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ABSTRACT
Bioreactors for cell culture or fermentation are widely used for the production of proteins and
other value-added products. Operation of bioreactors at large scale involves progressively
increasing the culture volume in 4 to 10 folds increments to inoculate the culture and scale it up
stepwise. To initiate the cell growth in a typical bioreactor of 20,000L, it often requires a train
from benchtop scale at 1L to 10L, 100L, 1000L, 4000L and finally the 20,000L bioreactor. The
transfer of cells from one bioreactor to the next one inevitably involves “lag phase” at the
beginning of each culture, during which cells do not grow but adapt to the new environment. The
existing of multiple lag phases increases the time cost of the production process. In addition, the
use of multiple bioreactors leads to more operational problems such as higher contamination risk,
higher cleaning costs, and more cleanroom space and equipment footprint, all of which further
increase the overall production costs. To solve this problem, Lonza’s facility in Portsmouth
designed a novel variable diameter bioreactor (VDB) which has variable diameter sections
utilizing a novel continuous impeller. It is capable of operating from 1000L to 20,000L, which
will eliminate the need of the 1000L and 4000L bioreactors in the train. Using CFD modeling,
Lonza optimized the design of the VDB and the continuous impeller, which is comparable to
conventional stir tank bioreactors based on simulation results. However, experimental
characterization is needed to compare VDB with traditional bioreactors and further optimize the
operational parameters before implementing it at large scale.
In this study, the mixing time and mass transfer coefficient (ki a) of VDB, the conventional
reactor with conventional impeller and the conventional reactor with continuous impeller in
different volumes, agitation speed and airflow rate were experimentally characterized. From the

experiment, the mixing time of VDB and conventional reactor with continuous impeller was

Xi



found to be higher than that of the conventional reactor with conventional, which is constant with
the CFD prediction. The mass transfer coefficients of VDB and conventional reactor with
continuous impeller was found to be higher than conventional reactor with conventional impeller
when the reactors were full filled. When the reactor was filled 20L, the mass transfer coefficients
of VDB and conventional reactor with continuous impeller have similar mass transfer
coefficients. When the reactor was filled 40L, the mass transfer coefficients of VDB and
conventional reactor with conventional impeller have similar mass transfer coefficients. Besides,
it is found that at higher airflow rates, increase the agitation cannot reduce the mixing time
significantly. It is also found that higher airflow rates, higher agitation speeds, and smaller
volumes led to higher mass transfer coefficients (kia), and the influence of airflow rate on mass
transfer coefficients is more significant. The combined effect of these factors on the mixing time
and mass transfer coefficients were evaluated. The results will provide insights on determining

the operational parameters of VDB at different volumes in the scaled-up operations.
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Chapter 1: Introduction

1.1 Background of bioreactors

A bioreactor is a device system that uses enzymes or organisms to perform biochemical reactions
in vitro. It is a bio function simulator, such as a fermentation tank, immobilized enzyme or
immobilized cell reactor. It has essential applications in the production of alcohol, medicine,
concentrated jams, fermentation of fruit juices, and organic degradation (Van't Riet and Tramper,
1991).

Bioreactors are essential technologies for the development of the biotechnology industry.
Because the bioreactor energy consumption is not high, and the product can be produced with the
participation of enzymes and microorganisms under normal temperatures and pressures, the
production of various products through cell culture in bioreactors is an important part of the
industrialization of biotechnology in the world, involving a variety of industries, such as
medicine, chemical industry, light industry, food, agriculture, marine, environmental protection,
and other industries (Kim et al., 2002). At this stage, microorganisms and different types of cells,
such as animal cells, plant cells, and algae cells can also be cultured through biotechnology, have
gradually attracted enormous attention and have shown encouraging prospects. And with the
development of biotechnology, many biologically active substances discovered by humans in the
future can be obtained by means of cell culture methods. Through genetic engineering, genes
from different origins can be combined according to pre-designed blueprints, and then
introduced them into a host cell to change the original genetic characteristics of the organisms,
give it new properties, and/or used to produce new products (Daniell et al., 2002; Mantell et al.,
1985). These new products can be cell metabolites, enzymes, or gene expression products. Then

the company can produce the new product in a large scale through bioreactor to improve the



economic benefit. For example, the vitamins, erythromycin, and cinnamic we eat, penicillin,
streptomycin, and gentamicin for injection are biological products obtained by fermentation of
different microorganisms (Warnock and Al-Rubeai, 2006). The vast majority of antibiotics used
in medicine come from microorganisms, and each product has strict production standards. Other
medicine which is used in the treatment of cancer, AIDS, coronary heart disease, anemia,
dysplasia, diabetes, and other diseases, also can be produced through fermentation in bioreactors
(Altman et al., 2002; Liu et al., 2018).

