnected metabolic reactions.

Ble]

Ele]

Figure 2.11: A simple example of a metabolic network

In figure 2.11 , we see 7 metabolic reactions, between 5 intracellular species (A,B,C,D
and E) with given metabolic fluxes v (v1, v2, v3, v4, v5, v6 and v7). It can be seen that
there are 4 reactions of exchange from the cell to the outside or vice-versa.
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Metabolic fluxes are usually expressed in molar per unit of time per cell of substrate
consumed in the given reaction. With this given example we can then create the metabolic
reaction stoichiometry matrix, commonly called matrix S, which shows the relationship
between reactions and metabolites. As can be seen below in Figure 2.12.
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Figure 2.12: Metabolic reactions stoichiometry matrix S example
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With this matrix by setting the constraint of pseudo-steady-state hypothesis, we are
saying that the multiplication of S by the 1x7 matrix of fluxes (v) is equal to zero, therefore
assuming that there is no accumulation of metabolites inside of the cells. Using these two
in combination with other constraints and defining the metabolic objective allows us to
reach an hypothetical solution. FBA is the common method of choice for most metabolic
engineering studies. It can be used to design the composition of the culture medium
(which will be the objective in this study), design gene modifications or even both. Some
of the most common objective functions used in FBA are: Maximising ATP production,
Maximising the rate of a given reaction for synthesis of a desired product, Minimising
nutrient uptake and Maximising biomass or cell growth (which will be the objective set
for the work in this study) [151, 152].

It is important to note that FBA models that are made using the mentioned constraints
and linear optimization can be computed for example in python. It assumes that the cells
behave optimally, which means that the reactions occur in a perfect way for maximisation
of biomass or minimization of nutrient consumption for example. To implement FBA
there are 4 main steps, such as: Defining the system, obtaining reaction stoichiometries,
defining the biological constraints and objectives and finally optimising the model. In
order to do the second step, there are countless databases with stoichiometric data for
hundreds of organisms, as mentioned above in the introduction to metabolic engineering.
The system is only as good as the complexity of it, given experimental data it is possible to
make a model that approximates to the behaviour of the cells based on the data for given
consumption of amino acids and other substrates over time. Of course basic models can be

made using only the different kinetic parameters for each used metabolic pathway, but the
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rigour of the model can be further increased by correlating the genes and corresponding

enzymes involved in the catalysing reactions as well as the reversibility of them.
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3

MATERIALS AND METHODS

In this chapter, the equipment, cells, chemicals and methods used to reach the proposed
goals and objectives will be described, as well as the characteristics of the systems used to
conduct the experiments of this study.

3.1 Materials

3.1.1 Equipment

All the equipment and systems used to perform the experiments and gather the analytical
data will be described below. For the purpose of this study, experiments were carried out
in four different bioreactor systems which can be found explained in detail below.

In this study, multiple bioreactor setups, different parameters and even different
aeration techniques were studied, as well as evaluated the impact in kLa. The four
different bioreactor systems used were:

¢ Custom Made Spinner Flask Bioreactor System - used in most parameters studies
due to its flexibility and availability of the system, as well as its low volume and easy
setup. In the rest of the document, for simplicity, this system will be mentioned as

Spinner Flask

¢ Custom Made Stirred Tank Bioreactor System - used in most cell experiments and
for larger scale, different geometry and equipment evaluation. Due to the same
reasons mentioned above, this system will from here on be mentioned as Stirred
Tank

¢ Custom Made Vibromixer Bioreactor System - used in the experiments to evaluate
the impact of different types of mixing; the system itself is identical to the Stirred Tank
but with different mixing shafts, motors and plates. This system will be mentioned

as Vibromixer
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¢ Sartorius Biostat B-Plus 10 L bioreactor (Sartorius, Germany) - this commercial
bioreactor was only available for a couple of measurements and experiments, and
is the only commercial bioreactor system studied in this thesis. This system will be
mentioned below as a Biostat

3.1.1.1 Custom Made Stirred Tank Bioreactor System (0.5 L to 1.5 L)

This bioreactor system (Figure 3.1) was used in most of the experiments and is composed
of a glass vessel split into three parts. The top part which has the central opening for the
shaft is connected to the motor and the impeller. Six different ports are placed on the top
of the lid, mentioned for feeding, sampling and probes that could be connected. The two
different bottom parts allow for either up to 0.5 L or 1.5 L working volume,respectively.
The dimensions of the system and further specifications can be found in table 3.1 below.

Table 3.1: Parameters, characteristics and components of the Custom Made Stirred Tank

and Vibromixer Bioreactor System used

| Custom Made Stirred Tank Bioreactor System (0.5L-1.5L)

paddles

Working Diameter (cm) Height (cm) Bottom Shape Motor
volume (L)
Stepper motor
Upto0.5/1.5* 12 25 / 36* Round 100§§1Q7(-3EF
[153]
Control Heating Impeller Shaft Aeration
Elephant Ear
Separate 1 / 2* Heating Impeller with ?}Egﬁg};?ﬁ?
custom made Belts 3,4and 5 cm bo ttorrg1 of the
control box controlled by diameter and | Stainless Steel, imoeller or
able to connect | custom control Rushton hollow shaft t}lfrou h
pH, DO, CO, box with Impeller with | with screwable han dmi de
probes and Ascon 3.5 cm extensions sparein
control RPM | Tecnologic KR1 | diameter and a i}flarg ffom
up to 900 RPM. [154] six 1 cm high priary

stainless steel

*Depends on the bottom part used.
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The Stirred Tank bioreactor system can be seen below as well as the impellers used
and equipment in figures 3.1 and 3.2.

Figure 3.2: Different Impellers used in Stirred Tank Bioreactor system, from right to left,
stainless steel elephant ear impeller, bottom marine impeller and middle marine impeller

3.1.1.2 Custom Made Vibromixer (0.5L to1.5L)

The above described glass bioreactor system could be converted into a Vibromixer system
[155]. It is the same as that explained in table 3.1, except for the motor and the mixing.
This system works differently from the other stirred systems.This type of mixing consists
in the vertical movement of the shaft with one or more 3D printed plates attached to it.
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The mixing plates in this system are of two different shapes, both with 5 cm diameter,
and 0.5 cm opening. The difference being the number and shape of the holes, as shown

below in figure 3.3.

Figure 3.3: The two different plates used in the Vibromixer system, number 1 - Perforated
Plate and 2 - Trapdoor Plate

3.1.1.3 Custom Made Spinner Flask Bioreactor System (0.25 to 0.45L)

For smaller scale experiments and measurements in this study, a custom made Spinner
Flask Bioreactor system was used. Bioreactor system composed of commercially available
glass bottles with custom made glass sampling port and sparger at the bottom. Different
types of impellers were connected through the shaft with a stirring engine that was

attached to the lid; the detailed characteristics can be seen below in table 3.2.
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Table 3.2: Parameters, characteristics and components of the custom made Spinner Flask
Bioreactor System used

Custom Made Spinner Flask Bioreactor System

Working Diameter (cm) | Height (cm) Bottom Shape Motor
volume (L)
2 Phase Hybrid
0.25-0.45 9.2 11 Flat Stepper Motor
17HS3401 [156]
Control Heating Impeller Shaft Aeration
3D printed
Polyethylene
Terephthalate
No specific Glycol (PETG)
Custom.made heating system f1.lament 3D printed Thrgugh a
arduino used - Placed different PETG fil ¢ | sparging port
o . amen .
control box for inside diameter of different in the bottom
RPM up to 350 | Incubator or Elephant Ear leneth* of the glass
RPM. with Heating | impellers and J vessel
Plate. one
custom-made
Toroidal
Impeller*

*Shaft and Impellers are printed as one piece together and screwed in a connector to the motor.

The Spinner Flask Bioreactor system and its components can be seen below in figures

3.4 and 3.5.

Figure 3.4: Spinner Flask Bioreactor system without sparging port on the left and with
sampling port on the right
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Figure 3.5: 3D printed PETG filament Elephant Ear impeller used in Spinner Flask Biore-
actor system

The Toroidal Impeller is a recent development, used mostly in drones and as boat
propellers [157, 158], and can be seen in figure 3.6 below.

Figure 3.6: 3D printed PETG Toroidal Impeller geometry with 6 cm diameter and two
blades used in this study. Side view in picture number 1 and top view in picture number 2
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3.1.1.4 Commercial Biostat B-Plus Bioreactor System by Sartorius (4-10 L)

And lastly, for this study, a commercial 10 L Bioreactor Biostat B-Plus system from Sartorius
[159] was used. The bioreactor system comprised a control tower and a heating circulator,
Julabo 200F [160] to heat the vessel using water through the heating jacket. This system
was equipped with 2 stainless steel rushton impellers, 6 blades, with 2 cm height each one
and 7.5 cm diameter. The bioreactor setup can be seen below in figure 3.7. This reactor
was rented, which limited the amount of experimental data gathered and changes that
could be made to the system. The vessel has 22 cm of diameter and 40 cm of height.

i8

Figure 3.7: Biostat vessel on the left and control tower on the right

3.1.1.5 Control Equipment and Sensors

All the probes used for experimental work were commercial autoclavable probes made
by Theta [161].

In order to calculate the oxygen mass transfer rate, the Dissolved oxygen (DO) con-
centration was measured with a Presens Compact Fiber Optic Oxygen Meter OXY-1 SMA
[162]. This device uses pulses of light to measure the DO in a solution where an Oxygen
Sensor Spot SP-PSt3-NAU [163] is placed.

3.1.1.6 Aeration Equipment

Three different pump were used for the aeration of the bioreactor systems : A membrane
pump EHEIM air200 [164] with two air outlets with a maximum flow rate 1 L /min each
one; a four channel peristaltic pump ISMATEC REGLO ICC ISM4406 [165], with each
channel being able to produce a flow rate of up to around 40 mL/ming; and a single

channel peristaltic pump Kamoer FX-STP [166] with a maximum flow rate of 140 mL/min.
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Nonetheless an important equipment used and studied were Porous Sintered Steel
Spargers, from HENGKO [167], of different pore sizes that will be as well specified

according to the experimental set-up.

3.1.1.7 External Stimulation Equipment

The study of the effect of external stimulation on foaming and defoaming, was done on
equipment using Pulsed Electro-Magnetic Field (PEMF), namely, BTL EMSCULPT [168].
This machine produces a PEMF that is used for physiotherapeutic treatment. Due to the
factthat this device is for human health application the parameters used are of low intensity;,
since it ensures the safety for human use. The potential impact of PEMF technology for
antifoaming and defoaming was recorded and tested in 5 different experimental setups.

3.1.2 Cells

Two different mammalian cell lines were used, which as aforementioned will be referred
to as A and B. The main difference between the A and B lines used, is that B was adapted
to the conditions relevant for future work, allowing for different metabolic behaviour,

more details are not available due to corporate intellectual property reasons.

3.1.3 Media

The main compounds in the media used for the experiments can be seen below in table
3.3.

Table 3.3: Media and Additives used

Media and Additives

Name / Source Description

HyClone Dulbecco’s Modified . .
Fagle Medium (DMEM) F12 [169] Classical Cell Culture Media

Common pH indicator for the
Phenol Red Solution [170] culture medium, namely in DMEM
F12
Non-ionic hydrophilic polymer
used as a shear protectant
Sodium Carboxymethyl Cellulose | Anionic linear structured cellulose

Polyethylene Glycol (PEG) [171]

(CMCQO) [172] used as a shear protectant
Non-commercial Soy Hydrolysate Culture media component
Gibco™ Penicillin-Streptomycin Culture media component used as
[173] antibiotic
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3.2 Methods

All the main methods used to gather data as well as to understand the primary results
will be explained in this section. Further description of the individual differences between
experiments and the analysis of said results is available in the Results and Discussion
chapter.

3.2.1 Methods for O; kLa estimation (experimental and analytical)

For obtaining the data necessary for the calculation of the mass transfer coefficient, the

following procedure was used:

1. Bioreactor filled with distilled water and heated to desired temperature

2. Nitrogen sparged into the bioreactor until the value shown by the oxygen meter was

at 5% of oxygen saturation

3. Sparging of atmospheric air until the percentage of oxygen measured was 50% of

saturation or higher

The number of measurement points differed in each setup, nonetheless for most
experiments the measurement interval was a 5-15 seconds The oxygen volumetric mass
transfer rate was calculated as shown below, with equation 3.1 [174].

dC
Where OTR is the Oxygen Transfer rate, equal to the change in concentration, C, in the
liquid over a period of time, t. kya is the oxygen mass transfer rate coefficient, and Cs,; is
the saturation concentration for the given temperature, pressure and medium properties.
The dataset for each experiment was analysed in six different ways, showing 6 different

kLa values, obtained the following way:

* Method 1: By graph analysis to find the highest slope, representing the highest
Oxygen Transfer Rate (OTR) and then using that OTR and the equivalent of 50%

saturation of Oxygen at the given temperature, to calculate kLa

* Method 2: Using the data from the interval between 35% and 50% saturation of
oxygen in the liquid to calculate the OTR and then use the 50% saturation at the

given temperature to calculate kLa

* Method 3: Integrating each time point and the variation of concentration to calculate
the kLa between each measurement and use all of the positive values of kLa to

calculate the average kLa for the experiment
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¢ Method 4: The same procedure as above but for only the concentration interval from

35% to 50% of oxygen saturation in the liquid at the given temperature

¢ Method 5: Integration as well, but this time instead of using each time point, an

interval of 1 minute or half a minute was used depending on the observed OTR rate

* Method 6: The same procedure as above but using the standard saturation interval
of 35% to 50%

These methods will be mentioned throughout the study as method 1 through 6.

3.2.2 Experimental Setups for kLa optimization in Bioreactors

For the study of kLa optimization, a number of experiments and parameters have been
approached using the four aforementioned bioreactor systems. Below we can see the
description for the different setups used. Throughout the study only two different tem-
peratures were used, 25°C and 37°C. The different temperatures were taken into account
to compare the results, and were done mainly due to technical implications (in which the
use of ambient temperature was suitable) and in the case of 37°C, it was used to better
estimate values for the experimental cultivations.

3.2.2.1 Impact of Impeller Speed on kLa

Below in table 3.4 it is presented all the main characteristics of the setups used in the
different bioreactor systems. In this study all systems except for the Vibromixer were
studied.This is because the stirring speed of the Vibromixer is not correlated the same

way, as the mixing mechanism is different.

Table 3.4: Characteristics of the different setups for the study of Impeller Speed Impact on
kLa

Bioreactor Tempera | Volume of Type of N (RPM) Aeration
System -ture (°C) liquid (L) Impeller rate (VVM)
Spinner Elephant

Flask 25 0.4 Ear 4 cm 100 - 350 0.01
Stirred Elephant
Tank 37 0.5 Far 4 cm 150 - 500 0.16
2x Rushton
7.5 cm
Biostat 37 10 diameter, 2 50 - 350 0.05
cm height
of blades

In order to evaluate the results obtained from the study of impeller speed impact on

kLa some literature equations were used. Some coefficients were also calculated to better

understand the relationship between values obtained.
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A commonly found equation that correlates overall KLa [175] with power input and

gas velocity is equation 3.2 found below.

Kia = (V)" (32)

Where K4 is the total volumetric mass transfer coefficient (s™1), P is the mixing power
inputin gassed vessel (W), V is the liquid volume (m?) and V is the gas superficial velocity
(m/s).

The constants «, f and x are related to the system’s conditions. Nonetheless a simpler
correlation for upscaling processes mentioned in some studies [176] can be seen below in

equation 3.3.

kLlZ o (N3D2)0.74(Vg)0.28 (33)

In the study for determination of impact of impeller speed, two indicators were
calculated to measure the different increase to better visualise the data. The first indicator
was kLa increase by 1 RPM, which was calculated as the ratio between the increase in
kLa between two consecutive data points and the RPM increase between said data points.
This shows how the growth changes per RPM. The second indicator was overall increase
in kLa which shows how much the kLa increased between two consecutive data points.

Using the above mentioned equations, the proportionality constants were also esti-
mated using equation 3.4. The value of pC corresponds to proportionality constants
between kla; and kla, , which are the values of kla for data point 1 and 2 and the same
for N, and Ny, for stirring speed. This proportionality constant can be averaged from all
data points for a given system. The averaged pC was then compared to an example from

literature.

(3.4)

The error, or percentual difference between both was also calculated to observe and

discuss the values.

3.2.2.2 Impact of Impeller Geometry on kLa

In table 3.5 we have the important characteristics that were used in the experimental
setups. For this purpose only two systems were used, namely the Spinner Flask and the
Vibromixer. Biostat and Stirred Tank systems were not used in this part because there was
not the possibility of changing the impeller geometry.
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Table 3.5: Characteristics of the different setups for the study of Impeller Geometry Impact

on kLa
Bioreactor Temperature Volume of I;};iilzi / Aeration rate
System (W®) liquid (L) Mixing Plate (VVM)
Spinner Flask 25 0.5 Elephj;t Fard | o 001
Trapdoor and
Vibromixer 25 0.5 Perforated 0.05
plates

In order to better understand the mixing and the impact of impeller geometries it is
necessary to understand the power number correlation to it. In a lot of studies the simple

power number calculation can be done with equation 3.5, seen below [177-179].

P

= ooans 7

Np (3.5)

Using the above equation, the estimations of power number to compare mixing profiles
were discussed. Where Np is the Power Number, intrinsic characteristic of a given impeller
geometry; P is the power drawn into the system, in Watts; p is the density of the liquid,
in kg/m3; D is the diameter of the impeller in m and N is the stirring speed in RPS
(revolutions per second).
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3.2.2.3 Impact of Impeller Position on kLa

In this study the effect of impeller position on mixing properties was studied. All systems
were studied, with the exception of the Spinner Flask, due to the lack of precise changes
in the impeller position, and the smaller scale of the system itself. In table 3.6 we can see
all the important characteristics of the systems used. All values used for distance between
impellers were done so in correlation to the possible changes that could be done and the
relationship with the vessel’s diameter, as will be further discussed in the Results chapter.
The impeller distance from the bottom was kept the same, except for the Stirred Tank
system, where the difference in distance between impellers could only be obtained by
changing the lower impeller increasing the distance from the bottom of the vessel.

Table 3.6: Characteristics of the different setups for the study of Impeller Position Impact
on kLa

Type of Distance
Bioreactor | Temperature] Volume of | Impeller/ Aeration between
System cO) liquid (L) Mixing rate (VVM) | Impellers
Plate (cm)
Stirred 2x Elephant
Tank 37 1.5 Far 4 cm 0.09 11.5-155
Biostat 37 10 2x Rushton | 45 10-20
7.5 cm
2x
Vibromixer 25 0.5 Trapdoor 0.09 3-7
plates

3.2.2.4 Impact of aeration flow rate on kLa

In this experimental part, potential beneficial effects of aeration were evaluated. Biostat
wasnt examined due to the inability of producing lower values in the commercial aeration
system. In the table 3.7 below we can see all the main characteristics of the systems studied.
All the systems show a different type of aeration in order to understand how the oxygen
content changed with the aeration rate in all the different setups.
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The agitation used was different in each system according to the limitations of the
mixing motor and the creation of vortices due to high RPM. The values were high in order

to achieve a higher kLa number.

Table 3.7: Characteristics of the different setups for the study of Aeration flow rate Impact
on kLa

Type of
Bioreactor | Temperature, Volume of | Impeller/ Aeration N (RPM)
System O liquid (L) Mixing rate (VVM)
Plate
Stirred Elephant
Tank 37 0.5 Ear 4 cm 0.08 - 0.28 500
Spinner Elephant
Flask 25 0.5 Ear 4 cm 0.08 - 0.32 250
Vibromixer 25 0.5 Perforated | 5> 0.08 350
plate

In this study the calculation of the proportionality constant was also done in the same

way as the above mentioned equations 3.3 and 3.4.

3.2.2.5 Membrane Aeration and kLa

For this study the use of the Spinner Flask system was also due to the flexibility and
ease of use. Silicone is known to be highly permeable to oxygen [180]. For this study the
objective was to use silicone tubing around the interior of the Spinner Flask bioreactor
vessel and use wire to hold the tubing coil in place. After deoxygenation of the liquid in
the bioreactor by pumping of Ny, air started to flow through tubing and the value of DO
increased. There were three different setups done, and there was a control measurement
made to compare the kLa without any sparging or membrane transfer, just superficial air
transfer.This was used to compare the different setups and see if the membrane aeration
actually worked and how much of an increase it was. This is also important due to the
fact that, as mentioned, in smaller volumes the impact of superficial oxygen transfer is
not negligible. After multiple setups, an optimised setup with increased pressure was
reached. In his optimised setup the submerged part of the tube, measured close to 80
cm, with 6 mm external diameter, 4 mm internal diameter and 1 mm wall thickness. The
total area submerged for oxygen transfer roughly translates to 152 cm?. The pressure was

increased slightly to increase diffusion through tube walls.

Table 3.8: Characteristics of the different setups for the study of Membrane Aeration

Bioreactor | Temperature| Volume of Type of Aeration N (RPM)
System cQ) liquid (L) Impeller | rate (VVM)
Spinner Elephant
Flask 25 0.5 Far 4 cm 0.08 250
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3.2.2.6 Impact of Baffles on kLa

The most common type of baffles used in mammalian cell culture are vertical rectangles
made out of stainless steel that are connected to the inner side of the bioreactor and act as
a flow breaker [181]. There are multiple ways to place them and multiple shapes that can
be used and studied, but in this study we only focus on the kLa effect of having baffles.
For this, and due to the existence of previous experimental data, there were only two
experimental setups made, both in the Spinner Flask system. For this study, the only
system used was the Spinner Flask, due to the inability of changing the number of baffles
in the other vessels at the time the study was conducted. In the table 3.9 below it is
presented all the important characteristics of the setups used. The Toroidal impeller was
used; as well as high RPM; due to previous results obtained, concluding that it creates a

vortex, for which the baffles are used to prevent.

Table 3.9: Characteristics of the different setups for the study of Baffles Impact on kLa

. Volume Aeration

Borstor Temperaee g | D7l e ey | T

y (L) P (VVM)

) . 0-2 rectan-

Spinner 25 0.5 Toroidal | ) 300 gular

Flask 6 cm .
vertical

3.2.2.7 Impact of Bubble size on kLa

The study of how a single bubble behaves in different conditions is still a continuously
researched topic presently [182, 183], and the difficulty of making a reliable computational
fluid dynamics (CFD) model simulation of bubbles in a bioreactor is also quite high [184].
For this study the use of sintered spargers was necessary, to evaluate how the pore size
impacted the bubble size and by correlation the kLa. The only system that allowed for
simple utilisation of these spargers was the Spinner Flask. Below the main characteristics

of the system can be seen.

Table 3.10: Characteristics of the different setups for the study of Bubble size Impact on
kLa

. Sintered
Bioreactor| Temperature Volume Type of Aeration Spargers’
System (I‘)’ C) of liquid In}:peller rate N (RPM) Pgregsize
y (L) P (VVM)
(4m)
Spinner Elephant 0.08 -
Flask 25 0.5 Ear 4 cm 0.32 250 0.5-30

In this study, once again the calculation of change percentage was done, similarly to
how it was previously explained for the change in kLa per increase of N. In this case the
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changes were related to the number of bubbles, size and kLa per increase aeration rate;
VVM.

3.2.2.8 Impact of Additives on kLa

The composition of the culture media used for the cultivation of cells has a lot of different
components that change the active behaviour of the system in terms of physicochemical
properties, some compounds usually called additives are added to the media to allow
cells higher viability for different conditions, an example of this are shear protectants.
Shear protectants are chemicals that are used to protect cells from shear stress of the
mixing and aeration conditions, the way that these compounds work changes a lot from
one to another and most of the times there isn't a great understanding about the nature
of their functionality. The cells used in this study, like most mammalian cells, are quite
susceptible to shear stress, therefore the use of shear protectants is common. Therefore
there were studies done to understand the impact on the oxygen transfer rate by using
two of these compounds. In this study, the system itself was not important, therefore due
to the flexibility of the system all additives were tested in a spinner flask.All the important
characteristics of the setup can be seen below in table 3.11. The three different fluids
tested were pure distilled water, 0.04% w/w CMC in distilled water and 0.1% w/w PEG

in distilled water, according to the ideal concentrations studied beforehand [185, 186].

Table 3.11: Characteristics of the different setups for the study of Additives Impact on kLa

. Volume Aeration ..
Pt Temperstrs | oiiia | DT " | oy | Al
y (L) P (VVM)
Spinner Elephant CMC and
Flask 25 or 37 04 Far 4 cm 0.1 250 PEC

3.2.3 Experimental Setups for Optimization of Bioreactors for Cell Viability

For the study of cell cultivation, and parameters that affect the cell viability in bioreactors,
different experimental setups were used in Stirred Tank and Spinner Flask Bioreactor
systems, which can be seen below. In order to achieve the maximum productivity possible
it is necessary to keep cell density as high as possible and doubling time as short as
possible without sacrificing other parameters or making the process too expensive. This
is specifically true when speaking about lab grown meat, since the product is the cells
themselves and the process must be as cheap as possible to be able to be an affordable and
competitive product with regular farm grown meat. Therefore in this chapter three main
topics will be discussed and studied:

¢ The impact of two main parameters on cell viability, namely foaming and shear

stress
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¢ The experimental evaluation of nutrient consumption and cell growth using a fed-

batch experiment

¢ A possible way to implement linear programing with metabolic engineering is to
use or create a metabolic model to mimic the cell culture behaviour and possibly
use these models to optimise the conditions needed, without resorting to hundreds

of experiments

3.2.3.1 Shear Stress Evaluation

For this study two cell lines were studied, Cell Line A and B. In both of them the use of
shear protectants was tested to estimate and try to measure the limit conditions of shear
stress. In table 3.12 we can see the main important characteristics of the used setups. The
value of 900 RPM was used due to being the safe upper level of agitation for the stirrer
motor. The system used was the Stirred Tank due to the higher degree of control factors

in this system and higher RPM values.

Table 3.12: Characteristics of the different setups for the study of shear stress in Cell Lines
Aand B

Bioreactor| Temperature Volume |, eof | Aeration Additives
System (p°C) of liquid In}llpeller rate N (RPM) | used (%
Y (L) P (VVM) wiw)
Stirred Elephant 0-01
Tank 37 05 | pPENL 006 | 250900 | Loc

To discuss the shear stress caused, and to estimate it the use of literature equations
was employed. As described in literature [187] an approximation of the shear stress can
be made using equations 2.2, 3.6 and 3.7.

=574 (3.6)

e =Np -N°.D? (3.7)

Where 7 represents shear stress in N/m?, p is viscosity in kg/m.s, € represents the
energy dissipated by the impeller mixing in m?/s® and v the kinematic viscosity of the
fluid.

3.2.3.2 Antifoaming and Defoaming

In this study the Spinner Flak system was once again the system of choice due to its scale.
The BTL EMSCULPT PEMF therapy machine was used. The main conditions of the setups

can be seen in table 3.13 below. In all setups two spinners were always used, to have a
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control system for comparison of the results. The aeration is ensured by using EHEIM
air200 membrane pump. After 2 hours of bubbling ,pictures were taken to compare
foaming. The treatment was done using one of the applicators from the PEMF device. In
all experimental setups the intensity was the maximum allowed, 75hz frequency, at 50%
intensity of field and during 1 hour. The applicator was placed under the bioreactor and
the efficient height of the PEMF treatment was enough to reach at least half of the medium
level. Below in table 3.13 we can see the characteristics of the system used.

Table 3.13: Characteristics of the different setups for the study Antifoaming and Defoaming
using PEMF

Bioreactor| Temperature Volume |, eof | Aeration Additives
System (p°C) of liquid In}llpeller rate N (RPM) | used (%
Y (L) P (VVM) wiw)

Stirred Elephant | 0.1 and
Tank 37 035 | PR 250-900 | 1.25PEG

3.2.3.3 Fed-Batch Experiment

For the Fed-Batch experiment Cell Line B was used in the Stirred Tank system, which
allowed the greatest monitoring and control. The main characteristics of the setup can be

seen below in table 3.14.

Table 3.14: Characteristics of the setup for the Fed-Batch experiment

Bioreactor| Temperature Volume Type of Aeration Additives
System (IZ Q) of liquid Irr}llpeller rate N (RPM) | used (%
y (L) P (VVM) wiw)

Stirred Elephant
Tank 37 05 | g P 006 250 | 0.1PEG

The first step to cultivation was done in batch mode, which means that the bioreactor
was filled with prepared and sterilised cultivation media and then seeded with the
necessary amount of cells to ensure that they grow well over the maximum time they can.
The amount of biomass, the time required to achieve it and also the density possible to
reach in batch cultivations is not as high as in continuous or semi-continous cultivation
mode. This is because after cells exhaust the nutrients or the amount of waste metabolites
they produce reach an inhibitory level they stop growing and start dying.

Based on the previous experiments the feeding solution was optimised and the feeding
was done at the third day of the cultivation. The feeding solution was 50 mL of distilled
water with 750 mg of Glucose, 8 mg of Aspartic Acid, 14.5 mg of Glutamic Acid, 16.5 mg
of Asparagine, 14.5 mg of Serine and 13.5 mg of Glutamine dissolved in it.
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3.2.4 Predictive python metabolic model estimations of nutrient
consumption and growth

As seen by all the above mentioned experiments, there are a lot of parameters that need to
be optimised in order to get the highest productivity in cell culture. In order to achieve the
best results an enormous amount of experimental data is required, which takes a lot of time
and money to acquire doing multiple experiments. In order to cut short the amount of data
required there is an important topic to have always in mind when making experiments
for optimization, and that is statics. It is important to make sure that the experimental
procedures and data gathering is done in a statistically correct way to acquire statistically
relevant data. Using this type of data gathering and treatment the relationship between
parameters can be better accessed, this includes making more than one reactor at the
“same” parameters, taking multiple samples at the same time and measuring more than
once the same sample. By doing duplicates or triplicates the variability can be understood
and the average can be used to get better results of relationships between different changes
done.

Another way to decrease time and money spent and to properly evaluate the next
steps in optimization is the use of linear programming modelling, namely metabolic
engineering techniques in order to simulate the behaviour of cells, as explained in the
general introduction section. In this section of the results and discussion a previously
developed model by Robitaille et al [188] was used. This model is a dynamic metabolic
model that could describe monoclonal antibodies (mAb) producing CHO cell lines in batch
and fed-batch cultivation. This model allows for the optimization of culture media in
order to achieve a certain objective for these specific types of CHO cell lines. The objective
of this study is to use linear programming in python to simulate batch cultivation using
the model developed by Robitaille et al, starting by adapting said model to experimental
data from our Cell Line B, which could be compared to the CHO line for which the model
was developed.

The metabolic network described in this model can be seen below in figure 3.8. The
kinetic equations described in this model are based on biologically relevant mechanistic
formulations, where the rates use Michaelis-Menten kinetics. The linear programming
model used was based on a previous one. The adapted model can be split into four main
parts that will be shown below:

1. Importing the relevant python packages and reading the metabolic matrix from

Robitaille’s model, which can be seen in figure 3.8

2. Computing the kinetics and rates of reactions based on the constraints and Michaelis-
Menten equations that Robitaille’s model describes

3. Computing the system of ordinary differential equations (ODEs) that depend on

time, and taking the kinetics defined by the previous function
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4. Computing the solution for the system of Ordinary Differential Equations (ODEs)
using defined starting conditions for concentrations of compounds inside cells and
the cultivation media, plotting the results over time and saving the data inside a csv

excel file for further analysis

The complete used code had multiple changes overtime, from which the mostimportant

ones are the presented ones in the Results and discussion session.
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Figure 3.8: Metabolic model described in the model developed by Robitaille et al [188]

3.2.5 Methods for analytical evaluation

For analysis of nutrient consumption and production, and to evaluate the cell density and
viability of each experiment done with cells two main techniques were used. Namely a
High Performance Liquid Chromatography (HPLC), was used for analysing the concen-
tration of amino acids and other important compounds. Flow Cytometry was used for

gathering data about the viability and number of total cells per unit of volume. Certain
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measurements and concentrations, such as osmolality measurements were in certain ex-
periments, also analysed by a third party to evaluate the efficiency of HPLC methods and

to confirm results.

3.2.5.1 HPLC Concentration of Amino Acids Analysis Method

The samples containing different composition and concentration of amino acids, glucose
and lactic acid were analysed by liquid chromatography (LC) and applying different
detection techniques (Refractive Fluorescence detection (RF) and Refractive Index De-
tection (RID)). All measurements were performed on one Liquid Chromatography (LC)
instrument, Nexera XS [189], equipped with LPGE and above-mentioned detectors. Mea-
surement conditions are summarised in Table 3.15.

Table 3.15: HPLC Method measurement conditions

Substance Conditions of Equipment
Column: Shim-pack XR-ODS II (100 x 3.0 mm, 2.2 ym);
Solvent: phosphate buffer;
Method: gradient elution, pre-column derivatization of amino acids
Column: Shim-pack SCR-101N (300 X 7.9 mm, 10 ym);
Glucose Solvent: pure water,
Method: isocratic elution
Column: Shim-pack GIST C18-AQ HP (250 x 3.0 mm, 3 ym);
Solvent: phosphate buffer;
Method: isocratic elution

Amino
acids

Lactic
acid

3.2.5.2 Cytometry Cell Density and Viability Analysis Method

The second equipment used for analysis of results in cell experiments was Mindray Flow
Cytometer BriCyte E6 [190]. This analytical method is based on detection of fluorescence
emitted by propidium iodide staining, thatis absorbed by dead cells through the disrupted
cell wall. Specifically targeted staining allows to easily distinguish live and dead cells [191,
192]. Measurement conditions were:

* Voltages of 40 V, 220 V and 400 V for Forward Scattering (FSC), Side Scattering (SSC)
and Propidium Iodide fluorescence (PI), respectively

¢ Flow rate of analysis of 10 uL/min
¢ Volume of sample 10 uL

These settings, mainly the voltages, are specific for the particular equipment mentioned
above. The measurements and relationship between FSC, SSC and PI was used to evaluate
cell density and viability.
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Description of Cytometer Sample Measurement Method

1. Take two samples from a bioreactor/vessel, each sample should be 200 uL, both of
them filtered through a 100 um filter to prevent cytometer blockage

2. Add 400 uL of trypsin [193] to one of them, the trypsinized sample will be placed
in an incubator for 10 minutes. The trypsin will destroy the binding proteins in the
cell membrane making them unable to stick to each other and to the walls of the
measuring tube

3. Add Propidium Iodide (PI) solution to both samples, 0.2 uL for both samples.
Measure samples in a cytometer and use the value of live cells from the trypsinized
sample and the dead cells from the non-trypsinized sample.Trypsin peels off living
cells, but also completely destroys dead cells, so the number of living cells correspond
to the reality, but the value of dead cells is lower. Thus, for the proper evaluation,
the value of live cells was taken from the trypsinized sample and the number of the
dead cells from the non-trypsinized sample

From several cytometry measurements the evaluation of the doubling time can be

made, this is a critical parameter to evaluate how well a culture is growing.
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4

REsuLTs AND DiscussioN

In this chapter, the results of the experimental work will be presented, followed by
discussion of obtained data.

The first and most prominent part in this study is the optimization of Oxygen kLa in
Bioreactors. There were a total of four different main bioreactor systems studied, where
the change of kLa was compared to the change of multiple parameters to obtain enough
data. Empirical correlations were observed and compared to the literature. In this part,
the experiments were performed without the presence of cells, for most part.

The second and one of the most important parts when it comes to biotechnology,
specifically for meat production, is the optimization of Bioreactors for Cell Viability. This
subchapter shows different experiments to evaluate the potential threats to cell growth
and also a practical study of cultivation of mammalian cells in one of the aforementioned
bioreactor systems. Optimization of cell medium culture by adapting an existing Metabolic
Model for Chinese Ovary Hamster (CHO) cell line was tested, through the use of linear

programing optimization and Metabolic Engineering techniques.

4.1 Optimization of kLa in Bioreactors

As mentioned above, this subchapter will explain and discuss the results of kLa evaluation
and the impact of different parameters. The main procedure common to all calculations is
explained in the Material and Methods section, Details on the different bioreactor systems

used can also be found in that section, in the Equipment subchapter.
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4.1.1 Impact of Impeller Speed on kLa

The first parameter and the most studied one, is the impact of Impeller Speed, or Rotations
per Minute (RPM). All of the measurements were performed in wide range RPM values
in order to compare properly the impact and corresponding data and can be seen in table
4.1 below .

4.1.1.1 Spinner Flask System Results

Table 4.1: Results for Impact of RPM on kLa on Spinner Flask system

N (RPM) kLa (h-1) | kLa (h-1) | kLa (h-1) | kLa (h-1) | kLa (h-1) | kLa (h-1)

Method 1 | Method 2 | Method 3 | Method 4 | Method 5 | Method 6
100 0.96 0.87 0.60 0.75 0.60 0.75
150 1.11 1.02 0.69 0.90 0.69 0.89
200 1.13 1.10 0.78 0.96 0.76 0.97
250 1.21 1.12 0.79 0.98 0.80 0.97
300 1.29 1.20 0.85 1.05 0.85 1.03
350 1.17 1.20 1.02 1.06 0.99 1.06

The first two methods were highly unreliable due to the fact that the driving force of
oxygen transfer, which is the difference between oxygen saturation and oxygen level in the
liquid, was standardised across the whole measurement. Therefore, the use of integration
of each measurement interval improved the precision of the value. We can clearly see that
Method 1 and 2 show higher values, due to the aforementioned reason and the latter four
methods show similar results to each other (in the given example above).

Nonetheless, all the methods were used and studied in all experimental setups, which
allowed for a clearer understanding that the bigger time interval used in methods 5 and 6
was able to remove “errors”. The “errors” are caused by uncertainties in the measuring
probe and the possible variation of the values due to a non optimal setup, which caused
for some bad consecutive measurements; negative variation of oxygen concentration for
example; which led to the implementation of wider time intervals for the integration of
the OTR to calculate the given kLa. Using 1 minute intervals (in methods 5 and 6), instead
of 5 second ones (in methods 3 and 4). The use of the standardised interval of 35% to 50%
(methods 2, 4 and 6) oxygen saturation in the liquid, allowed a clearer and more accurate
comparison between different setups and systems across all methods.