The goal of the bioreactors is to create an optimal environment where microorganisms or cells
can express their function and produce products with impurities within the standard. Therefore,
in the production process, the control of temperature, pH, oxygen solubility and other parameters
which will affect the growth of organisms and cells are important (Simutis and Libbert, 2015).
Temperature is a critical parameter, which can influence the manufacturing process significantly.
For example, the suitable temperature for mammalian and avian cell culture is 37~38°C, low
temperature in the bioreactor may cause cells to grow slowly and even lead to the death (Lee,
1996). Therefore, controlling the temperature in the bioreactor is important. The temperature that
affects the bioreactor can be maintained by using a cooling jacket, a coil, or both (Broadley and
Benton, 2010; Nagel et al., 2001). A cooling jacket is essential for large industrial fermentation
tanks. Industrial fermentation tanks are almost always made of stainless steel. The fermentation
tank is a large cylinder with closed top and bottom, and various pipes and valves at the same
time. The fermentation tank is externally inserted with a cooling jacket, and cold or hot water is
run through the cooling jacket to achieve the purpose of temperature control. For very large
bioreactors, the heat transfer through the jacket is not enough. Therefore, an internal coil is

provided to help the cooling jacket to control the temperature. By using the cooling jacket and/or



coil, the temperature is controlled within a range suitable for cell growth. In addition, after the
manufacture process is completed, steam can also go through cooling jackets or coils for the
purpose of sterilization.

The control of pH is also a crucial step in the production process. In the industrial manufacturing
process, various cells have different requirements for pH in different bioreactions. Most cells are
suitable for growth under pH between 7.2 and 7.4, below pH 6.8 or above pH 7.6 is harmful to
cells, even degeneration or death (Horiuchi et al., 2003). However, during the growth of cells,
with the increase of the number of cells and the enhancement of metabolic activity, carbon
dioxide is continuously released. After carbon dioxide dissolves in the culture, it results in the
change of pH value (Fradette and Ruel, 2009). Therefore, pH sensors are used to detect the
changes of pH value. And when the pH value in the culture is not conducive to cell growth, a
small amount of acid or alkali is added to adjust the pH to the suitable value.

Oxygen is one of the essential elements for cell growth. Dissolved oxygen is detected by DO
sensors. Insufficient oxygen supply can cause cells to grow slowly or even die, especially when
the density of cells in the bioreactor is high (Lee et al., 2008). Due to the low solubility of
oxygen in water and the low oxygen content (20.95%) in the air, so air or pure oxygen must be
continuously added to the reaction system through an aeration system. Appropriately aeration
systems can ensure sufficient oxygen supply throughout the cultivation process. The aeration
system is consisted of two parts, sparger and impeller. The sparger is usually just a series of
holes in the metal ring or nozzle (Polli et al., 2002), and the impeller is a tool used to break the
bubbles and evenly distributed throughout the container (Tunac, 1991). When the air or oxygen
sterilized by the filter enters the cell culture through the high-pressure hole on sparger, the

impeller will distribute the air or oxygen throughout the bioreactor rapidly. In addition to support



the growth of cells, the rising bubbles in the culture can help the mixing of nutrient in
bioreactors, and also can exhaust the waste gas, such as carbon dioxide. Therefore, the oxygen
supply not only maintains the growth of the cells, but also maintains the condition of the culture
medium.

In addition, the agitation speed of the impeller in reactor is also very important. If the agitation
speed is slow, the cells tend to clump, sink and adhere, which is not conducive to the growth of
cells. If the agitation speed is high, the culture will foam, and the cells will suffocate to death
(Kunas and Papoutsakis, 1990). Besides, vigorous agitation can cause cells to rupture due to
mechanical damage. Therefore, it is important to choose a suitable stirring speed.

1.2 Types of bioreactors

The following six types of bioreactors are commonly used in biotechnology (Asenjo, 1994; Spier
et al., 2011). They are (1) Continuous Stirred Tank Bioreactors (2) Bubble Column Bioreactors
(3) Airlift Bioreactors (4) Fluidized Bed Bioreactors (5) Packed Bed Bioreactors and (6) Photo-
Bioreactors.

1.2.1 Continuous Stirred Tank Bioreactors (CSTR)

A continuous stirred tank reactor (CSTR) refers to a tank reactor with a stirring paddle. The
structure of the CSTR reactors are shown in Figure 1-1. The purpose of stirring is to make the
material system reach a uniform state, which is beneficial to the reaction and heat transfer
uniformity. The reaction process includes the physical and chemical changes of the materials in
the system, and the parameters characterized in the system include temperature, pressure, liquid
level, and system components (Trambouze and Piret, 1959). The purpose of the reactor's reaction
is to complete the fermentation of feed liquid and produce biogas in a closed tank (Boe and

Angelidaki, 2009). Because the stirring device is installed in the reactor, the fermentation raw



materials and microorganisms can be mixed. The feeding method adopts constant temperature,
continuous feeding, or semi-continuous feeding operation. The newly-entered raw material is
quickly mixed with all the fermentation broth strains in the fermenter due to the stirring effect, so
that the concentration of the fermentation substrate is always kept relatively low. The CSTR can
process raw materials with a high concentration of suspended solids content (Trambouze and
Piret, 1959). The reactor materials are evenly distributed to avoid the stratified state, increase the
chance of contact between the materials and microorganisms, and greatly improve the gas
production rate and investment utilization rate (Bredwell et al., 1999). This process occupies less
space and has a lower cost, and is one of the most advanced anaerobic reactors (Heck et al.,

1978).

Momq— Feed

44— Baffle

-' '- Agitator

\——4

Figure 1- 1 Continuous Stirred Tank Reactor (CSTR)

1.2.2 Bubble Column Bioreactors

Bubble Column Bioreactors Bubble reactor is a gas-liquid reactor with a liquid phase as the
continuous phase and gas phase as the dispersed phase (Schugerl et al., 1977). The structure of
the bubble column reactor is shown in Figure 1-2 (Buchholz and Schiigerl, 1979). The liquid is
added in batches, then the continuous flow of gas is added, this bubble column is called semi-
continuous operation bubble column. Continuously add gas and liquid are called continuous

operation bubble column. The direction of flow can be upward, concurrent, or countercurrent



(Mousavi et al., 2008). The gas flows through the liquid layer in the form of bubbles from the
bottom of the tower through the distributor. The reactants in the gas phase dissolve into the
liquid phase and react. The bubbles’ stirring effect can help the mixing of liquid phase (Handa et
al., 1987). The bubbling tower has a simple structure without moving parts and is suitable for
high-pressure reactions or corrosive systems (Hosseini et al., 2003).
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Figure 1- 2 Bubble Column Bioreactors

In addition to this, the main characteristics of the bubble reactor are the high liquid phase volume
fraction (up to 90%) and the small phase boundary area per unit volume of liquid (Merchuk et
al., 1994).

1.2.3 Airlift Bioreactor

Airlift Bioreactors are used in the field of plant cell culture (Luo and Al-Dahhan, 2010). An
example of the airlift bioreactor is shown in Figure 1-3. It is used in plant cell culture or
fermentation industry. Airlift bioreactors are divided into two types: internal circulation type and
external circulation type. Class, its fluidity is more uniform than other bioreactors, and its
structure is simple, without the disadvantages of other bioreactors such as more leakage points

and dead corners, so as early as the 1970s, plant cell fermentation culture Airlift bioreactors have



been used frequently. The lift loop reactor is a new type of reactor developed based on of the

traditional bubble column (Guo et al., 2005).
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Figure 1- 3 Airlift Bioreactor(Mahmood et al., 2015)

The structure can be divided into two types: inner loop reactor and the outer loop reactor (Young
et al., 1991). The principle is to use an internal circulation airlift type central air inlet reactor,
without a stirring device inside, and it is formed by adding a deflector tube in a traditional bubble
tower. When the gas enters the central deflector through the gas distributor, the fluid density in
the tube is lower than that of the outside of the tube. Under the effect of the static pressure
difference and the momentum of the incoming gas, the liquid-carrying bubbles form a circulating
flow in the reactor, thereby achieving a good Gas-liquid mixing. The advantage is that it has a
stronger ability to resist contamination by other bacteria than other bioreactors, the fluidity is
more uniform, and the structure of the reactor itself is simple, and there is no reaction liquid
leakage point, and hygienic dead-end operation cost is very low (Chisti et al., 1990; Yen and Liu,
2014). The disadvantage is that the mixing is not uniform during high-density cultivation. It has

a wide range of applications and can be used to produce antibiotics, enzyme preparations,



organic acids, biological pesticides, edible fungi, single-cell protein production, etc (Yen and
Liu, 2014).