This allowed the conclusion of method 6 being the most accurate, shown in the rest of
the study, presented with the highest difference percentage based on the other methods.
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As expected for most methods the kLa value increases with the increase in RPM, which
can be explained by the increase in power input into the system, below in figure 4.1 we
can see a graph made with the kLa methods against RPM, and the relationship between

both.

kLa (h-1) vs N (RPM)

== KLa (h-1)Method 1 == kLa (h-1) Method 2 kLa (h-1) Method 3
== kLa (h-1)Method 4 == kLa (h-1) kLa (h-1) Method 6

1.5

kLa (h-1)

0.0
100 150 200 250 300 350

N (RPM)

Figure 4.1: Change in kLa with increase of RPM on Spinner Flask system

4.1.1.2 Stirred Tank System Results

Table 4.2: Results for Impact of RPM on kLa in Stirred Tank system

Uncertainty of kLa when
N (RPM) lij[L;:lfh:il; compared to all methods” average
etho %)
150 2.49 14
250 2.93 13
350 3.99 14
500 6.96 11

In figure 4.2 and table 4.2 it can be seen that the N values used are different due to
the possibility of higher RPM values in this system. The uncertainty percentage shown,
which is present in all kLa measurements below, corresponds to the difference between
the average of the 6 methods and the chosen method 6 value. Due to the nature of the
described methods 1 and 2, the average will always be bigger than the chosen value.
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kLa (h-1) vs N (RPM)
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Figure 4.2: Change in kLa with increase of RPM on Stirred Tank system

4.1.1.3 Biostat System Results

In the Biostat system, the stirring speed values, N, were also different from the rest due to
the larger size of the vessel and impellers and the objective was to try to stay in the same

ranges of tip speed as well as get higher kLa values.

Table 4.3: Results for Impact of RPM on kLa on commercial Biostat 10L Bioreactor system

Uncertainty of kLa when
N (RPM) ;L:I:h;llz compared to all methods’ average
etho (%)
50 8.32 12
150 10.40 16
250 18.84 24
350 32.97 23

The results shown in table and figure 4.3 show an exponential increase of kLa with
RPM. The values used were similar to the ones in other systems, except for the first value,
which was used to study the kLa on this different system, given the different impellers

geometry and volume of the vessel.
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kLa (h-1) vs N (RPM)
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Figure 4.3: Change in kLa with increase of RPM on commercial Biostat 10L Bioreactor
system

4.1.14 Discussion of Impact of Impeller speed on kLa

The increase of kLa per RPM differs from system to system and even in the same system,
in table 4.4 below it is possible to compare the different increase of kLa per RPM, as well
as see the tip speed of the corresponding impeller, which is going to be used to compare

with literature equations.

From analysing the graphs we can see that the relationship between RPM and kLa
seems to be linear for the Spinner Flask system and exponential for the Stirred Tank and
Biostat. The kLa values obtained in the last two systems show an increasing kLa increase
per RPM, showing the nature of exponential growth, as opposed to the results in the
Spinner Flask system. The increase of kLa due to increase in agitation rate is as expected,
but the specific relationship between both has been studied in multiple studies [194-197].
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Table 4.4: Increase of kLa per RPM in Spinner Flask, Stirred Tank and Biostat systems

Tip speed kLa Total kLa
Experiment | N (RPM) (m/s) kLa (h-1) | Increase by | Increase
1 RPM (%) (%)
100 0.21 0.75 X *
Spinner 150 0.31 0.89 0.4 18
Flask 200 0.42 0.96 0.2 8
system 250 0.52 0.97 0.01 0.8
300 0.63 1.03 0.1 6
350 0.73 1.06 0.1 3
. 150 0.31 2.49 e X
?:‘;ffd 250 0.52 2.93 0.2 18
system 350 0.73 3.99 0.4 37
500 1.05 6.96 0.5 74
50 0.20 8.32 X S
Biostat 10L 150 0.59 10.40 0.3 25
system * 250 0.98 18.84 0.8 82
350 1.37 32.97 0.8 75

*The Biostat system has two Rushton impellers, the shown tip speed only correlates to one.
**Values require two points to calculate, therefore there are no values just for the first point.

The main issue with using equation 3.2 is fitting the experimental data using the
constants and also the measurement of the power input which can prove to be too difficult,
and for this study the power drawn and input was not measured. Nonetheless using
equations 2.6, 2.7 and 2.8 from General Introduction section we can see that kLa with a
35% uncertainty is proportional to the total power input (Pr) to the power of 0.78. Rhe
total power input itself is the sum of the gas expansion power (Pg) and the dissipated
agitation power in aerated vessel (P), which itself is proportional to the mixing power
input (Pc) to the power of 0.94. This last power input is itself proportional to the agitation
speed (N (RPS)) to the power of 3 and the diameter of the agitator (Di) to the power of
5. As can be seen, using these equations requires more data than the available and still
includes a great deal of uncertainty.

The simpler correlation 3.3, presented in the Methods section, can be used for biore-
actors to compare systems of the same geometry and culture medium. By using this
equation the results we have obtained in each system were compared and the error be-
tween this equation and the experimental results was observed. In table 4.5 we can see
the proportionality between experimental kLa and RPM and compare it to the relation
shown of power of 3.

As can be seen in the table above the calculated kLa increase shows a high error
percentage from the actual increase measured experimentally. This could be due to the
uncertainty of the oxygen probe used.Most likely the approximation has a low percentage
of certainty and was developed for other ranges of the used parameters. When looking at
the average proportionality constant obtained in Spinner Flask we can see that the kLa is
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Table 4.5: Comparison of experimental data proportionality with literature proportionality

Proporti- Average Error
onality ?rop(?r- Experi- | inkLa
Experiment N kLa constant tonality | Calculated mental val-
RPM)| (h-1) constant | klal/kI2 *

(klavs (kla vs kla1/kla2 L:)es

RPM) RPM) (%)

100 0‘75 ¥k ¥k ¥k ¥k
Spinner 150 0.89 0.4 2.5 1.2 52
Flask 200 0.96 0.3 024 1.9 1.1 43
system 250 0.97 0.03 1.6 1.1 39
300 1.03 0.3 1.5 1.1 30

350 1.06 0.2 1.4 1.0 27

. 150 2.49 ¥k ¥k Xk Xk
?:‘;fd 250 | 2.93 0.3 0.93 3.1 1.2 62
system 350 3.99 0.9 2.1 14 35
500 6.96 1.6 2.2 1.7 21

. 50 8.32 %% %% %% %%
f&EStat 150 | 10.40 0.4 024 2.5 12 52
system 250 18.84 0.3 1.9 1.1 43
350 32.97 0.03 1.6 1.0 39

*Calculated using the proportionality shown in equation 3.3.
**Values require two points to calculate, therefore there are no values just for the first point.

proportional to RPM to the power of 0.2 approximately. In the Biostat and Stirred Tank
reactor the proportionality constant calculated changes a lot in the different ranges of
RPM used. This could be due to the aspect ratio presented and the volume of the vessel,
which leads to a higher importance of superficial aeration. It is important to note also
that in the Biostat system there were two rushton impellers, which means that the mixing
was different from the other two systems which used smaller elephant ear impellers.
Nonetheless the average proportionality constant is almost equal to two times the one on
the single impellers systems, which would make sense if you consider the power input as
a determining factor for the increase of kLa with increase of RPM.

Within this study we can conclude that the Biostat system shows the highest kLa for
given RPM, but this does not mean that the system is better. The different impeller and
mixing, which will be mentioned below, affect the values deeply. As well as the different
aeration rates and the power draw, which unfortunately was not a parameter that was

estimated.

4.1.2 Impact of Impeller Geometry on kLa

The shape, geometry and size of the impeller greatly influence the mixing profile, mass
coefficient and whole hydrodynamics of the system. Three different impellers were
studied: Elephant Ear Impellers, Toroidal Impeller and Rushton Impeller. Experiments
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with Elephant Ear and Toroidal impellers were carried out in the Spinner Flask System,
under similar conditions. Unfortunately the study with Rushton was only done in the
commercial Biostat System, which makes it less reliable to compare. Nonetheless there
is a possibility to evaluate the efficiency of it. In this part we will also include the kLa
measurements in the Vibromixer system. For the Vibromixer system, two different plates
were studied, as previously mentioned in the Materials and Methods section. The two

types of plates are namely the perforated plate and the trapdoor plate.

4.1.2.1 Spinner Flask System Results

Table 4.6: Results for impact of Impeller Geometry with Elephant Ear impeller in the
Sparged Spinner Flask system

kLa (h-1) Uncertainty of kLa when
N (REM) Method 6 compared to all(;/n)eq"ods average
100 0.71 01
150 0.66 5
200 0.92 1
250 0.83 3
300 1.00 5
350 1.08 a

The values used for RPM in the graph and table above were done up to the system’s
limit of 350 RPM. The uneven increase against RPM does not correspond to the expected
reality, this could be due to the accuracy of the measurements and calculations. Since the
increase between data points is not too large.
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kLa (h-1) vs N (RPM)
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Figure 4.4: Change in kLa with increase of RPM on Spinner Flask system sparged, with
Elephant Ear impeller

Table 4.7: Results for impact of Impeller Geometry increase in kLa with RPM, Elephant
Ear, not sparged in Spinner Flask system

Uncertainty of kLa when
N (RPM) kLa (h-1) compared to all methods’ average
Method 6 p (%) 8
250 0.92 11
350 1.22 12

In table 4.7 it is seen that only two RPM values were used, these values were chosen
with a difference of 100 and high enough to produce high kLa. There were no more RPMs
done in this setup since the impact of aeration was studied in this system in greater detail

in a later part of this study.
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Table 4.8: Results for impact of Impeller Geometry increase in kLa with RPM,Toroidal
impeller, sparged and not sparged in Spinner Flask system

klLa Uncertainty of kLa when
Experiment N (h-1) compared to all methods” average
(RPM) | Method %)
6
100 0.84 11
150 1.17 9
Not 200 1.45 7
Sparged 250 1.87 5
300 2.57 10
350 2.42 10
100 1.31 6
150 1.72 5
Sparged 200 2.44 6
250 3.70 3
300 4.08 9

kLa (h-1) vs N (RPM)
== kLa (h-1) not sparged == kLa (h-1) sparged
5.000

4.000

3.000

kLa (h-1)

2.000

1.000

0.000
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N (RPM)

Figure 4.5: Change in kLa with increase of RPM on Spinner Flask system sparged, with
Toroidal impeller, sparged and not sparged

As expected, in table 4.8, the sparged system presented a much higher kLa, the growth
in both cases was different, the sparged system seemed to be more exponential, hinting at
the possibility of the aeration causing a change in how the value increases with RPM.
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4.1.2.2 DIscussion of Results for Elephant Ear, Toroidal and Rushton Impellers

To better compare the results in table 4.9 we can see the increase in kLa with RPM for the
different experiments mentioned above as well as for the Biostat system that used the two

rushton impellers.

Table 4.9: Increase of kLa in percentage by RPM increase in different systems with different
impeller geometries

kLa
. Tip speed Increase Total kLa
Experiment | N (RPM) (m/s) kLa (h-1) by 1 RPM Inczease
, (%)
(%)
Sparged 100 0.4 0.71 X -*
Elephant 150 0.6 0.66 -0.2 -8
Ear - 200 0.8 0.92 0.8 40
Spinner 250 1.0 0.83 -0.2 -9
Flask 300 1.2 1.00 0.4 20
350 1.4 1.08 0.2 8
Non
Sparged
Elephant 250 1.0 0.92 0.2 -15
Ear - 350 1.37 1.22 0.3 33
Spinner
Flask
Sparged 100 0.39 1.31 ¥ -*
Toroidal - 150 0.59 1.72 0.6 31
Spinner 200 0.79 2.44 0.8 42
Flask 250 0.98 3.70 1.0 52
300 1.18 4.08 0.2 10
Non 100 0.39 0.84 ¥ ¥
Sparged 150 0.59 1.17 0.8 40
Toroidal - 200 0.79 1.45 0.5 24
Spinner 250 0.98 1.87 0.6 30
Flask 300 1.18 2.57 0.7 37
350 1.37 2.42 -0.1 -6
Sparged 50 0.20 8.32 X -*
Rushton - 150 0.59 10.40 0.3 25
Biostat 10L 250 0.98 18.84 0.8 81
350 1.37 32.97 0.8 75

*Values require two points to calculate, therefore there are no values just for the first point.

In table 4.9 we can observe that the increase per RPM in the kLa value is similar,
even though some of the data acquired proved inconsistencies, like decreasing kLa with
increasing RPM, which could be due to measuring mistakes or oxygen probe uncertainty.
The similar percentage increase leads to belief that the proportionality is similar as well,
even though the Biostat system was mixed using two impellers and not just one. It is

important to note that, contrary to logic, the non-sparged elephant ear impeller mixed
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Spinner Flask system showed less kLa than the sparged one.This is impossible due to the
fact that mass transfer increases with sparging, which leads to believe there were mistakes
in the data gathering in this two experiments. Another logic and possible explanation is
that the increase of 50 RPM does not produce enough change in kLa for the uncertainty of
the measuring method to gather reliable results, since the lower is the change in oxygen
per measurement the more you notice the error of oxygen measurement.

This can be confirmed in the Toroidal impeller experiments that show that in the
sparged experiment kLa was on average 65% higher than non sparged experiment. The
objective of these experiments was to compare the kLa of different impeller geometries,
and it can be estimated that for the same conditions the Toroidal impeller shows higher
kLa than the elephant ear impeller, and possibly Rushton gives even higher. It is not
certain from the data because the system with Rushton is different from the other system.
As we saw in equations 2.8 and 2.9, we can confirm that kLa depends on power input, and
the power input by mixing depends linearly with the adimensional parameter known as

Power number, which is specific for each impeller geometry.

4.1.2.3 Power Number Estimation and Correlation

Using equation 3.5 we could calculate the power number for each impeller used knowing
the physical conditions, geometry and the power input, but in these experiments the
power input was not empirically measured. By rearranging the equation we see that the
Power input by mixing is linearly proportional to Power Number, to the stirring speed
by a power of 3 and to the impeller’s diameter to a power of 5. The first two impellers
have blades at an angle less than 90°, (45° in the case of elephant ear) which produce
downwards axial flow [198] while Rushton produces radial flow, the changes in flow also
affect the bubble time residency thus affecting the kLa.
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Using the power number available in multiple studies [199-201] for the 6 blade Rushton
impeller the power number is around 5.75; for the 45° angled 3 blades elephant ear the
power number is estimated to be around 1.9. As for the Toroidal impeller, due to being a
recent and different geometry the power number is not known but using equation 3.5 we
can estimate the power number using the kLa data from the Spinner Flask experiments.
By using the kLa data obtained from the toroidal and elephant ear without sparging we
can estimate the RPM needed for both of them to have the same kLa, and as the conditions
are the same except for mixing we can correlate that the total power input of mixing must
be the same this way we can equal both expressions leaving only the Toroidal Impellers

power number as the unknown variable.

Non-sparged kLa for Elephant Ear at 350 RPM is 1.22 h™!; using the linear equation

for Toroidal:

kpa=7.32%x107x N +0.0713 =1.22 = N = 156.9RPM (4.1)

It can be seen that 157 RPM with Toroidal impeller should give the same kLa as 350
RPM in elephant ear, since all other conditions are the same we can say that the power

input of mixing is the same thus arriving at the following equation 4.2:

: . . 5 . 3 = . . 5 . 3
NP,Torowlal p DToroidul NToroidul_NPrElePh“”tEW p DElephuntEar NElephantEur (4.2)

By rearranging the equation in order of Np 1or0ida1, and substituting the variables by
their value and cutting the liquid density since it’s equal on both side we reach the value
of 2.8, thus confirming that even though the diameter is different the power number of the
Toroidal impeller is higher than Elephant Ear used and a bit less than half of the Rushton
impeller used. Of course we cannot forget that the mixing properties also change as well
as the flow type and shear stress. Which means that there are more parameters to take
into account before confirming that either of these impellers are better than the others for

sensible cell cultivation, such as mammalian cells.
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4.1.2.4 Vibromixer System Results

Table 4.10: Results for impact of different mixing and different plate’s geometry in Vi-
bromixer system

kLa Uncertainty of kLa when
Experiment N (h-1) compared to all methods’ average
P (RPM) | Method P o 8

6 o

150 1.15 8

200 1.45 3

gf:tf:med 250 1.64 8

300 1.98 8

350 2.06 8

150 1.71 9

200 1.78 4

rlff:&d"ors 250 1.61 6

300 2.19 8

350 2.31 9

kLa (h-1) vs N (RPM)
== Kkl a (h-1) - Perforated Plate kLa (h-1) - Trapdoors Plate
2.500
2.000
3 1.000
0.500
0.000
150 200 250 300 350
N (RPM)

Figure 4.6: Change in kLa with increase of RPM on Vibromixer system, comparing different
plates

The observed decrease in kLa at 250 RPM, in table 4.10, for the Trapdoors Plate can
most likely be explained by the same reason as the above mentioned unexpected drops,
which were caused by the fact that the increase was too low for the accuracy of the methods

used. But overall the performance of both plates were distinguished.
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4.1.2.5 Discussion of Results for Vibromixer mixing with different plates

The mixing in the Vibromixer system is completely different from the rest of the studied
systems, since the movement of the shaft is different. To better understand the changes in
kLa with RPM and between both different plate geometries mentioned above, table 4.11

summarises the changes observed.

Table 4.11: Increase of kLa in percentage by RPM increase in Vibromixer system with
different plate geometries

kLa Total kLa
Experiment | N (RPM) kLa (h-1) | Increase by | Increase
1 RPM (%) (%)
150 1.15 -* =*
200 1.45 0.5 26
perforated 250 1.64 03 13
300 1.98 0.4 20
350 2.06 0.1 4
150 1.71 * -*
Trapdoors 200 1.78 0.1 4
Plate 250 1.61 -0.2 -10
300 2.19 0.7 36
350 2.31 0.1 5

*Values require two points to calculate, therefore there are no values just for the first point.

Analysing the increase we can see that the perforated plate has on average a bigger
increase in kLa per RPM increase, nonetheless the kLa values fall shorter of the trapdoors
plate. On average both of them produce higher kLa than the results observed on the
Spinner Flask system with Elephant Ear and Toroidal impeller. The comparison using
only the kLa values is not enough since the mixing itself and the vessel is different. And it
is also observed that the difference per increase of RPM is lower than on the Stirred Tank
and Biostat Systems. The fluid dynamics of this system and the estimation of its power
input is more complex than the common stirred tank vessel, there have been a few studies
on it but most agree that there is a higher need for studies on this system [202], since it is
not as common as the stirred tank system observed in the Spinner Flask, Stirred Tank and
Biostat systems studied. The flow and mixing is easier to control since it depends mostly
on the orientation and shape of the holes in the plate.The created flux is explained by the
Bernoulli effect [203, 204]. There have been some studies about joining the principles of
stirred tank to Vibromixer [205] nonetheless due to its complexity and general less use in
industry a proper evaluation of the kLa produced and its correlation with the geometry
is hard to make.

Nonetheless a comparison between both plates used can be discussed and the difference
in kLa can be described using the flow properties that both create. Since both experiments
were sparged at the same rate the longer the residence time of bubbles the higher the kLa
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observed. According to studies the existence of perforated holes creates a mixing profile
based on the orientation of the conic holes and the number of them as well as size [206].
This mixing is created due to the difference in pressure when moving up and down the
plate. The percentage of plate area that is not perforated is also an important factor, in this
case both plates had a similar ratio of almost 40% area perforated. Due to lack of data and
literature reviews on this system the explanation obtained for this difference was mostly
due to the fact that the trapdoors plate produces a mixing with higher bubble entrapment

rate, allowing for longer residence times thus increasing the oxygen mass transfer, kLa.

4.1.3 Impact of Impeller Position on kLa

Another impactful change on the mixing profile and the effect on the system itself, in
the case of multiple impellers, is the distance between them. To better understand the
effect on kLa this change in distance between impellers was performed in three different

systems.
4.1.3.1 Stirred Tank System Results

Table 4.12: Results for impact on kLa of different impeller position, at different RPM values,
for Stirred Tank system using 4 cm diameter elephant ear impellers

klLa Uncertainty of kLa when

Experiment N (h-1) compared to all methods” average

(RPM) | Method %)
6

150 2.36 0.2
15.5 cm 250 2.59 14
between 350 3.21 13
Impellers 450 3.92 12
550 5.19 15
14.5 cm 350 3.08 13
between 450 4.26 15
Impellers 550 5.97 15
13.5 cm 350 3.07 14
between 450 421 15
Impellers 550 5.76 16
12.5 cm 350 3.35 13
between 450 4.05 14
Impellers 550 5.49 16
11.5 cm 350 2.90 13
between 450 3.47 14
Impellers 550 4.72 15

The N values used in this system were consistent for all measurements except the first
distance setup. In this case a complete set of data was done using two lower values. In the
next distances only the higher values were used. The choice of these two higher values
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kLa (h-1) vs N (RPM)

kLa (h-1) 15,5 cm appart kLa (h-1) 14,5 cm appart kLa (h-1) 13,5 cm appart
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Figure 4.7: Changes in kLa with increase of RPM and change in distance between two 4
cm diameter elephant ear impellers on Stirred Tank system

was due to the growth observed in this system being close to exponential. This means that
the lower values would have a lower increase than the higher ones, therefore the impact

of the uncertainty of the measurements would be higher if lower values were used.

4.1.3.2 Discussion of Results for Stirred Tank System

To understand how the distance between impellers affects the kLa tables 4.13 and 4.14
summarise the results as well as the increase observed.

From this first table we can see that the increase in kLa value per increase in RPM seems
to stay constant for each distance. Nonetheless we can also see that the increase of kLa is
not proportional to increase or decrease of the distance, confirming that the relationship
is more complex than a simple linear one. The distance values chosen represent the
possible setups in the system, as well as in comparison with the diameter of the vessel the
relationships are from 0.9 to 1.3 times the diameter of the vessel.

From the results above we can conclude that the increase per distance is similar for
different RPM values, and it is non-linear. Meaning that the change from 12.5 cm apart
to 11.5 cm resulted usually in up to 3 times as big an impact than the change from 13.5
to 12.5 cm. Due to the existence of 5 points we can conclude that for the range studied
the distance of 14.5 cm proves to be the best distance. But since the range was not large
this is only a local maximum, and the real best distance even for this range can only be
confirmed after extra measurements at distances between 15.5 and 13.5 to find if 14.5 cm is
really the best distance for kLa. According to literature the distance between impellers is

correlated with the vessel diameter, for better result of mixing and efficiency the impellers
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Table 4.13: Results for impact on kLa of different impeller position, at different RPM values,
for Stirred Tank system and the kLa increase per RPM

kLa Increase Total kLa
Experiment N (RPM) kLa (h-1) by 1 RPM o
(%) Increase (%)

150 2.36 ¥ ¥
15.5 cm 250 2.59 0.1 10
between 350 3.21 0.2 24
Impellers 450 3.92 0.2 22

550 5.19 0.3 32
14.5 cm 350 3.08 * -*
between 450 4.26 0.4 38
Impellers 550 5.97 0.4 40
13.5 cm 350 3.07 ¥ ¥
between 450 421 0.4 37
Impellers 550 5.760 0.4 37
12.5 cm 350 3.347 ¥ ¥
between 450 4.053 0.2 21
Impellers 550 5.489 0.4 35
11.5 cm 350 2.895 ¥ ¥
between 450 3.465 0.2 20
Impellers 550 4.718 0.4 36

*Values require two points to calculate, therefore there are no values just for the first point.

Table 4.14: Results for impact on kLa of different impeller position, difference in kLa by
distance for the same RPM

Distance kLa Increase
N (RPM) between kLa (h-1) for1cm
impellers (cm) distance (%)
15.5 3.21 -
14.5 3.08 -4
350 13.5 3.07 -04
12.5 3.35 9
11.5 2.90 -14
15.5 3.92 -
14.5 4.26 9
450 13.5 421 -1
12.5 4.05 -4
11.5 3.47 -15
15.5 5.19 -
14.5 5.97 15
550 13.5 5.76 -4
12.5 5.49 -5
11.5 4.72 -14

should be in the range of 5 and 3 of the vessel’s diameter [207]. This is explained as when
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) . 1 ) ) )
the distance is lower than = of the vessel’s diameter the vortices created by each impeller

connect in counterflow meaning that there is a loss of two individual vortices that increase

mixing and more energy is wasted for mixing. In the case of distance being bigger than %
of the stirring tank’s diameters the existence of non-homogeneous flow appears as zones
of disconnection to the main vortices cause compartmentalization of mixing zones. The
Stirred Tank vessel has a diameter of 12 cm meaning that all of the distances studied were
above the optimal range thus having inconsistency of mixing. In literature there was
also a study which correlated the distance between impellers and the diameter of each
impeller as well as the position (symmetric or asymmetric) between them and the effect
on power input which affects both mixing and mass transfer. It was stated that the optimal
power input was found for three rushton impellers with the distance between them to be
equal to 1.5 times the diameter of each impeller [208]. It was also found that the existence
of sparging is correlated with the decrease in power input due to the higher chance of
compartmentalization of mixing profiles and main vortices, in general the range should
be between 1 and 2 times the diameter of the impeller. If we look at the results and the
diameter of the impellers being 4 cm, the ideal should be between 4 cm and 8 cm, thus
being too small for the values used or in case of the correlation to the vessel’s diameter it

should be between 6 cm and 8 cm, even more reduced range.
4.1.3.3 Biostat System Results

Table 4.15: Results for impact on kLa of different impeller position, at different RPM values,
for Biostat system using 7.5 cm diameter Rushton impellers

kLa Uncertainty of kLa when

Experiment N (h-1) compared to all methods” average

(RPM) | Method %)

6

10 cm 150 9.36 16
between 250 15.80 11
Impellers 350 47.41 3
15 cm 150 8.32 12
between 250 10.40 16
Impellers 350 18.84 24
20 cm 150 12.32 21
between 250 18.72 23
Impellers 350 32.88 22

In this system, even though the growth of kLa with increase of N is exponential as
well; or at least appears to be; the values after optimisation were separated by 100 RPM
without any negligible impact and the difference was high enough for the uncertainty
of the methods to have minimal impact on the results, nonetheless the 10 cm and 20 cm
distance do have similar results. The distance between impellers used in this setup are
within the interval of 0.45 to 0.91 times of the vessel diameter.
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kLa (h-1) vs N (RPM)

== klLa (h-1) 10 cm distance == KLa (h-1) 15 cm distance kLa (h-1) 20 cm distance
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Figure 4.8: Changes in kLa with increase of RPM and change in distance between two 7.5
cm diameter Rushton impellers on Biostat system

4.1.3.4 Discussion of Results for Biostat System

As done above for the Stirred Tank system, the results of change in kLa are summarised
in tables 4.16 and 4.17.

Table 4.16: Results for impact on kLa of different impeller position, difference in kLa by
distance for the same RPM

kLa Increase Total kLa

Experiment N (RPM) kLa (h-1) by 1 RPM o
%) Increase (%)

10 cm 150 9.36 -* -*
between 250 15.80 0.7 69
Impellers 350 47.41 2 200
15 cm 150 8.32 -* -*
between 250 10.40 0.3 25
Impellers 350 18.84 0.8 81
20 cm 150 12.32 -* -*
between 250 18.72 0.5 52
Impellers 350 32.88 0.8 76

*Values require two points to calculate, therefore there are no values just for the first point.

Comparing the results of the Stirred Tank system above, we can clearly see that the
kLa values are much higher. It is happening due to the fact that Rushton impellers have a
much higher power number than elephant ear, even with smaller RPM and higher volume
of water. Following the same principles stated above, the distance between impellers
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Table 4.17: Results for impact on kLa of different impeller position, difference in kLa by
distance for the same RPM

Distance kLa Increase
N (RPM) between kLa (h-1) for1 cm

impellers (cm) distance (%)
10 9.36 -
150 15 8.32 -2
20 12.32 10
10 15.80 -*
250 15 10.40 -7
20 18.72 16
10 47 .41 -*
350 15 18.84 -12
20 32.88 15

*Values require two points to calculate, therefore there are no values just for the first point.

should be in the range of either 1 to 2 times the impeller diameter (in the case of rushton

normally 1.5 is the best value) or in the range of ! to 2 of the vessel’s diameter. In this
system the impellers used have 7.5 cm of diameter and the vessel has 22 cm of diameter.
So according to literature the best value should be at 11.25 cm, or in the range between
11 and 15 cm. Looking at the results we see that it is not as stated, this can be due to lack
of more measurements and more distances and RPM values, nonetheless for the lower
two RPM values the biggest distance of 20 cm delivered the biggest kLa, but for higher
RPM the smallest distance of 10 cm (close to 11.25 cm stated as best distance in literature),
revealed a 40% higher value than the biggest difference and more than two times the value
of kLa for 15 cm. This proves that for higher agitation the correlations shown in literature

appear to be correct.
4.1.3.5 Vibromixer System Results

Table 4.18: Results for impact on kLa of different plate position, at different RPM values,
for Vibromixer system using trapdoor plates

klLa Uncertainty of kLa when
Experiment N h-1) compared to all methods’
(RPM) | Method o
6 average (%)

3 cm between 300 2.58 6
plates 350 3.22 3
5 cm between 300 2.63 9
plates 350 2.76 9
7 cm between 300 2.61 9
plates 350 2.61 16

In the Vibromixer system only two high values of RPM were used. Due to time

71



CHAPTER 4. RESULTS AND DISCUSSION

constraints using the system. Unfortunately some of the values were too close to each
other, and due to mechanical limitations it was not possible to achieve higher N values.

4.1.3.6 Discussion of Results for Vibromixer System

As mentioned before, the mixing of Vibromixer systems is not well studied, nonetheless
like for the previously shown systems the effect of having a different distance between the
mixing plates and the impact on kLa is shown in tables 4.19 and 4.20.

Table 4.19: Results for impact on kLa of different distance between plates, difference in
kLa by distance for the same RPM

kLa Increase Total kLa
Experiment N (RPM) kLa (h-1) by 1 RPM o
(%) Increase (%)
3 cm between 300 2.58 -* -*
plates 350 3.22 0.5 25
5 ¢cm between 300 2.63 -* -*
plates 350 2.76 0.1 5
7 cm between 300 2.61 -* -*
plates 350 2.61 -0.01 -0.3

*Values require two points to calculate, therefore there are no values just for the first point.

Table 4.20: Results for impact on kLa of different distance between plates, difference in
kLa by distance for the same RPM

Distance kLa Increase
N (RPM) between kLa (h-1) by1cm
plates (cm) distance (%)
3 9.36 ¥
300 5 8.32 -6
7 12.32 24
3 15.80 ¥
350 5 10.40 -17
7 18.72 40

*Values require two points to calculate, therefore there are no values just for the first point.

Following the same criteria as above we can see that this time the decrease and increase
with RPM and with distance is more non-linear. We can see that the biggest distance
shows the highest kLa and the increase when compared with the lower distances is really
high (up to 40% increase in kLa per cm of increase). Using the same ranges as before,
the system has the same 12 cm of diameter of the vessel and 5 cm of diameter for each
plate. The mixing process might be completely different from stirred tank, nonetheless,
the reasoning behind the impact of distance between impellers is due to the confluence
or compartmentalization of the mixing profiles and the vortices. For this reason it is also
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interesting to check if the ranges mentioned above are true for this case. According to
literature the range should be from 5 cm to 10 cm, or combining the both ranges mentioned
above, it should be restricted to 6 cm to 8 cm, and according to the values we have the 7

c¢m measurement proves to be the best in terms of kLa, as expected.

4.1.4 Impact of aeration flow rate on kLa

Another important parameter to approach in the optimization and study of oxygen kLa
is the aeration flow rate. This parameter could be called the main one as the more air
you sparge in the more oxygen it will have, thus increasing the mass transfer rate. For
testing how this parameter is correlated with kLa there were three different setups done

in 3 different systems.

4.1.4.1 Stirred Tank System Results

Table 4.21: Results for impact on kLa of changing the aeration rate using Stirred Tank
system

Aeration kLa (h-1) Uncilrttamltly of :;Lad “Ilhen
rate (VVM) | Method 6 | comparedtoa ( ;/n)e ods’ average
0.08 3.89 15
0.16 6.96 T
0.28 11.33 10

kLa (h-1) vs Aeration Rate (VVM)

12.000
10.000
8.000

6.000

kLa (h-1)

4.000

2.000

0.000

0.10 0.15 0.20 0.25

Aeration Rate (VWVM)

Figure 4.9: Changes in kLa with increase of aeration rate in Stirred Tank system
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The graph 4.9 and values in table 4.21 show a seemingly perfect linear relationship in
the Stirred Tank system, the aeration rates used were chosen in a way that the increase
between the values is not the same step size. And the highest value corresponds to the

limit of the used pump.

4.1.4.2 Vibromixer System Results

Table 4.22: Results for impact on kLa of changing the aeration rate using Vibromixer
system

Aeration KkLa (h-1) Uncertainty of kLa vx:hen
rate (VVM) | Method 6 compared to all( ;/n)ethods average
0.02 1.80 8
0.04 2.06 8
0.06 2.39 10
0.08 2.68 8

kLa (h-1) vs Aeration rate (VVM)

3.000
2.000
£
©
_
X
1.000
0.000
0.02 0.04 0.06 0.08

Aeration rate (VVM)
Figure 4.10: Changes in kLa with increase of aeration rate in Vibromixer system

In this system the number of data points was increased and the increase step was the
same, having the last value equal to the limit of the used pump. Even with four different

data points the linear growth corresponds to a 0.97 coefficient of determination (R?).
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4.1.4.3 Spinner Flask System Results

Table 4.23: Results for impact on kLa of changing the aeration rate using Spinner Flask
system with stainless steel sintered spargers

Aeration | KLa (1) | REREY R verage
rate (VVM) | Method 6 P o 8
0.08 5.31 8
0.16 8.18 7
0.32 12.46 5
kLa (h-1) vs Aeration rate (VVM)
15.000
10.000
5.000
0.000
0.10 0.15 0.20 0.25 0.30

Aeration rate (VVM)

Figure 4.11: Change in kLa with increase of RPM on commercial Biostat 10L Bioreactor
system

These setups showed a slight deviation from the linearity of the relationship observed
above. This could be due to the nature of the system, as the relationship between N and

kLa was also different from the other systems.

4.1.4.4 Changes in kLa with increase of aeration rate in Spinner Flask system with

stainless steel sintered spargers

The discussion of the three different systems and the results obtained will be done together,
since the increase of VVM shows to be linear in each one of them. In table 4.24 we can see
a summary of the increase observed.

As can be seen above the increase in kLa with an increase of 0.01 VVM is similar across
all systems, averaging at a 6.6% increase. According to the graphs shown for each system
and the linear regression equations we can confirm that the increase of kLa is linearly
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Table 4.24: Results for increase in klLa with increase in aeration rate for Stirred Tank,
Vibromixer and Spinner Flask systems

kLa Increase
. Aeration for 0.01 Total kLa
Experiment rate (VVM) kLa (h-1) VVM Increase (%)
increase (%)
. 0.08 3.89 -* -*
S;‘sr;g Tank 0.16 6.96 10 80
0.28 11.33 5 63
Vibromixer 0.02 1.80 -* -*
system with 0.04 2.06 7 14
Perforated 0.06 2.39 8 17
Plate 0.08 2.68 6 12
Spinner 0.08 531 -* -*
Flask 0.16 8.18 7 54
system 0.32 12.46 3 52

*Values require two points to calculate, therefore there are no values just for the first point.

proportional to the increase of VVM, with the R-squared factor being higher than 0.99
in all systems studied. Comparing the results with equation 3.3 it is mentioned that kLa
is proportional to superficial gas velocity to the power of 0.28. Therefore we can use an
example from each system and compare it, as shown in table 4.25.

Table 4.25: Proportionality constant calculation between kLa and Vg for the studied
systems

. Proportionality
Experiment Vg (m/s) kLa (h-1) Constant
Stirred Tank 1.8x107° 3.89 0.9
system 6.1x107° 11.33 '
Vibromixer 4.4x10°° 1.80 03
system 1.8x107° 2.68 '
Spinner Flask 1.0x107% 5.31 0.6
system 4.0x10™* 12.46 '

From the results it is noticeable that the proportionality constants are much more
different than the one in literature. Nonetheless, said constants depend on the system’s
characteristics and mainly on the geometry, which is why we can see the big differences.
One unexpected result is that the Vibromixer system which has the same geometry as
Stirred Tank shows a different constant, and even more unexpected is really close to the
one from literature, even though this system has a completely different mixing regime
from normal stirring tank. Even with the proportionality constants being different the
results clearly show that there is a linear correlation between VVM or superficial velocity
and kLa.
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4.1.5 Membrane Aeration and kLa

As mentioned in the General Introduction section, there are multiple ways to aerate a
bioreactor.Sparging is the most commonly used method but it still has its disadvantages,
for example the existence of bubbles has been linked to cell damage, as mentioned above.
Therefore, what seems to be a promising solution being researched and developed is the
use of membrane aerated bioreactors. In this study we also study the possibility of using
a simple silicone tubing as a membrane and compare the effectiveness of this membrane
aeration technique with calculations of kLa.

4.1.5.1 Spinner Flask System Results

The multiple setups done in this study were optimised until a clear increase in kLa was
observed, which can be seen below in table 4.26.

Table 4.26: Results of kLa calculations from the best membrane aeration setup, using the
Spinner Flask system

Uncertainty of kLa when

Experiment kLa (h-1) mpared to all methods” aver

perime Method 6 | compare oa(o/)e ods” average
Contro} (no 0.81 95
pumping)

Final
optimised 0.88 5

setup

4.1.5.2 Discussion of Results for Spinner Flask System

In this experiment we had only one positive result from the final testing, with increased
pressure, nonetheless the kLa obtained is much lower than that of sparging, as expected.
The increase from the sparging through the membrane with increased pressure only
showed an increase of about 0.069 in kLa, which corresponds to roughly 8% increase from
no sparging. Of course that in this small scale, as mentioned before, the surface aeration
has a big impact on the overall observed kLa, thus in larger scale this membrane aeration
could probably prove to be better. To better understand the impact the oxygen transfer
per area of tubing was calculated as the ratio between the kLa and the total submerged
superficial area, rounding up the increase to 0.07 in kLa, when compared to the control
without sparging. According to the specified conditions of the optimised setup; presented
in Methods; we conclude that for the material and thickness used the oxygen mass transfer
per area submerged equals 4.6x107* h™'.cm~2 or 4.6 h™\.m™2. It means that in order to
achieve similar results to normal sparged reactors with sintered spargers in the same
system for the same RPM, we would need to reach around a kLa value of 7 h™!. The
control value without the sparging is 0.81 h™!. It means it would need an increase of
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6.2 h™1, for that the area needed would be 1.35 m?. It corresponds to 7 metres of tubing,
assuming the same dimensions and material, which would be impossible to fit inside
the system. This shows some of the limitations and challenges posed by the membrane
aeration system when compared to the commonly available sparged bioreactors. It is
important to remember that the system was not optimal, and that with higher pressure,
lower thickness and better material higher values can be reached, nonetheless from the
results shown the use of membrane aeration has no clear way to compete with bubble

aeration.