1.2.4 Fluidized Bed Bioreactor

The biological fluidized bed shows in Figure 1-4, referring to a device where oxygenated
wastewater passes through a fine filter bed from bottom to top, and uses the biological
membrane-filled filter to perform the efficient biological treatment (Kim et al., 2011). The carrier
particles are small, the total surface area is large, and the biomass in a unit volume is large. The
carrier is in a fluidized state, which strengthens the contact between the biological membrane and
the sewage, accelerates the relative movement between the sewage and the biological membrane,
and accelerates the organic matter from the sewage to the transmission process of microbial cells
(David et al., 2004). Since the carrier is constantly flowing, it can also effectively prevent
clogging. According to the power source to fluidize the carrier, the biological fluidized bed can
be divided into the liquid fluidized bed, airflow dynamic fluidized bed, and mechanically
agitated fluidized bed. Its working principle is to first fix the microorganisms that have a
degrading effect on the main pollutants in the wastewater on a carrier of certain particle size
(such as sand, glass beads, activated carbon, etc.) in a certain way; the air and the wastewater to
be treated start from the bottom of the reactor In the same direction, by controlling the flow rate
of the gas and liquid phases, the carrier containing the organism in the fluidized bed reactor is in
a fluidized state; the pollutants in the wastewater contact and react with the microorganisms
growing on the carrier, so that degradation and removal from wastewater (Tang et al., 1987). At
the top of the reactor, three-phase separation is achieved by a separation device, and the clarified

wastewater is discharged from the overflow tank. This enables good efficiency of bioprocessing.



The biological fluidized bed process has high efficiency, less land occupation, and low
investment. It has been used in the advanced treatment of sewage nitrification and denitrification,
secondary treatment of sewage, and other industrial wastewater treatment, including phenol and

pharmaceuticals in the United States and Japan (Wang et al., 2002).
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Figure 1- 4 Fluidized Bed Bioreactor

1.2.5 Packed Bed Bioreactor

Any reaction device in which fluid flows through a bed formed by fixed solid materials is called
a packed bed reactor, shown in Figure 1-5 (Park and Stephanopoulos, 1993). The solid objects
are usually in the form of granules. The solid particles' diameter is about 2-5mm, and they are
stacked into a bed of a certain height or thickness. The solids used may be porous or non-porous
gels, and they may be compressible or rigid in nature. During the reaction, the bed is stationary,
and the fluid reacts through the bed. The fixed bed reactor has many advantages: 1) The
continuous or repeated use of biocatalysts improves production efficiency and reduces
production costs. 2) After the production is completed, the biocatalyst and the reactants are easily
separated. 3) The packing density of immobilized biocatalyst per unit reactor volume is high.
The substrate concentration in the reactor is relatively high, and it has a high reaction rate and
conversion rate. 4) The fixed bed has a lower shearing force on the immobilized catalyst. 5) The

reactor structure is simple and easy to scale up (Leite et al., 2008). In addition, the disadvantages



are more obvious: 1) The liquid flow rate is slow, resulting in a low transfer rate. 2) The bed
temperature and PH are not easy to control during the reaction. 3) When the immobilized
biocatalyst particles are small, it is easy to cause clogging and reduce production efficiency
(Logan and LaPoint, 2002).
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Figure 1- 5 Packed Bed Bioreactor

1.2.6 PhotoBioreactor

Th photobioreactor refers to a type of device that can be used for the cultivation of
photosynthetic microorganisms and tissues or cells with photosynthetic capabilities (Molina et
al., 2001). An example of a photobioreactor is shown in Figure 1-6. This reactor has a similar
structure to a general bioreactor. Under normal conditions, a certain light, temperature, and
nutrients are required to cultivate microorganisms and regulate and control the system’s
environment. Photo-bioreactors are usually operated in continuous mode within a temperature
range of 25-40°C. Microalgae and cyanobacteria are commonly used (Akkerman et al., 2002).
The study of photoreactors started when the world faced the oil crisis (Suh and Lee, 2003). At
that time, scientific researchers mainly used green algae to conduct a lot of research. Its main
purpose was to study whether it could be used as an energy source to replace oil resources. With