4.1.6 Impact of Baffles on kLa

As seen above, intense mixing caused by high stirring velocity leads to the production of
the effect of vortexing.As it was explained above, it has a negative impact on the culture.
Therefore most bioreactors come equipped with baffles.

4.1.6.1 Spinner Flask System Results

Table 4.27: Results for impact of having baffles on kLa in Spinner Flask bioreactor system

Uncertainty of kLa when
Experiment kLa (h-1) mpared to all methods’ aver.
perime Method 6 | compared toa (O/)e ods” average
Without
Baffles 1.40 54
With
Baffles 1.80 79

4.1.6.2 Discussion of Results for Spinner Flask System

The main reason for why this study was only done with absence of baffles or two baffles
was due to previous results with the exact same system that showed no appreciable
increase when going from 2 to 3 or 4 baffles, and even less for higher than that. In general
there is an increase in kLa from the existence of baffles, which is a common known fact
in literature, and the use of baffles in any large scale bioreactor is a must. The increase
seen in this experiment is 29%, according to literature [209] normal vertical baffles can
increase up to 38% the kLa based on estimations, when compared to unbaffled vessels.
It is important to note that the shear strain also increases, meaning that the reduced
vortexing also causes changes in the fluid speed and movement that can cause some stress
to cells, but according to literature it is too low to affect CHO cells negatively, which can be
compared to the mammalian cells used. The shape and number of baffles is also something
being studied but since the effect from unbaffled to baffled is much more noticeable than
improvements in baffles shape and number it still needs to be further studied. As well

as possible equations or empirical equations correlating the kLa and power input for
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different conditions of baffled vessels, since most of the empirical correlations only state
normally that they were developed for baffled vessels and don’t present some parameters

that change with baffles characteristics, a part from complex CFD models [210-212].

4.1.7 Impact of Bubble size on kLa

The impact of bubble size on the aeration of the bioreactor is mentioned in the General
Introduction section of this study, the impact of it and how important it is to make a good
model for kLa calculation is still not conclusive. Nonetheless in this study, five different
sintered spargers with different pore size distribution were used both for analysing the
change in kLa values with pressure, which is known to be correlated with the number and
size of bubbles [213] produced, and for bubble size and number estimation using image

analysis.
4.1.7.1 Spinner Flask System Results

Table 4.28: Results for different pore size and different aeration flow rate in kLa on Spinner
Flask system with sintered spargers

Pore Aeration klLa Uncertainty of kLa when
. (h-1) ,
Size rate Method compared to all methods
(um) (VVM) 6 average (%)
0.08 5.31 8
20-30 0.16 8.18 7
0.32 12.46 5
0.08 7.55 6
10-15 0.16 10.90 8
0.32 12.99 4
0.08 7.27 11
3-5 0.16 8.30 10
0.32 13.69 8
0.08 4.95 10
2 0.16 8.77 6
0.28 11.42 4
0.08 5.69 5
0.5 0.16 9.30 9
0.28 12.34 6

As could be seen the values used were almost the same in all setups, except for the
last two sizes, due to pump constraints. As can be clearly seen in the graph, all values are
close to each other even though there is a great difference in pore size.

As for the bubble number and size distribution for different aeration rates, the experi-
mental setup used a ruler next to the sparger and the capture of video footage, allowing
for frames like figure 4.13. The results of size and number distribution can be found below,
in table 4.29.
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kLa (h-1) vs Aeration rate (VVM)

== kLa (h-1)-20-30 um == kLa (h-1)-10-15um == kLa (h-1)-3-5um == kLa (h-1)-2um
== kLa (h-1)- 0.5 um

15.00
0

10.00
0

kLa (h-1)

5.000

0.000
0.10 0.15 0.20 0.25 0.30

Aeration rate (VVM)

Figure 4.12: Changes in kLa with increase of aeration rate and different pores sizes sintered
spargers in Spinner Flask bioreactor system

Figure 4.13: Frame from video capture used to analyse bubble size distribution
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Table 4.29: Bubble number and size distribution in Spinner Flask system with different
aeration rate and pore size spargers

Pore size aeration rate | number of Average de\S;iI:t‘;on
(um) (VVM) bubbles Size (mm) (%)

0.08 41 3.1 -52 to +19

20-30 0.16 45 29 -62 to +10
0.28 58 24 -50 to +13

0.08 24 24 -29 to +38

10-15 0.16 36 2.3 -43 to +48
0.28 54 21 -52 to +52

0.08 21 2.3 -52 to +35

3-5 0.16 26 1.9 -37 to +37
0.28 46 1.7 -47 to +41

0.08 22 2 -55 to +30

2 0.16 21 1.9 -42 to +26
0.28 32 21 -43 to +24

0.08 26 1.9 -42 to +63

0.5 0.16 34 1.8 -33 to +28
0.28 56 1.2 -42 to +33

From the results we can see the size deviation, which represents in percentage how
much the lowest and highest bubble diameter observed varies from the average size. In
most results it can be seen clearly that the size deviation towards smaller bubble diameter
is much bigger than for the larger bubble, which corresponds to the fact that larger bubbles

exist in bigger quantities than the smallest ones (for most cases studied).

4.1.7.2 Discussion of Results for Spinner Flask System

The impact of bubble size on kLa and how the different pore sizes produced different
sized bubbles based on flow rate has been summarised in table 4.30. From the graphs
above we see the aforementioned clearly linear relationship between kLa and sparging
flow rate (with R? always above 0.9).Nonetheless there are a few odd cases, and the exact
distribution of sizes and number of bubbles obtained shows a high degree of uncertainty
due to the method used.

It is seen that with the increase of flow rate the size of bubbles tends to decrease and
the number increase, the rate of which is completely different from each pore size. We
can see that the increase of aeration rate results in a smaller impact on kLa the higher
the value of VVM used. Meaning that even though from 0.08 to 0.16 VVM there was an
increase of 0.08 and in the last pair of values from 0.16 to 0.32 there was an increase of 0.16,
the increase of kLa was larger in the first one. According to literature [65, 214, 215] and
the already mentioned facts in the General Introduction section. The smaller the bubble
the higher the oxygen mass transfer rate is observed, nonetheless the smaller the bubbles
the higher the damage to cells, due to high pressure and the behaviour of “solid-like”
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Table 4.30: Change in bubble size, number of bubbles and kLa with VVM for different

pore sizes
Aeration Change in Change in Aeration .
Pore size Rate Average Number of Rate Change in
o | | TGy | bty | (i | b om
. VVM (%) kLa
analysis rate (%)
0.08 - - 0.08 -
20-30 0.16 -7 10 0.16 7
0.28 -21 29 0.32 3
0.08 - - 0.08 -
10-15 0.16 -4 50 0.16 6
0.28 -10 50 0.32 1
0.08 - - 0.08 -
3-5 0.16 -21 24 0.16 1
0.28 -12 77 0.32 4
0.08 - - 0.08 -
2 0.16 -5 -5 0.16 10
0.28 10 52 0.28 3
0.08 - - 0.08 -
0.5 0.16 -6 31 0.16 8
0.28 -50 65 0.28 3

particles. In general we can see that with the decrease in pore size, the expected size of
bubbles also decreases and the kLa increases. Nonetheless the last two (2 and 0.5 um),
smaller pore sizes show lower kLa than the previous size (3-5 um), this could be due to
the fact that with the decreasing of pore size the needed flow rate to achieve the necessary
pressure to produce bubbles is higher [216]. An important note to this parameter is also
that the system where it was more closely studied was small scale. With the increase
of volume and scale bubbles have more residence time thus having higher chance of
coalescing and forming bigger bubbles that offer less kLa and carry cells to the top layer
of the media. With this in mind for larger scales it is important that the flow created pulls
the bubbles towards the impeller and the impellers break the bubbles into smaller ones.
This procedure makes it less relevant to have specific control over bubble size production
in the sparger, and reaffirms that it is of higher importance the mixing and the superficial

gas velocity or sparging rate, which are correlated with each other.

4.1.8 Impact of Additives on kLa

The composition of the media; as aforementioned in the General Introduction and Materi-
als and Methods sections of this study; is of great importance when it comes to its physical
properties. The addition of some compounds, as the ones shown below, can have a great

impact on the rheology of the given mixture used.
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4.1.8.1 Spinner Flask System Results

Table 4.31: Results of kLa calculations from different additives concentrations and different
temperatures in the Spinner Flask system

Aeration | Tempe- (11(1]_“;) Uncertainty of kLa when
Experiment rate rature | o L o compared to all methods’
(VVM) (@) 6 average (%)
I 0.05 25 1.82 3
Distilled 0.05 37 259 17
0.1 37 3.15 16
0.05 25 1.09 5
chiﬁ/: 0.05 37 1.51 18
- 0.1 37 2.11 18
0.05 25 1.72 2
PEG 0.1 % 0.05 37 2.55 14
0.1 37 2.93 29
kLa (h-1) vs Additives
4.000
3.000 3
3
2 2
% 2.000 3
= 1 1
2
1.000 1
0.000
Water CMC PEG
Additives

Figure 4.14: Change in kLa with temperature for different concentrations of additives in
Spinner Flask system. It is presented 0.05 VVM at 25°C (1); 0.05 VVM at 37°C (2) and 0.1
VVM at 37°C (3)

A clear difference between the values of different temperatures and fluid composition
can be seen in the above shown graph and table. The use of the increased temperature
was done to simulate the temperature in cultivation and to test the physical changes that
a higher temperature would have.
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4.1.8.2 Discussion of Results for Spinner Flask System

In this experiment we have the addition of commercially available shear protectants, and
we can see the effect they have on the properties of the media and mainly on the transfer of
oxygen. Table 4.32 summarises the main results and the impact of the different additives
on the kLa.

Table 4.32: Impact of Temperature and Additives on the kLa in Spinner Flask system

Change in
Aeration Tempera- Change in kLa with
Experiment rate ture (°C) kLa (h-1) | kLa by Tem- | addition of
(VVM) perature (%) | additives
(%)
. 0.05 25 1.82
Distilled 0.05 37 259 12 -
0.1 37 3.15
0.05 25 1.09 -40
ggif,/:o 0.05 37 1.51 39 -42
0.1 37 211 -33
0.05 25 1.72 -5
PEG 0.1 % 0.05 37 2.55 48 -2
0.1 37 293 -7

*Values are compared with Distilled water results, therefore there are no comparisons with the values of
reference.

As we can see, the increase in temperature from 25°C to 37°C, on average translates
into an increase of 40% in kLa and this can be misleading. When the temperature increases
[217, 218] the diffusivity increases, with the decrease in surface tension and viscosity, this
way the kLa is higher. But if we compare the OTR (oxygen transfer rate) in mass/time it is
actually much lower. This is explained by the decrease in solubility, and as we know both
OTR and kLa depend on the driving force being the difference between concentration in
liquid and saturation concentration. Since the saturation is lower the overall amount of
oxygen getting into the liquid is lower as well. We can see that at 25°C the solubility of
oxygen in water is approximately 8.25 mg/L and at 37°C only 6.72 mg/L [219].

When we look at the additives, we can see that even though PEG is at a higher
concentration the decrease in kLa is actually lower than the decrease caused by CMC.
Averaging a decrease of 5% when compared to distilled water for PEG and 40% for CMC.
This difference is due to two main factors: the density and viscosity of the additives. As
mentioned above, with the increase of temperature the viscosity decreases thus helping
increase the diffusion rate and overall kLa [220]. When looking at the viscosity of both
additives when present in a water solution [221, 222] we find that for ambient temperature
(20-25°C) at 4% concentration CMC exhibits a range of viscosity from 50-200 cp (reminding
that water viscosity is approximately 1 cp at ambient temperature) while PEG for a
concentration of 50% shows 210-260 cp of viscosity. So even though the concentration
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of PEG is more than 12 times that of CMC; in the given example; the viscosity observed
is only up to 5 times higher, or possibly even less given the range shown. This means
that CMC impacts the solution’s viscosity much more than PEG, which can explain the
decrease in kLa.

4.2 Optimization of Bioreactors for Cell Viability

In this subchapter different parameters will be approached that have an impact on cell
culture in bioreactors. When it comes to producing biomass or products that stem from
cells in bioreactors there are two important parameters that should be considered: cell
viability and cell doubling time [223, 224].

421 Impact of different parameters on Cell Viability

There are a large number of parameters that affect cell viability directly or indirectly.
One of the most noticeable and complicated to predict is the effect of shear stress caused
either by agitation or aeration bubble bursting. Nonetheless there are several models
and equations in multiple studies that correlate these parameters with shear stress on
cells [225-227]. In this subchapter cell cultivation experiments were done to understand
the limits of our cell lines as well as the efficiency of PEG as shear protectant at a given
concentration for different mixing conditions. The second set of experiments correlated to
the damage that bubble bursting causes on cells, namely the impact of foaming and how
it can be prevented on a large scale.

4.2.1.1 Shear Stress Evaluation

To evaluate the shear stress effect on cells we used different setups using the Stirred Tank
bioreactor system as shown in Methods section.For these experiments we used both of
the cell lines mentioned before: Cell Line A and B.
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Cell Line A Cultivation Results

Table 4.33: Results of cell viability and density over cultivation time in 0.1% PEG medium
and 900 RPM with Cell Line A in Stirred Tank bioreactor system

Time Time Dead cells | Live cells viability
(hours) (days) (%) (%) N (REM) (%)
0 0 11 15 250 89
17 1 5 29 250 95
23 1 10 25 900 90
41 2 12 34 900 88
49 2 4 40 900 96
65.5 3 6 63 900 94
725 3 3 68 900 97
101 4 2 100 900 98
Growth curve Cell Line A, 900 RPM, 0.1% PEG
100%
75%
S
2 50%
O
)
=
—1 25%
0%
25 50 75 100

Time (hours)

Figure 4.15: Viable cell growth over time of cultivation in 0.1% PEG medium and 900 RPM
with Cell Line A in Stirred Tank bioreactor system

In figure 4.15 above, we can see that the cells kept growing in an almost constant linear
way, instead of the expected death of cells. The first day of cultivation at 250 RPM was
done in order to adapt them to stirring conditions as well as to let them resuspend back

into suspension after centrifuging for inoculation. The 900 RPM value was chosen due to

being the highest value that can be safely used in the given setup.

In Table 4.34, there is a summary of results from experiments with 0% PEG. The 900
RPM was firstly used to test if the cells could survive it without shear protectant, as they

have survived in the presence of it. There was no period of adaptation in 250 RPM due to

it not showing any changes in the first experiment.
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Table 4.34: Results of cell viability and density over cultivation time in medium without

shear protectant and 900 RPM with Cell Line A in Stirred Tank bioreactor system

Time Time Dead cells | Live cells viability
(hours) (days) (%) (%) N (RFM) (%)
0 0 7 100 900 93
19 1 100 0 900 0
46.5 1 100 0 900 0

Table 4.35: Results of cell viability and density over cultivation time in medium without

shear protectant and 600 RPM with Cell Line A in Stirred Tank bioreactor system

Time Time Dead cells | Live cells viability
(hours) (days) (%) (%) N (RPM) (%)
0 0 13 100 600 87
20.5 1 100 0 600 0
Growth curve Cell Line A, 0% PEG
X 600 RPM == 900 RPM
100%
. 75%
X
2 50%
@)
o
3 25%
0%
0 10 20 30 40

Time (hours)

Figure 4.16: Viable cell growth over time of cultivation in medium without shear protectant,
at 900 and 600 RPM with Cell Line A in Stirred Tank bioreactor system

Similar behaviour of the cell suspension can be observed in the experiment with lower

RPM without shear protectant. Results are summarised in Table 4.35 and visualised Fig
4.16.

Discussion for Cell Line A Cultivation Results

Based on the results found we were able to confirm that with just 0.1% PEG concentration,
the cells were able to survive and grow at 900 RPM. The doubling time observed (via
cytometry) was similar to the literature and observed in other cultivation, close to 24h.
With this information we can conclude that even for such high RPM a small concentration
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of PEG allows Cell Line A to survive.

Cell Line B Cultivation Results

Table 4.36: Results of cell viability and density over cultivation time in medium with 0.01%
PEG and slow increase to 650 RPM with Cell Line B cells in Stirred Tank bioreactor system

Time Time Dead cells | Live cells viability
(hours) (days) (%) (%) N (REM) (%)
0.00 0 10 28 250 90
16.00 1 9 29 250 91
23.25 1 6 35 600 94
23.50 1 7 37 600 93
42.00 2 7 65 600 94
47.00 2 7 74 600 93
64.00 3 10 71 650 90
72.00 3 10 80 650 90
92.00 4 12 100 650 88
136.00 6 55 32 650 45
Growth curve Cell Line B, 600 RPM, 0.01% PEG
100%
75%
9
n 0,
o 50%
o
2
—
25%
0%
0,00 25,00 50,00 75,00 100,00 125,00

Time (hours)

Figure 4.17: Viable cell growth over time of cultivation in medium with 0.01% PEG and
slow increase to 650 RPM with Cell Line B in Stirred Tank bioreactor system

Similarly to how it was done with A cell line, the experiments with Cell line B were
carried out. For the comparison of all results, as expected, cells died almost instantaneously
after being in the presence of 900 and 600 RPM without PEG. The amount of PEG present
in the media was decreased to 0.01%, the first increasing step was done to 600 RPM instead
of 900 RPM. Both changes were in order to test optimised conditions that would minimise
the costs of production.
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There was no shear protectant present in the media, the goal was to start at 150 RPM,
which should be minimal shear stress for cells and let them adapt to this mixing, and
increase 100 RPM each day, unfortunately both experiments turned out dying in the first

day, the results can be seen in table 4.37.

Table 4.37: Results of cell viability and density over cultivation time in medium without
shear protectantand slow increase from 150 RPM with Cell Line B in Stirred Tank bioreactor
system

. Time Time Dead Live viability
Experiment| v | (days) | cells (%) | cells (%) | N RFM) | o)

. 0 0 7 100 93
First Run 2 1 100 0 150 0
Second 0 0 6% 100% 150 94
Run 18.5 1 98% 1% 2

Discussion for Cell Line B Cultivation Results

For Cell Line B the characteristics of shear stress resistance should be the same, nonetheless
we can see that using PEG at 0.01%, which is 10 times less than the previously used
concentration allowed cells to survive up to 650 RPM and grow with high viability and
doubling time close to the expected 24 hours. Nonetheless when the experiment was
done without any PEG, cells weren't even able to survive 150 RPM, which produces much
lower shear stress, and should be within both mammalian cell lines (A and B) capability
of survival. This also leads to posing the question that maybe cells have changed after
multiple cultivations with the presence of PEG, leading to a need for adaptation without
it.

Shear Stress Estimation

Using the equations 2.2, 2.3 and 2.4 for the conditions used, it can be estimated that the
energy dissipated in the system at 900 RPM, should be close to 1.03x105 m? /s, which
corresponds to a Kolmogoroff eddy size close to 1.8 ym. This size is about 10 times
smaller than the size of a cell, which according to literature causes destruction of cells.
The shear stress in these conditions comes out to 574 N/m?. This number is way too high
when compared with mentioned limits of CHO cells [228] (which are well researched
and comparable to the studied cells), namely between 0.59 and 1.19 N/ m?. Both cell
lines should have similar shear stress resistance due to similarities between size and other
characteristics. Using 600 RPM and even 150 RPM we can also estimate the shear stress
and eddy size. For 600 RPM the shear stress comes to 174 N/m? and 21 N/m? for 150 RPM.
Both of these values are much lower but still quite bigger than the aforementioned limits,
which explains the obtained results. Nonetheless the shear stress dissipation and the
eddies produced damage tends to be weaker the further away from the impeller cells are.
Even though the exact mechanism that PEG has on cells is still a topic of discussion, and
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depends highly on the molecular weight of it, some studies [229] purpose that PEG shields
cells from bubble bursting damage, by changing the way cells attach to bubbles and the
properties of the liquid (increasing viscosity for example) that allow for less damage from
bubbles. This theory can help formulate a possible reason for cell survival in such harsh
conditions, that being that as we saw in both equations, for eddy size and shear stress the
increase in kinematic viscosity negatively affects both, meaning that PEG would allow

them to survive.

4.2.1.2 Antifoaming and Defoaming

In these experiments, as explained in the General Introduction and Methods sections, the
effect of foaming will be studied in bioreactor cultivation and the use of PEMF stimulation

as an Antifoaming or Deafoaming technique was also studied.

PEMF Stimulation in Spinner Flask System Results

In the optimised experimental setup, everything was kept the same except the increase in

airflow mentioned above and an increase in density and viscosity of the media by addition
of PEG, with the final concentration of 1.25%.

Figure 4.18: Results of one of the setups of PEMF treatment as antifoaming and defoaming
technique. (1) The result of the PEMF treated bioreactor surface free of bubbles after 2
hours, (2) the surface of the non PEMF treated bioreactor surface with bubbles/foam after
2 hours. (3) The result of 2 hours after the second treatment and (4) the result after another
2 hours in the non-treated one
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The results in one of the setups showed that the PEMF treated bioreactor had less
bubbling /foam formation in the surface. In another setup both bioreactors exhibited a
lack of visible bubbles/foam in the surface and there was no clear distinction between

both of them as can be seen in figure 4.19 below.

Figure 4.19: Results of experiment with PEMF treatment, (1) the PEMF treated vessel
surface and (2) the non-treated vessel surface

The next step was to simulate a larger amount of foaming to better visualise the
efficiency of PEMF treatment. Therefore in the experiment shown below, the changes
were only two: decrease in RPM and addition of 0.2 mL of liquid soap to improve foaming.
These changes were done to ensure the creation of enough foaming to be able to see

differences between both bioreactors. The results can be seen in figure 4.20.

Figure 4.20: Results of experiment with PEMF treatment with induced foaming, (1) PEMF
treated surface and (2) non-treated surface

As can be seen above, there was creation of a large layer of large frail bubbles, after the
first two hours there was no visual difference between both bioreactors. After two hours
the second treatment the PEMF treated one had more foam layer than the non-treated one.
Since we had observed visual denser foam being made in our cell cultivations we decided

for the last experiment to be done with cells from Cell Line B.
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The procedure was the same as the fourth experiment except there was no liquid soap
addition and there was a seeding density of more than 300 cells/uL. Furthermore, to
cultivate the cells this experiment was done inside an incubator, where the temperature

was kept at 37 °C. The results can be seen in figure 4.21 below.

Figure 4.21: Results from PEMF stimulation experiment with cells, (1) PEMF stimulated
surface and (2) non-stimulated surface

Discussion of PEMF Stimulation Effect

Unfortunately, this experiment proved to be quite difficult when it comes to interpretation
of results. In some cases the PEMF treated vessel produced visible less foaming, but in
others the contrary was observed. In general further optimisation of medium composition
and a wider range of PEMF treatment setups would provide better results. Nonetheless
this topic is still not widely researched, and it might turn out to be an interesting way to
stimulate property changes in the media reducing foaming if a more customisable system

is used, with possibly higher intensities.

4.2.2 Experimental consumption of nutrients

For the cultivation of cells to be a competitive way to produce meat, and even in other
biotechnology applications, it is important to ensure that the yield of product desired is as
high as possible without being too expensive. Therefore, it is necessary to strive to always
optimise the production process and the cultivation regime. In this subchapter of this
study we will study the way to produce higher cell density, using fed-batch cultivation
experiments, where the feeding process, solution and the bioreactor conditions will be
evaluated using cell density, viability and doubling time as the main parameters to judge

success.

4221 Fed-Batch Experiment

The production and consumption of amino acids will be the main focus of this experiment,
in this particular study. Below in table 4.38 the results of cell density and growth can be
seen, and in table 4.39 the results for amino acids, glucose and lactate concentration over

time.
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Fed-Batch Cultivation in Stirred Tank System Results

Table 4.38: Growth of cells and viability results in Fed-Batch experiment in Stirred Tank
bioreactor system

. Time Time Dead Live viabilit

Experiment | 0 | (daye) | cells (%) | cells () | NRPM) | o T
0 0 9 31 250 91
Pre 23.7 1 22 46 250 78
Feeding 47 .4 2 15 57 250 85
71 3 6 100 250 94
Post 95 4 15 86 250 85
Feeding 119 5 31 72 250 69
143 6 100 0 250 0.2

Table 4.39: Concentration of amino acids, glucose and lactate over time in Fed-Batch
experiment in Stirred Tank bioreactor system

Time 3 - Pre 3 - Post

(days) 0 1 2 feeding | feeding 4 5 6

Time 0 237 | 414 71 71 95 119 | 143
(hours)
Asp (%) | 100 | 97 | 107 49 97 88 80 91
Glu (%) | 100 | 118 | 295 122 176 149 | 151 | 155
Asn (%) | 100 | 72 34 7 60 2 12 13
Ser (%) 100 | 71 55 39 82 58 50 55
GIn (%) | 100 | 32 32 12 87 10 11 18
His (%) | 100 | 97 | 109 69 69 77 71 66
Gly (%) | 100 | 187 | 258 171 166 243 | 254 | 275
Thr (%) | 100 | 102 | 113 69 73 78 77 77
Arg (%) | 100 | 101 | 112 66 71 76 72 72
Ala (%) | 100 | 129 | 138 60 64 131 | 135 | 136
Tyr (%) 100 | 103 | 113 61 65 67 66 66
Trp (%) | 100 | 103 | 110 53 56 52 47 48
Phe (%) | 100 | 102 | 108 61 65 68 66 65
Tle (%) 100 | 95 91 4 43 40 37 41
Leu (%) | 100 | 90 83 34 35 30 26 27
Lys (%) 100 | 101 | 108 60 66 69 67 73
Pro (%) 100 | 144 | 135 56 95 106 | 186 | 294
Gl(‘(‘,/i;’se 100 82 56 31 79 71 66 57
L*}f,/t“)‘te 100 | 227 | 404 | 555 500 | 558 | 589 | 610

Osn(‘;ol)ahty 100 99 99 116 89 90 92 91
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Amino Acids, Glucose and Lactate Concentration (%) during Cultivation

== AsSp (%) == Glu (%) Asn (%) == Ser (%) == GIn (%) His (%) Gly (%) Thr (%)
Arg (%) Ala (%) Tyr (%) Trp (%) Phe (%) lle (%) Leu (%) Lys (%)
Pro (%) == Glucose (%) == Lactate (%) Osmolality (%)
800
600

400

200

Concentration ratio from initial value (%)

0,00 25,00 50,00 75,00 100,00 125,00

Cultivation Time (hours)

Figure 4.22: Amino Acid, Glucose and Lactate concentration, as percentage of initial
concentration, during fed-batch cultivation of Cell Line B

Discussion of Results for Fed-Batch Cultivation in Stirred Tank System

In this experiment we were able to observe how there was a slow growth in the beginning,
due to the adaptation of cells, but from 57% to 100%; of the largest number of cells
achieved; the doubling time was faster, and closer to 24h and also there was a big increase
in viability. Nonetheless the feeding regime was not optimised, after feeding there was a
great decrease in cell viability, even though there was more concentration of the necessary
nutrients. One possible reason might be that lactate was too high, but for other cultivations
that didn’t prove to be the point. Another curious result is the increase in osmolality, before
feeding the osmolality was much higher, had increased up to 16% more than the starting
value, which is 17% more than the previous measurement, this also coincides with the
highest density and viability measured in the experiment. According to previous studies,
experiments and literature [230], the optimal osmolality for Cell Line B should be in the
range of 290-340. So the high osmolality might have been the reason for the decrease in
cells, but there is still no clear reason for this sudden increase. One possible reason could
be the lactate, but the increase and production of it has been constant as could be seen,
and the osmolality remained stable. When it comes to amino acid consumption, according
to the previous studies [231-233], the most consumed amino acids are supposed to be
serine, asparagine, proline and cysteine. When looking at these amino acids we see that
just before feeding there was a big decrease in concentration of asparagine and proline
and that overall these were among the most consumed as expected. Nonetheless, this

study proves to show the complexity and amount of parameters that need to be taken into
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account. There might have been physical changes due to failure in control systems that

were not noticed or even the lack of other compounds not measured, such as vitamins.

4.2.3 Predictive python metabolic model estimations of nutrient consumption
and growth

In this study a python metabolic model was used and optimised in order to predict the
behaviour of CHO cells. The most important parts of the used code are present below as
results and also the simulations that resulted from them.

import cobra

import pandas as pd

import numpy as np

from scipy.integrate import solve_ivp

import csv

import matplotlib.pyplot as plt

# Load the metabolic matrix CSV file
metabolic_matrix = pd.read_csv('metabolic_matrix.csv', index_col=8)

# Create an empty COBRApy model object
model = cobra.Model()

# Add metabolites to the model
for metab in metabolic_matrix.index:
model .metabolites.add(cobra.Metabolite(metab))

# Add reactions to the model
for rxn in metabolic_matrix.columns:
reaction = cobra.Reaction(rxn)
reaction.add_metabolites({model.metabolites.get_by_ id(metabolic_matrix.index[i]):
metabolic_matrix.iloc[i, j]
for i in range(len(metabolic_matrix.index))
for j in range(len(metabolic_matrix.columns)) if metabolic_matrix.columns[j] == rxn})
model.add_reactions([reaction])

Figure 4.23: First part of the python code used, the required imports and loading and
reading the metabolic matrix

The first objective was to use data from experiments with Cell Line B cultivation to
compare the simulated data by the model and change it until the simulated data is closely
similar to the experimental data. In order to do so it is necessary to better understand
what each part of the above shown python code does. It is necessary so that the following
different optimization steps, simulations and python code written can be well understood.

The metabolic network defined by Robitaille et al, present in figure 3.8, presents 45
chemical species, 21 intracellular and 24 extracellular and a total 34 reactions, of which 20
are intracellular and 14 are extracellular. In the first part of the python code present in
figure 4.23, six different functions and libraries are imported and pandas is used to read
the metabolic matrix present in csv format. Cobra.model is used for creating the matrix
model using the metabolites and reactions present in the metabolic matrix csv file that was
read. And the model made with Cobra.model function is converted into a stoichiometric
matrix to be used by the following functions.
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def kinetlics(t,state,Const):
[ACCOA, ADP, AKG, AMP, ATP, CIT, F6P, GEP, GAP, GLU, MAL, NAD, NADH, MNADP, NADPH, OX
[a&MP, aF6P, bAMP, DF6P, KAAMP, KAF6P, KdCIT, KAEGLN, KdG6P, KdALAC, KdPEP, KdPYR, Kd
grates

if NADH<le-1@:
NADRatio=a

NADRatio = MAD/MNADH

if NADPH<¢le-18:
NADPRatig=-a

NADPRatio = MADP/MADPH

VGROWTH = Vmaxgrowth * (G&P / (KmGSPg + GBP * (RSP KmRSPg + RSP * (LYS /
rates = np.array VPDH], [vCSs], [VPFK], [vPeK], [WPK], [VSDH], [VPC], [VATPASE],
return rates

Figure 4.24: Second part of the python code used, the function kinetics, used for computing
the flux rates equations (only a part of the function’s code is present in the figure)

In the second part of the code, which a small part is present in figure 4.24, the
kinetics function is defined. This function receives a “t” parameter which is a real integer
representing the time of cultivation, state parameter which is the concentrations of the
different intracellular and extracellular chemical species present in the matrix. “Const”
parameter represents the value of each Michaelis-Menten constant for the kinetic equations
that will define the fluxes of the 34 reactions present in the model and in the stoichiometric

matrix.

In the third part of the code the function ode is defined, which can be seen above
in figure 4.25. It receives the same three parameters that the kinetics function receives
and calculates the flux rates using matrix multiplication of the stoichiometric matrix by
the kinetic equations matrix. obtained from the kinetics function. The resulting matrix

comprise the fluxes at the given time point t, represented by a system of ODEs.
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def ode(t,state,Const):
for i in range(len(state))
if state[i]«e:
state[i]=2.48*16**-10
else:
continue
[ACCOA, ADP, AKG, AMP, ATP, CIT, FBP, G6P, GAP, GLU, MAL, NAD, WADH, NADP, MADPH, OXA, PEP, PYR, RSP, SUC, X5
rates = kinetics(t,state,Const); #A vector containing the all rates

#fead
i=int(t)

MU = rates[-1]*1; #1/h

#death rate
kdMin=2.6e-6; #h-1
kdMax=2e-2; #h-1
beta = 1e-3; #h-1

KdX=kdMin + kdMax*(beta/(beta+rates[-1]))**2;

#0DEs
ODEs = matrixS@rates; #stoichiometry ODEs
ODEs np.squeeze(0DES ) ;
ODEs[-1] = ODEs[-1]-KdX;#0DEs with death rate on biomass
for i in range(21,45):
ODEs[i] = ODEs[i]*X; #Extracellular components need to be multiplied to X to obtained the correct units

for i in range(@,45)
if state[i] == @ and ODEs[i] <=8:
ODEs[i]=8

return ODEs

Figure 4.25: Third part of the used python code, defining the ode function that used the
kinetic equations from the previous function to compute the ODEs system

The fourth and last part of the code is where the imported function solve-ivp is used
as a linear programming integration solver for the ODEs system. In this last part, which
can be seen in image 4.26, the initial concentrations of each compound are set as well as
the different constants used in the kinetics function, and also the time interval used for

the simulation.

In this adaptation of the existing model in order to obtain an optimization of the culture
media there were two main sets of experimental data. Both the first and second sets of
data were obtained during a characterization experiment using Cell Line A and Cell Line
B, respectively. The second set of data was more reliable, coming from an experiment with
replicates and better results from the analysis of chemical concentrations. For the first set
of available data the first step was to compare the normal result of the model adapted
from Robitaille using python and compare it to the said experimental data. In order to
do that x0, which is a set of numbers that represent the initial concentrations of the 45
compounds in the model, was changed accordingly to the concentrations found in the
media used for the experiment from which the data came from.
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# Define the initial state of the system

# ACCOA ADP AKG AMP ATP CIT F&P GEP GAP GLU
0= 1.4e-7, 6.7e-5, 1e-7, 3.le-7, Te-6, le-6, 2.2e-7, 1.6e-7, 4e-7, 2.2e-4,
# aAMp, aFeP, bAMP, bF&P, KAAMP, KAF&P, KdCIT, KdJEGLN, KdGEP , KdLAC, KdPEP, Kd

variC = [0.47, 4.1, 10.46, 1.7, 9.09, 4.9e-06, 0.00€74, 3.5, 1.710841e-08, 5.412, 3.7e-07,

# Define the time vector for integration
time_span = (8, 241)
t_points = np.linspace(e, 24e, 241)

abs_tol = le-6
rel_tol = le-5

# Solve the system of ODEs using the dFBA approach
sol = solve_ivp(ode, time_span, x@, method='RK45',t_eval =t_points,atol = abs_tol, rtol =

t = 50l.t

ACCOA = sol.y[@)]

ADP = sol.y[1]

AKG = sol.y[2]

AMP = sol.y[3]

#5ave file

# open the file in the write mode
f = open('Results’, ‘w')

# create the csv writer

writer = csv.writer(f)

writer.writerow([“t(h)", "ACCOA(mM)™, ADP(mM) ", “AKG(mM)™ , " AMP(mM) ", "ATP{mM) ", “CIT{mM)", “F&P(n

# write a row to the csv file

for 1 in range(@,241):
writer.writerow([t[i],ACCOA[L],ADP[i],  AKG[i], , AMP[i] ATP[i],CIT[i],F6P[1],66P[1],GAP[1], 611

# close the file
f.close()

Figure 4.26: Fourth and final part of the python code used for the model defined by
Robitaille et al, the definition of initial conditions and solving the system and saving the
simulated data points

Below we can see in table 4.40 and table 4.41 the results obtained of amino acid
concentration and cell growth over time in both the experimental data and the first
simulation. All simulations were done for 240 hours or 10 days, since all of the experimental

data used never went above 10 days of cultivation.
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Table 4.40: Experimental results from Cell Line A experiment for concentration of cells
and amino acids over cultivation time

Cultivation
Time
Asp (mg/L) 7.1 7.0 0.0 0.0 0.0 0.0 0.0
Glu (mg/L) 8.7 11.0 0.0 0.0 0.0 0.0 0.0
Asn (mg/L) 7.5 6.5 5.4 4.1 3.0 0.0 0.0
Ser (mg/L) 26.7 23.6 21.7 17.0 12.6 8.0 6.8
GIn (mg/L) | 3139 264.0 223.8 161.6 96.7 16.9 1.3
His (mg/L) 23.1 20.9 20.4 19.5 18.4 17.2 16.4
Gly (mg/L) 19.7 19.0 22.9 25.1 29.0 33.7 34.6
Thr (mg/L) 49.6 46.2 46.6 45.5 447 42.8 41.7
Arg (mg/L) | 1488 | 136.0 | 139.7 | 136.6 | 1358 | 133.2 | 129.0
Ala (mg/L) 4.8 8.3 16.4 28.6 48.6 74.7 82.5
Tyr (mg/L) 34.3 31.1 30.8 29.9 29.2 27.5 25.6
Met (mg/L) | 159 14.2 13.7 13.0 11.9 10.0 8.6
Val (mg/L) 49 4 45.2 44.8 43.4 42.8 40.1 36.7
Cys (mg/L) 25.5 20.6 38.2 36.7 35.9 31.3 22.4
Trp (mg/L) 8.4 7.1 6.6 6.2 59 51 4.3
Phe (mg/L) 33.8 30.7 304 28.8 27.8 25.4 23.6
Ile (mg/L) 49.2 43.0 415 39.1 37.5 32.5 28.1
Leu (mg/L) 54.6 47.8 46.2 42.5 39.9 33.1 27.6
Lys (mg/L) 79.0 72.2 87.4 82.6 80.4 74.9 70.2
Pro (mg/L) 27.9 26.1 24.3 20.8 18.7 14.9 11.9
Live cells

per uL

Day0 | Day1l | Day2 | Day3 | Day4 | Day5 | Day6

99 102 270 510 714 1107 720
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Table 4.41: Amino acids concentration and cell density over cultivation time from first
simulation using the metabolic python model

Cu%lt,li‘szlon Day0 | Day1l | Day2 | Day3 | Day4 | Day5 | Day6
Asp (mg/L) 7.8 55 3.7 2.1 0.8 0.3 0.1
Glu (mg/L) 8.7 8.8 8.9 9.0 9.2 9.5 9.7
Asn (mg/L) 7.5 7.4 7.3 7.3 7.2 7.1 7.0
Ser (mg/L) 26.7 26.3 25.9 25.3 24.7 24.0 23.3
GIn (mg/L) | 3139 311.7 | 3089 305.6 | 301.6 2972 | 2929
His (mg/L) 23.1 23.2 22.9 22.8 22.6 22.4 22.3
Gly (mg/L) 19.7 19.6 19.6 19.5 19.5 19.4 194
Thr (mg/L) 49.6 49.6 49.5 49.5 494 494 494
Arg (mg/L) | 148.8 148.6 148.3 147.8 147 .4 146.9 146.5
Ala (mg/L) 4.8 8.2 12.4 16.6 22.2 28.3 33.6
Tyr (mg/L) 34.3 33.7 32.9 31.8 30.5 29.3 28.1
Met (mg/L) 15.9 16.0 15.9 15.9 15.9 15.9 15.9
Val (mg/L) 494 489 48.4 47.6 46.8 46.0 45.2
Cys (mg/L) 255 25.5 25.5 25.5 25.5 255 255
Trp (mg/L) 8.4 - - - - - -
Phe (mg/L) 33.8 33.8 33.7 33.7 33.6 33.6 33.6
Ile (mg/L) 49.2 48.7 48.1 47.3 46.3 45.4 44.6
Leu (mg/L) 54.6 54.1 53.5 52.6 51.6 50.7 499
Lys (mg/L) 79.0 78.4 77.7 76.8 75.7 74.7 73.7

After this first simulation the results gathered showed as expected a big difference both
in cell growth and density as well as in all amino acids concentrations overall. The first
step towards optimization was to understand what parameters to change. Since the cells
were from different cell lines but the model used to describe the kinetics should be similar
the idea used was to only change the constants in each optimization attempt. The model
used has 140 kinetic constants that control the kinetic equations generated in the kinetics
function, that end up ultimately defining the flux balance over time in accordance with
the metabolic matrix used. For the first optimization the thought process was to focus on
one amino acid and reduce the difference between simulated data and experimental data
for that specific amino acid. The amino acid chosen was Glutamine since it is one of the
amino acids with highest concentration in the media, one of the most consumed and had
a big difference between the experimental and simulated data. To do this optimization the
first step was to identify the reactions in which Glutamine was directly involved using the
metabolic stoichiometric matrix described in the model, after doing so the first constant
that was changed /optimised was VfmaxGLNT, which is defined as the maximum flux of
Glutamine.