the deepening of research, people have already mastered a certain degree of photo-bioreactors in
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the 1950s, but at this time, the various types of photo-bioreactors developed by people mainly
stayed in theoretical, experimental research No photoreactor is used in practical production. Most
of this research is closed photoreactors, and open photo-bioreactors have also been developed to
a large extent at this time (Weissman et al., 1988). The main reason is that the operating
conditions of open photo-bioreactors are easy to control, not difficult to control like a closed
photo-bioreactor, and is greatly affected by the external environment (Singh and Sharma, 2012).
In addition, the investment cost of the open photo-bioreactor is relatively low, and the related
equipment requirements are not as good as the closed photo-bioreactor. Sophisticated, the
occupied space is still relatively small, which can make good use of space. The open photo-
bioreactor is mainly used for large-scale cultivation of various microalgae such as spirulina,

chlorella, and saline algae and has achieved good results (Dutil, 2003).
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Figure 1- 6 Photo Bioreactor(Chen et al., 2011)

1.3 Scale Up of Bioreactors

The goal of the bioreactor is to provide services for large-scale production and create economic
benefits for the company (Asenjo, 1994). The large-scale bioreactor development was first
carried out in small prototypes in the lab, and then gradually scaled up to large bioreactors (Wu

et al., 1999). Through the experiment, the performance of the prototype was obtained. However,
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the data obtained from the prototype cannot often be obtained again in large-scale bioreactors.
This involves the problem of the reactor scale-up (Catapano et al., 2009). The bioreactor's scale-
up refers to the technology of transferring the optimized results in the research equipment to the
large-scale equipment. This is an important part of the biotechnology development process, and
also the industrialization of biotechnological achievements. The mixing time and mass transfer
coefficient (k.a) of the reactor show the performance of a bioreactor, so these two parameters are
particularly important in the scale-up of the bioreactor (Garcia-Ochoa and Gomez, 2009).

Mixing time refers to the time it takes for the fluid to reach uniformity (Mohaisen et al., 2010). It
is not only related to the design of the agitation blade, but also the dimensional parameters of the
tank. For bioreactors, the mixing time of fluids is a very important parameter. It measures
whether the bioreactor can supply enough nutrients and oxygen to the cells (Rodriguez et al.,
2013). Simultaneously, for mammalian cells that are sensitive to shear forces, if the agitation
speed is too high, the cells that are sensitive to shear force will die. Therefore, the significance of
measuring the mixing time is about how to mix the fluid effectively and gently within a certain
time and provide a comfortable environment for the cells (Petersen et al., 2017). Ensuring the
mixing time is within a certain range is one of the considerations for bioreactor scale up.

In the process of cell growth, oxygen plays a very important role in the growth, maintenance and
production of metabolites of microorganisms. On the one hand, when the cell concentration is
high, a large amount of oxygen is demanded. On the other hand, oxygen is difficult to dissolve in
water (Kawase et al., 1992). The lack of oxygen can affect the growth condition of cells and even
cause cell death. Therefore, make sure that oxygen can be fully dissolved in the nutrient solution,

which is important. Consequently, understanding the mass transfer coefficient (kLa) of oxygen at
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different scales and different operating conditions plays an important role for the prediction the
growth of cell. And the prediction is critical to the scale-up of the reactor (Galaction et al., 2004).
In this study, through the experiment, mixing time and mass transfer coefficient (ki a) of 100L
prototype VDB, 100L prototype conventional reactor with continuous impeller and 100L
prototype conventional reactor with conventional impeller were characterized at different
volumes of simulated media, agitation speed and airflow rate, which provide a reference for the
scale-up and improvement of the reactors and impellers.

1.4 Variable Diameter Bioreactor (VDB)

In the process of commercial production of biomaterials, bioreactor trains are usually used to
complete the production of products. Bioreactors trains are composed of multiple bioreactors,
arranged in order from small inoculation reactors to full production volumes. Typically, the
bioreactors in the trans will be designed and sized to a fixed diameter to scale up the volume of
the culture from inoculum to sufficient culture volume for production of the desired product
progressively. Therefore, in the production process, as the volume of the product increases, it is
inevitable to replace the reactor to maintain production efficiency.