The optimization of the constant was done using two python functions, one which
computes the squared difference between the simulated data (using the kinetic constant
given to it) and the experimental data, and the second function is from scipy.optimize
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python package, this function is called minimise and it changes the given parameter for
a given function over a specified interval for a specified range of values and iterations
until it reaches the specified result, as close to 0 as possible, thus minimising the function.
An example of this code used can be found in figure 4.27, a similar version to this code
was used for all optimizations, only normally changing the number of iterations and

variables/constants that were optimised.

from scipy.optimize import minimize

# aAMP, aF&P, bAMP, bFGP, KAAMP, KAF6P, KACIT, KdEGLM, KdG6P,  KdLAC, KAPEP, KdPYR, KdLACg, KdNH4g,
varifl = [0.47, 4.1, 10.46, 1.7, ©.09, 4.9¢-06, 0.00074, 3.5, 1.710841e-08, 6.3, 3.7e-07, 4.5e-07, 170.0, 4.44,

def oObjt(valhew):
VarifF1[66]=ValNew

soll = solve ivp(ede, time span, x@, methed="RK45',t eval =t points,atol = abs tol, rtol = rel tol,args=(varif
Diffl = (sol1l.y[27][24] - 1.806122411)**2

Diff2 = (soll.y[27][48] - 1.531314216)%*2

Diff3 = (soll.y[27][72] - 1.108583633)%**2

Diffa = (soll.y[27][96] - ©.6619207064)**2

Diff5 = (soll.y[27][120] - ©.1154381009)%**2

Diffe = (soll.y[27][144] - ©.009002383989)%*2

DiffT = Diff1i + Diff2 + Diff3 + Diff4 + Diff5 + Diffe

return DiffT

bnds = ((0.00012,0.01),)
solF = minimize(Objt,8.008015,bounds = bnds,options = {"maxiter"” : 2})

Figure 4.27: Example of the python code used for optimization of the different kinetic
constants in the metabolic mode

After this first optimization of VfmaxGLNT a big improvement was observed in the
way that the glutamine levels changed in the simulated results. Nonetheless, the squared
differences of the other concentrations also changed, and it became clear that most likely
a lot of the 140 parameters were going to be changed in order to achieve lower error. For
this reason multiple simulations were done and analysed, the main results and changes
from one simulation to the next can be seen in tables 4.42 to 4.43 below.
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Table 4.42: Summary table of the results and conclusions of the 2nd optimization of
parameters and simulation

2nd optimization - optimization of 5 variables (kinetic parameters) doing 15
iterations (evaluations of the function using new input). The variables were
chosen based on the Glutamine consumption equation: KmASP, KmEGLN,
KmR5P, VEmaxGLNT and VmaxPPRIBP
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 48x10' | His |[21x10° | Tyr |5.0x10° | Tle | 8.2x10°
Glu 1.2x10° | Gly | 4.6x10° | Met | 8.6x10° | Leu | 9.5x10°
Asn 9.5x10" | Thr | 1.2x10* | Val | 1.1x10* | Lys | 3.6x10*
Ser 15x10° | Arg | 1.1x10° [ Cys |59x10° | Pro | 2.4x10°
GIn 15x10° | Ala | 1.6x10% | Phe | 4.6x10° | Total | 3.8x10°
Time of
cultivation DayO | Dayl | Day2 | Day3 | Day4 | Day5 | Day6
Experimental | g 102 270 510 714 1107 720
live cells
Simulated 100 118 146 173 199 214 201
live cells

Conclusion: The difference was lower than the one obtained in the first
optimization for Glutamine, the next step was to increase the number of
iterations, but the error in cell growth was still too big.

Table 4.43: Summary table of the results and conclusions of the 3rd optimization of
parameters and simulation

3rd optimization - optimization of 5 variables doing 1000 iterations. The
variables were chosen based on the Glutamine consumption equation: KmASP,
KmEGLN, KmR5P, VEmaxGLNT and VmaxPPRIBP
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 48x10' | His | 21x10° [ Tyr |5.0%x10° | Ile | 8.2x10°
Glu 12x10%2 | Gly | 4.6x10° | Met | 8.6x10° | Leu | 9.5x10°
Asn 9.5x10" | Thr | 1.2x10* | Val [ 1.1x10* | Lys | 3.6x10*
Ser 15x10° | Arg | 1.1x10° | Cys |59x10° | Pro | 2.4x10°
Gln 1.5x10° | Ala | 1.6x10* | Phe | 4.6x10° | Total | 3.8x10°
Time of
cultivation DayO | Dayl | Day2 | Day3 | Day4 | Day5 | Day6
Experimental | g 102 270 510 714 1107 720
live cells
Simulated 100 118 147 175 204 224 217
live cells

Conclusion: The difference was actually higher, which showed that doing this
many iterations did not improve the difference total. The next step was to
decrease the number of iterations and increase the number of variables.
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Table 4.44: Summary table of the results and conclusions of the 4th optimization of
parameters and simulation

4th optimization - optimization of 29 variables doing 50 iterations. The
variables were chosen based on the Glutamine consumption equation and all
the reactions that glutamine was a part of. *
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 1.8x10T [ His | 7.2x10" [ Tyr [ 1.7x10! Ile | 6.1x102
Glu 44x102 | Gly |57x10° | Met | 12x10°> | Leu | 1.1x10°
Asn 1.3x10%? | Thr | 1.6x10% | Val | 1.5x10> | Lys | 2.1x10?
Ser 7.3x10% [ Arg | 9.8x10> | Cys | 4.6x10° | Pro | 5.6x10°
Gln 23x10° | Ala | 6.5x10° | Phe | 2.4x10% | Total | 2.4x10°
Time of
cultivation DayO | Dayl | Day2 | Day3 | Day4 | Day5 | Day6
Experimental | g 102 270 510 714 1107 720
live cells
Simulated 100 129 176 211 260 290 268
live cells

Conclusion: The overall differences dropped 36%, nonetheless there was an
increase in Glutamine difference, in this simulation the optimization program
took into account the differences between all concentrations, instead of just
glutamine. This was used for all the following simulations. The next step was
to test again a higher number of iterations

*The 29 parameters optimised were: KALACg, KdNH4g, KmASP, KmATP, KmEGLN, KmGLY, KmR5P,
VimaxGLNT, Vmaxgrowth, VmaxPPRIBP, KmALAg, KmARGg, KmASNg, KmASPg, KmATPg, KmCITg,
KmEGLNg, KmG6Pg, KmEGLUg, KmGLYg, KmHISg, KmILEg, KmLYSg, KmPHEg, KmPROg, KmR5Pg,

KmTHRg, KmTYRg and KmVALg.
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Table 4.45: Summary table of the results and conclusions of the 5th optimization of
parameters and simulation

5th optimization - optimization of 29 variables doing 150 iterations. The
variables chosen were the same as in the 4th simulation.
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 1.8x10' | His | 7.3x10' | Tyr [29x10' | Tle [ 6.7x10°
Glu 43x10° | Gly |[57x10* [ Met | 1.2x10* | Leu | 1.2x10°
Asn 13x10? | Thr | 1.6x10% | Val | 1.7x10> | Lys | 2.1x10?
Ser 74x10° | Arg | 9.8x10? | Cys | 4.6x10> | Pro | 5.6x10?
Gln 2.3x10° | Ala | 6.4x10° | Phe | 24x102 | Total | 2.4x10°
Time of
cultivation Day0O0 | Dayl | Day2 | Day3 | Day4 | Day5 | Day6
Experimental | o 102 | 270 | 510 | 714 | 1107 | 720
live cells
Simulated 100 130 176 210 245 262 244
live cells

Conclusion: The differences increased in total and decreased in some
concentrations, the next step was to try to use all relevant parameters at the
same time to test the efficiency of the optimization program with a higher
number of parameters. Cell growth remains mostly unchanged throughout the
simulations, even if the concentration of each amino acid changes a lot.
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Table 4.46: Summary table of the results and conclusions of the 6th optimization of
parameters and simulation

6th optimization - optimization of 120 variables doing 400 iterations. The
variables chosen were all constants not related to mAb production since our cell
line does not have those reactions. *
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 2.0x10T [ His [ 7.8x10"T [ Tyr [ 4.4x10T Ile [ 7.2x10%
Glu 45x102 | Gly |57x10° | Met | 1.2x10% | Leu | 1.2x10°
Asn 1.3x10%? | Thr | 1.6x10% | Val |2.0x10> | Lys | 1.9x10?
Ser 7.8x10% [ Arg | 1.0x10° | Cys | 4.6x10° | Pro | 5.6x10°
Gln 52x10% | Ala | 6.3x10° | Phe | 2.4x10% | Total | 6.6x10%
Time of
cultivation DayO | Dayl | Day2 | Day3 | Day4 | Day5 | Day6
Experimental | g 102 270 510 714 1107 720
live cells
Simulated 100 64 147 179 214 232 222
live cells

Conclusion: The high number of parameters and iterations proved to be
efficient but only 6 of the 120 parameters were actually changed. The overall
total differences got reduced by 73% by only changing these 6 parameters,
which led to the conclusion that for this model and data those parameters are
the most sensible ones, that have the biggest impact with less change to them.
The next step was to run a simulation focused on these six parameters, but as it
could be seen, the cell density and growth is still unchanged throughout
simulations.

* The 120 parameters changed were: aAMP, aF6P, bAMP, bF6P, KAAMP, KAF6P, KACIT, KAEGLN, KdG6P,
KdLAC, KdPEP, KdPYR, KdLACg, KdANH4g, KmACCOA, KmADP, KmAKG, KmALA, KmAMP, KmARG,
KmASP, KmASN, KmATP, KmCIT, KmEGLC, KmEGLN, KmEGLU, KmF6P, KmG6P, KmGAP, KmGLU,
KmGLY, KmHIS, KmILE, KmLAC, KmLEU, KmLYS, KmMAL, KmNADH, KmNADPH, KmNH4, KmOXA,
KmPEP, KmPYR, KmR5P, KmSER, KmSUC, KmTYR, KmVAL, KmX5P, KAALA, Pratio, VfmaxAK,
VrmaxAK, VmaxAKGDH, VfmaxALATA, VrmaxALATA, VmaxASN, VmaxASTA, VmaxATPASE,
VmaxCITS, VmaxCS, VmaxEP, VmaxG6PDH, VfmaxGLDH, VrmaxGLDH, VfmaxGLNT, VrmaxGLNT,
VimaxGLUT, VrmaxGLUT, Vmaxgrowth, VmaxHISARGTA, VmaxHK, VfmaxLDH, VrmaxLDH, Vmaxleak,
VmaxAATOSUC, VmaxMAB, VmaxME, VmaxMLD, VmaxNADPHOX, VmaxPC, VmaxPDH, VmaxPFK,
VimaxPGI, VrmaxPGI, VmaxPGK, VmaxPK, VmaxPPRIBP, Vmaxresp, VmaxSDH, VmaxSDHH, VmaxTK,
KmALAg, KmARGg, KmASNg, KmASPg, KmATPg, KmCITg, KmCYSg, KmEGLNg, KmG6Pg, KmEGLUg,
KmGLYg, KmHISg, KmILEg, KmLYSg, KmMETg, KmPHEg, KmPROg, KmR5Pg, KmSERg, KmTHRg,

KmTYRg, KmVALg, KmADPATP, KmATPADP, KmNADNADH, KmNADHNAD and KmNADPNADPH.
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Table 4.47: Summary table of the results and conclusions of the 7th optimization of
parameters and simulation

7th optimization - optimization of 6 variables doing 100 iterations. The
variables chosen were all the constants that suffered a change during the last
optimization, namely: KAILAC, KmASP, KmEGLN, KmR5P, VfmaxGLNT and
VmaxPPRIBP
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 35x10" | His | 82x10' [ Tyr [4.4x10' | Te [ 7.2x10?
Glu 44x102 | Gly |57x10%2 | Met | 12x10° | Leu | 1.2x10°3
Asn 1.3x10° | Thr | 1.6x10° | Val |[2.0x10° | Lys | 1.9x10°
Ser 79%x10% | Arg | 1.0x10° | Cys | 4.6x10>° | Pro | 5.6x10?
Gln 14x10° | Ala | 69x10° | Phe | 24x10% | Total | 1.5x10*
Time of
cultivation Day0O0 | Dayl | Day2 | Day3 | Day4 | Day5 | Day6
Experimental | -4, 102 | 270 | 510 | 714 | 1107 | 720
live cells
Simulated |, 64 139 166 | 198 | 229 | 245
live cells

Conclusion: This simulation reduced the total differences by 76% from the
previously mentioned simulation, nonetheless there is still a big difference in
general and specially in the growth and death rate of cells.

The presented simulations above were not all the simulations done for the Cell Line A
experimental data used, rather, the ones shown are either the ones that had the biggest
impact or the ones that led to biggest changes in the optimization approach and code. In
general from this set of simulations and optimizations we can conclude that using a high
number of iterations (for example higher than 500) can lead to the code running for more
than 24 hours without having better results than a simulation which takes 3 hours using
less iterations. The number of parameters can also be increased to understand which are
changed by the program and that could be the most sensible ones in the model, as seen in
the last two simulations. Nonetheless it is necessary to employ bigger changes to the code
and model in order to achieve better results, specifically in cell growth and death rate. For
this data, even though the model is not perfect the total differences between experimental
and simulated concentrations of amino acids over cultivation time decreased a total of

96% when comparing the first simulation with the last and best result achieved.

Due to the data used being from Cell Line A and the concentrations not having a
high degree of certainty (due to possible analytical errors), the model was also fitted and
optimised to a second set of data, this time using Cell Line B, specifically adapted for our
process and the optimised media for it. This second set of data was acquired in duplicate,
meaning that the experiment was run in two different vessels with the same conditions at
the same time. The samples were also taken in duplicates and measured twice allowing for

more reliable results, statistically speaking. The number of datapoints was also increased
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to 10, instead of the previous 7 used in Cell Line A, which increases the difference value
but also allows for more accurate optimization. And two other compounds were used to
optimise the model, namely glucose concentration and lactated concentration, which are
deeply connected with cell growth, which was the biggest issue observed in the previous
optimization of the model.

The first step was to calculate the error obtained when optimising the model with this
new data from Cell Line B cultivation, using the last parameters, which showed the best

overall result. The summary of the first optimization can be seen in table 4.48 below.

Table 4.48: Summary table of the results and conclusions of the 1st optimization of
parameters and simulation with Cell Line B cultivation data

1st optimization with Cell Line B data - optimization of 6 variables doing 250
iterations. The variables chosen were the same used in the best simulation of
Cell Line A, namely: KALAC, KmASP, KmEGLN, KmR5P, VfmaxGLNT and
VmaxPPRIBP
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 1.08x10°] His | 543x10* Tyr [5.85x10% Tle [ 9.97x10°
Glu 731x10%] Gly | 1.26x10%| Met | 4.68x10%] Leu | 3.87x10°
Asn 2.99x10°] Thr | 1.81x10°] Val | 1.11x10°] Lys | 3.59x10*
Ser 478x10% Arg | 6.39x10* Cys | 1.34x10*] Pro | 1.75x10*
GIn 8.65x103| Ala | 3.91x10°| Phe | 2.13x10%] Total | 1.93x10°
Glucose 399 Lactose 393
Time of
cultivation Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Experimental | ., 373 830 1198 | 1385 | 1888 | 2042
live cells
Simulated 300 327 371 393 417 434 444
live cells

Conclusion: This simulation has a much higher difference, in both cell growth
and in all concentrations when compared to the previous dataset this dataset
shows ten times more difference than the best result obtained in the last
simulations.

Due to the difference between simulated data and experimental data being much higher,
the optimization code for the parameters was changed, the optimization function was
changed from minimise function [234], from scipy.optimize python library to cma.f2min
function [235], which receives similar parameters but changes the way it chooses the values
it tries to optimise. This function is part of the cma python library [236]. CMA stands for
Covariance Matrix Adaptation; the function used uses a specific type of this technique
called CMA-ES, which stands for Covariance Matrix Adaptation Evolution Strategy. CMA-
ES is a numerical optimization algorithm strategy that is useful for optimization problems
where the function is nonlinear and the relationship between parameters is complex and
not well defined [237]. Evolutionary algorithms are broadly based on biological evolution
principles, meaning that the way the optimization happens is with repeated interplay
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of variation, recombination and mutation [238]. In other words in each iteration new
individuals or possible solutions are generated in a stochastic way. This way the solutions
that are closer to the goal are selected as the “new generation” meaning that new solutions
will originate from random changes in the “parent” solutions [239, 240]. An example of
the used code, derived from the shown code in figure 4.27 but with the new function as

well as more data points evaluation can be found below in figure 4.28.

def Objt(valMew):
VariFi[11]=valNew[8] #KmASP -- KdLAC -- SENSIELE @,79% VmaxASTA -- SENSIBLE 8,56% kdPvR
VariF1[27]=valNew[1] ®EmEGLN EmASP SENSIBLE 8,77% VmaxATPASE SENSIBLE @,55% KmFGP
VariFi[48]=valNew[2] #EmRSP -- KmEGLN -- SENSIBLE 8,79% VmaxHISARGTA -- SENSIBLE 8,52% KmVAL
VariC[58]= ValMew[3] #EmASP -- KdLAC -- SENSIBLE 8,79% WmaxASTA
VariC[59])= valNew[4] #EmEGLN -- EmASP -- SENSIBLE 8,77X% VmaxATPASE
VariFl[78]=vValNew[5] #VfmaxGLNT -- KmRSP -- SENSIBLE @,63% VMaxMADPHOX -- SEMSIBLE @,5@% VmaxGrowth
'u'ar‘ic[,']]- valNew[6] #EmRSP -- KmEGLN -- SENSIBLE 8,79% VmaxHISARGTA
VariC[88]= ValNew[7] #/fmaxGLNT -- KmRSP -- SENSIBLE @,63% VMaxNADPHOX
VariC[82]= ValNew[8] #VmaxPPRIBP VimaxGLNT SEMSIBLE 8,62% VMaxPDH
VariC[98]= ValMew[9] # VmaxPPRIBP -- SENSIBLE @,6% EM CITg[9]= 5.41199900623888 #KmASP -- KdLAC
'u'il‘lF‘l_: I'!ﬂ:-'l.l'ilue',.l['.l.‘] mmaxPPRIBP VimaxGLNT SENSIBLE 8,62% WMaxPDH SENSIBLE @,50% keMADHMAD
VariF1[139)=ValNew[11] # VmaxPPRIBP -- SENSIBLE @,6X KM CITg -- SENSIBLE @8,51% KmNADPNADPH

so0ll = solve ivp(ode, time_span, x@, methods="RK45',t_eval =t_points,atol = abs_tol, rtol = rel _tol,argss()
DiffT = @

TIMe = [@,9,17,25,33,42,58,58,567,128]

for 1 in TIMe:
If 1 == @

ax = @

DiFFTLS = (AnickaData] 'Phe’|[ax]-soll.y i])* 1008

DIffT16 = (AnickaData] 'Ile"|[ax]-soll.y 1])* 1009

DiFFTL7? = (AnickaData|'Leu” |[ax]-soll.y I[1

DIFFT18 = (AnlckaData| 'Lys"|[ax]-soll.y[34][1

DiffT19 = (AnickaData] 'Pro’][ax]-soll.y (4] )10

DiffT20 = (AnickaData| Lac’|[ax]-soll.y[32][4

sprint(DiFfT28)

DiffT21 = (AnickaData| 'Gluc’][ax]-sell.y[26][1

DAFFT = DAFFT + DIFFT1**2 + DEFFT2**2 + DIFFTI**2 + DIFFTA*"2 + DIFFTS**2 + DAFFTE""2 + DIFFTT?**2 + DiF
return DIFFT

bnds = ((@.1,18),(@.201,1),(0.1,18),(1e-29,1e-86),(0.0001,0.01),(1e-18,1e-87),
solF = cma.fmin2(0bjt,ValNew,8.88688] ,cptions={ "maxfevals": 1588
solF

Figure 4.28: A snippet of the code used for the optimization of parameters for Cell Line B
model using CMA-ES approach

Using thisnew approach, which runs much faster and based on the explained behaviour
is beneficial for longer runs, with higher number of iterations, the first optimization was
done with the same 6 variables and 1000 iterations, the results can be seen below in table
4.49.
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Table 4.49: Summary table of the results and conclusions of the 2nd optimization of
parameters and simulation with Cell Line B cultivation data

2nd optimization with Cell Line B data - optimization of 6 variables doing 1000
iterations, using the CMA-ES approach.
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 1.10x10°] His | 5.42x10*] Tyr |[5.95x10% Tl [ 1.01x10°
Glu 7.31x10% Gly | 1.26x10*] Met | 4.68x10*] Leu | 3.90x10°
Asn 2.99x10°] Thr [ 1.81x10°| Val | 1.13x10°] Lys | 3.66x10*
Ser 480x10% Arg | 6.41x10* Cys | 1.34x10* Pro | 1.75x10*
Gln 8.71x103] Ala | 4.24x10°] Phe | 2.13x10%| Total | 1.97x10°
Glucose 399 Lactose 413
Time of
cultivation Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Experimental | 373 830 1198 | 1385 | 1888 | 2042
live cells
Simulated 300 321 363 384 408 425 438
live cells

Conclusion: This simulation proved to be faster than the previously used
method, but the results were slightly worse, meaning that the parameters used
had to be different.

After multiple simulations that led to similar results, the sensibility of each parameter
was better assessed, since the 6 variables that were thought to be the most sensitive were
obtained in the optimization of 120 variables at the same time. To compare the different
parameters in terms of sensitivity in the model, a python program was written that keeps
all parameters the same and changes one at the time, increasing and decreasing it by 5%.
The resulting total differences in concentrations in each simulation was then compared with
the difference using the starting values for the constants shown in Robitaille’s et al model.
Using this method the most sensitive variables were then tested in multiple simulations,
the best results were obtained using: KmCITg, VmaxHISARGTA, VmaxNADPHOX,
VmaxPDH, VrmaxALATA, VmaxASN. The best results can be seen below in table 4.50.
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Table 4.50: Summary table of the results and conclusions of the best optimization of
parameters and simulation with Cell Line B cultivation data

Best optimization with Cell Line B data - optimization of 6 variables doing 1000
iterations, using the CMA-ES approach. The variables used were: KmCITg,
VmaxHISARGTA, VmaxNADPHOX, VmaxPDH, VrmaxALATA, VmaxASN.
Squared difference between experimental concentration of amino acids and
simulation results over all data points

Asp 2.22x10%] His [ 3.21x10*] Tyr [3.95x10% Tl [ 7.25x10*
Glu 6.98x10% Gly | 1.26x10*] Met | 4.68x10* Leu | 3.31x10°
Asn 2.99%x10°| Thr | 1.82x10°| Val | 8.20x10% Lys | 2.27x10*
Ser 4.77x10% Arg | 1.55x10°| Cys | 1.34x10% Pro | 1.76x10*
GIn 8.69x103| Ala | 6.72x10% Phe | 2.12x10% Total | 1.54x10°
Glucose 398 Lactose 384
Time of
cultivation Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Experimental | 373 830 1198 | 1385 | 1888 | 2042
live cells
Simulated 300 323 366 389 415 436 457
live cells

Conclusion: This simulation, even though it had the best results, only
decreased the difference by 22% when compared to the first simulation using
CMA-ES approach.

The objective of this fitting of Robitaille’s et al model was to later use it with FBA to
optimise the cultivation conditions, namely the initial cultivation media concentrations.
Both attempts, with either the data from Cell Line A and with the data from Cell Line B,
ended up not showing good enough results to reach this goal. Due to the higher degree
of quality from the data set of Cell Line B, due to having duplicate results, the expected
results would have been that the model would be better fitted to this data, but as we could
see the error displayed by the squared differences between the concentrations of amino
acids over time is much higher in the Cell Line B data set than in the Cell Line A. To better
illustrate this figure 4.29 and 4.30 show the graphs of the concentrations of some amino

acids in the experimental data against the simulated data.
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GlIn, Thr, Arg and Ala concentration over time - Cell Line A
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Figure 4.29: Glutamine (GIn), Threonine (Thr), Arginine (Arg) and Alanine (Ala) concen-
tration over cultivation time with Cell Line A. “Exp” data refers to experimental data and

“Sim” to Simulated data
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Figure 4.30: Glutamine (Gln), Threonine (Thr), Arginine (Arg) and Alanine (Ala) concen-
tration over cultivation time with Cell Line B. “Exp” data refers to experimental data and

“Sim” to Simulated data

111



CHAPTER 4. RESULTS AND DISCUSSION

As seen above the results are not close enough to allow for the use of the model
for optimising the media. The main issues might be due to the fact that the cell death
rate was not among the kinetic parameters that was optimised due to it being added
separately in the ode function that defines the ODEs system. Another potential issue
could be the optimization function not being clear enough for the CMA-ES or minimising
function to achieve better results. Nonetheless it was shown that metabolic models can
get results close to the behaviour of cell cultures as long as properly optimised and fitted
to experimental data. An important note is that the model used was also developed for a
different cell line, which means that to produce reliable data the equations of the model
should be changed as well.

112



5

CONCLUSIONS

In this study, multiple approaches and parameters that influence the growth of mammalian

cells in bioreactors were tested and studied. In order to better understand the overview

of the results obtained. This section will shortly mention the main conclusions for each

experimental test, as well as in general for each subtopic studied. Future steps that might

be taken in this topic and study are also given.

5.1 Optimization of kLa in Bioreactors

In the experiments for the optimization of kLa in the Bioreactors, the main goal was to

study the different conditions and how they affect the oxygen mass transfer, since this is

one of the most important parameters in bioreactor operation. The conclusions reached

about each parameter studied are as such:

¢ Impact of Impeller Speed - In these experiments, it was confirmed the relationship
of impeller tip speed and RPM with the increase of kLa, and it was compared with
the existing literature. The conclusion is that the proportionality constants differ
from system to system, and even within the same system some large changes can be
observed. The analysed systems exhibited proportionality constants that differed

from the examples in the literature.

Impact of Impeller Geometry and Mixing Profile - In these experiments, it was
discussed different impeller geometries. The simple correlations used in literature
were tested and used to compare the results. It was estimated and confirmed that
the used Toroidal Impeller must have a higher power number when compared to
Elephant Ear, which was one of the first conclusions reached. The different mixing
of Vibromixer was concluded to be worse in times of kLa, and the proper estimation
of power input by this mixing has been concluded as a topic to be further researched,
due to lack of existing studies. It was also observed that the surface aeration has
a big influence on the kLa in this smaller scale since the non-sparged experiments

presented showed a similar but lower (in general) kLa than the sparged ones. This
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was also proposed as an explanation for the changes in results when compared to
literature at this scale.

¢ Impact of Impeller Position - These setups and experiments were meant to be
used as a way to study the effect of the different position of impellers along the
shaft, namely the distance between two impellers in a two impeller system. It was
confirmed that, in accordance with literature, the best distance should follow one
of two ranges. The relationship between impeller diameter and distance between
each other, and the relationship between vessel diameter and distance between each

other.

The first is said that the best distance should be between 1 and 2 times the diameter

of the impeller, showing better results for 1.5 in general. The second was shown

1 2 .
that the range of distances should be between 5 and 3 of the vessel’s diameter. The
Vibromixer system was the best setup since the distances used improved and the
final and best result was equal to the last distance used which was 7 cm, and the

literature range was between 6 and 8 cm.

The Stirred Tank was done with higher values than the range in literature, the best
distance for this system was bigger than the vessel’s diameter, and the other distances
showed similar results. For the Biostat, the distance that was closer to the mentioned
range was the highest kLa, by 40% more than the second best distance, but only for
the highest RPM.

¢ Impact of Aeration Flow Rate - The objective of this experiment was to determine
the relationship between the air flow rate and kLa, and the simple conclusion is that
for all cases the relationship is linear, with a R-squared value higher than 0.99, with a
proportionality constant for the Vibromixer system similar to literature values, while
the other systems showed a much higher proportionality constant, which might be
related to the mixing profile of the other systems and its having a higher impact on
the kLa.

e Impact of Baffles - The study of baffles is still a topic that needs to be further
developed, nonetheless the study showed a clear increase from unbaffled to baffled
vessel, in terms of kLa. But, according to literature and to previous experiments, it
was also concluded that the increase by increasing the number of baffles or changing
or optimising the shape and placement is several orders of magnitude lower than

the impact of going from unbaffled to baffled.

¢ Impact of Bubble Size - The impact of bubble size is a topic widely researched but
extremely complex to simulate, as multiple literature equations were mentioned.
Nonetheless, in the end the conclusion is that defined bubble size is hard to produce
and that in general the factors that contribute to it are the pore size, flow rate and

pressure. The main conclusion is that in smaller scale it is important to keep this in
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mind, but at larger scale bubble coalescence becomes an issue and the use of high
agitation to break bubbles becomes more effective than making extremely precise

bubble size optimization and generation.

¢ Impact of Membrane Aeration - The use of silicone tubing as membrane proved
to be ineffective, the goal was to reduce the impact of bubbles and the stress they
produce by using diffusion through a membrane, in this study only one simple tube
of silicone was used to develop a prototype. According to the results, the kLa in
general was too low to produce good enough data, nonetheless, the comparison
between control and the highest kLa obtained with membrane showed that it would
be estimated a surface area too large to fit in the bioreactor. Other issues with this
method include maintenance, as such the use of normal sparging has been accepted

as the main method of aeration, or the easiest to optimise.

5.1.1 Final Conclusions

The different bioreactor systems studied showed, as expected, differences that show that
the largest reactor used, the Biostat, achieved the highest kLa, mostly due to the impellers
used in said system. The stirred tank setup, and the use of rushton proved to be the most
reliable. In the future, the optimization and cultivation experiments should continue to be
done in stirred tank systems that ensure the necessary and previously stated conditions
for mammalian cell cultivation. The potential gaps in the results obtained were due to
optimisation of the setups used and the gradual evolution of the design and functionalities

of the bioreactor system used.

5.2 Optimization of Bioreactors for Cell Viability

In these experiments, the goal was to run multiple tests on possible causes of shear stress
and issues on cells, for example trying to find the limit of protection that shear protectants
allow at a given concentration, checking the multiple parameters and changes that happen
during cultivation and what factors could be behind the multitude of parameters that
need to be studied and kept in mind, even outside of just bioreactor apparatus, such
as the media composition. As done above, the main conclusions will be described per

experiment as such:

* Shear Stress Evaluation - In this experiment, the shear stress resistance of cells was
tested, as well as calculated the shear stress and eddy size near the impeller, which
should be a close estimation to the max shear stress that cells can feel in the given
system. It was confirmed that the mammalian cells used were not able to survive
any cultivation at the mixing conditions without PEG, it was also noticed that even
a really low amount of PEG was enough to keep the cells alive, yet the doubling
time was not consistent, due to the adaptation of cells to extreme conditions, there
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is the possibility of cells being adapted with higher PEG and this would be lower

and lower with each passage to adapt them to survive without PEG.

¢ Foaming, Defoaming and use of PEMF - The impact of foaming in chemical pro-
cesses including fermentation is known, in the experiments a new external stimula-
tion technique was studied, namely Pulsed Electromagnetic Fields. The intensity of
the treatment was always the maximum allowed by the machine used, nonetheless
it was concluded that further experiments and a more customizable and stronger

pulse machine should be used to gather better results and conclusions.

¢ Fed-Batch Cultivation - This experiment was done to understand and compare the
behaviour of cells in a fed batch cultivation environment. Conclusion on further
needs of adaptation and optimization of feeding rates and composition was reached.
The doubling time and maximum density were lower than those found in stock
cultivations in shake flasks. The rate of consumption of amino acids, glucose and
lactate were also evaluated, and the main amino acids and changes in density can

be connected to changes in the amino acids.

¢ Predictive Python Metabolic Model - Based on the needs of the above mentioned
fed batch experiment, the use of Metabolic Engineering Models was approached,
namely the use of a FBA based model and the adaptation to experimental growth
and amino acid consumption was made through repetition of simulations and
optimization using different iterations of python code and expressions. For the first
data set, Cell Line A, a good reduction of the error between estimations of amino
acid concentrations made by the model and the experimental data was achieved.
Nonetheless the same was not the case in the second data set, a bigger one with more
data points, but also more reliable data based on duplicates and better analytical
methods. Both times the model was unable to reach optimised cell growth and the

difference in it was not reduced significantly in both cases.

5.2.1 Final Conclusions

To better understand cellular growth, more extensive cultivation experiments should be
done in order to assess the conditions mentioned above that show the best results. The
results obtained point to a need for further research on stirring speed and aeration in
stirred tanks, which are shown to be easier to change and control conditions. With the
increase of experimental data the development of predictive metabolic models can be

further improved, and the effectiveness of it increased as well.
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FuturRE DIRECTIONS

6.1 Optimization of kLa in Bioreactors

In general, the main future steps in this topic is to do more testing and replicates to
gather increasingly more data, to compare to a higher number of existing models and,
eventually, to create novel models. The use of Al might be a possibility given enough data
for machine learning and development of robust CFD models that would allow a more
rigorous interpretation of data and estimation of fluid dynamics which in turn correlates

with the studied parameters.

¢ Impact of Impeller Speed - Trying new impellers, replicating data and using more

measurements for lower ranges of increments of RPM.

¢ Impact of Impeller Geometry and Mixing Profile - Testing and developing new
impellers that are focused on CFD modelling of the necessary parameters, for
example by modelling shear stress in one impeller and how the velocity profile
changes we can upgrade those parts of the impeller geometry, needs more shear
stress data from cells for better understanding of limitations in power input, flow
pattern or in an easier way, the relationship between Power Number and Flow

Number in aerated vessels.

¢ Impact of Impeller Position - This seems to be close to the already established
equations, since the results followed the predicted best values, nonetheless it is
important to understand and to study the effect of flow dynamics better, by doing
more testing using multiple geometries in the same shaft and the change of the
position and also the correlation to the liquid level and it’s changes should be
studied for fed batch possibilities.

¢ Impact of Aeration Flow Rate - Another study that was conclusive and linearly
changed as expected, nonetheless the repeatability of data should be done as well as
study the impact in different mixing profiles and the changes in the flow dynamics
due to having increased flooding/cavitation for higher flow rate and the possible
economic implications of higher flow rate.
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¢ Impact of Baffles - The shape of baffles and the number of baffles could and should be
further developed, even if the impact is not as great as having just baffles, possibility
of using different positions and geometry might also help reducing the shear stress

or strain from the varying velocity gradients.

¢ Impact of Bubble Size - This topic was greatly studied in theory and literature,
nonetheless as future steps it makes total sense to increase the number of aeration,
sparging techniques studied and develop into the delivery of bubbles into the system,
doing experiments that correlate flow number/power input/mixing and bubble size

and sparging efficiency.

¢ Impact of Membrane Aeration - The use of different materials and structures and
higher pressure can help achieve the higher oxygenation needed without using the
sparging techniques, nonetheless this is actively being studied since it has many
advantages. Main future steps in this field would go into material and diffusion
studies and membrane engineering for further development.

¢ Other topics - The specific measurement of power input with different techniques
should be done in order to better understand the existing models. This will also
allow for the creation of new empirical models for the studied systems, with a higher

degree of certainty.

6.2 Optimization of Bioreactors for Cell Viability

In general, the future steps and directions, is to increase the number of experiments,
repeatability in order to get statistically relevant data and results. Study implementation
of different models and use big data to optimise with the use of machine learning and
Al Overall, a greater development and study of control systems and protocols that will
be directly linked to viability, experiment with different parameter ranges to find optimal

values and study control.

¢ Shear Stress Evaluation - In general, the next steps would be to repeat experiment
with cells from the same culture for different ranges of RPM, aeration rates and
possibly change the experimental testing, use different machine/vessel for testing.

Compare more existing models and empirical equations with CFD models.

¢ Foaming, Defoaming and use of PEMF - This topic is still unclear, the approach
of different techniques should be done such as the use of commercially available
chemical antifoams, check the concentrations, if they are easy to remove or allowed
in food. There should be a bigger focus on other physical stimulations such as
ultrasound or even mechanical defoamers or drainage of foaming. The PEMF
technique should be tested further in more setups and with a more versatile machine.
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¢ Fed-Batch Cultivation - Cultivation tests with different techniques, optimised feed-
ing regime and time and the control protocols should be tested and studied, includ-
ing the different yields to optimise the final goal of economic viability of industrial

production of meat in bioreactors.
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