Normally, in the reactor, in order to ensure product quality and production efficiency, the height
of the liquid in the reactor should be higher than the diameter of the container. In other words,
the aspect ratio of the bioreactor should be greater than 1:1 (Lu et al., 1995). However, when the
liquid volume is small; for example, the liquid volume is 1/20 of the reactor, the ratio of the
liquid height to the container width is very low. According to previous research, a low aspect
ratio will cause many problems, such as difficulties in sparging and poor mixing (Asenjo, 1994).
These problems will eventually lead to cell growth difficulties or even cell death. Therefore, the

design and size of traditional bioreactors are based on the volume of is increased progressively,
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until the volume of products in the bioreactor reaches the volume required for production. Since
the bioreactor is usually composed of stainless tanks, the volume is not variable, so multiple
bioreactors need to be used in the production process.

When switching between different reactors in bioreactor trains, high cleaning costs and lag time
which mean the cells do not grow at this time period are significant problems in the production
process. All seed bioreactors need to be transferred from one bioreactor to another. In this
process, the growth of cells will stagnate. The stagnation time is usually called "lag phase™, and
then reaches exponential growth again. In addition, for large-scale production, this typical
treatment requires multiple reactors, resulting in a variety of potential problems, such as
increased facility footprint, increased preparation activities, and increased labor costs, resulting
in production time and costs increase. For example, a 20,000L bioreactor trains can include 200
L inoculation bioreactor (designated N-3), then 1000 L seed bioreactor (designated N-2), then
5000 L seed bioreactor (designated N-1), and finally 20,000 Bioreactor (designated N) with a
capacity of liters. Due to the existence of multiple reactors in the production process, it will
result in more clean-in-place (CIP) cycles and associated CIP systems, more steam-in-place
(SIP), bioreactor start-up steps, and otherwise, operational Execution activities can also lead to
waste of resources and greater risk of contamination.

Therefore, Lonza's factory in Portsmouth invented a Variable Diameter Bioreactor vessel (VDB)
to solve the above problems. VDB includes two parts, called the first vessel section and the
second vessel section. The diameters and functions of the first vessel section and the second
vessel section are different. The first vessel section contains the liquid medium and the biological
material. The diameter of the second vessel section is larger than the first vessel section. The

liqguid medium can be increased from the first volume to the second volume in the bioreactor.
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According to the design of the VDB, the aspect ratio of the first and second vessel section are
both greater than 0.3:1. Depending on how it is used, the first vessel section can be regarded as a
bioreactor in the initial inoculation stage. The second vessel section can be regarded as a seed
bioreactor in the growth stage. In addition to this, VDB also includes other accessories such as
impellers, ejectors, probe ports, fill ports, condensers, exhaust filters, foam breaking plates,
sample ports, and level probes.

Depending on the design and purpose of the VDB, they can be used starting from the small-scale
inoculating stage, up to and including a production scale of 20,000 L. For example, the growth
medium and the inoculum are added in the first vessel section to complete the inoculation, and
then more after the seed stage is completed in the second vessel section, the growth medium can
be added to increase the volume to the volume required for production. The production process
does not require multiple bioreactors, which greatly saves cleaning costs, operating costs, and
time costs, because of the company's efficiency in the production of mammals, insects, plants,
poultry or microbial cells has been significantly improved. Therefore, this innovative technology

has great potential to change the fermentation industry.

1.5 Objectives

Traditional biomaterial production is done through bioreactors trains. The trains consist of
multiple bioreactors with different volumes to complete the entire process from small inoculation
to full production volumes. Therefore, switching between bioreactors is essential during the
production process. In the switching process, it will increase the cleaning cost, lag time, and lost
seed time. In order to eliminate the need to replace the bioreactor during the fermentation
process, Lonza designed a variable diameter bioreactor (VDB) that can be cultured in the range

of 1,000L to 20,000L, and by simulating the cell growth process, found that theoretically Reduce
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cell growth time by 2-5 days. This is very meaningful for industrial production. The long-term
goal of the project is to use this new bioreactor named VDB in the expansion facility of the
Lonza in Portsmouth after comprehensively evaluating its performance and improving the
design. Through CFD modeling, Lonza improved the design of VDB and continuous impeller,
then determined the final design. CFD modeling also shows that the fluid dynamic properties of
VDB are comparable to traditional bioreactors. But there is always a lack of experimental data to
verify it. In addition, parameters such as mass transfer coefficients (kLa) and mixing
characteristics, which are closely related to bioreactor properties, also need to be characterized.
Therefore, Lonza collaborated with the University of New Hampshire (UNH) to experimentally
characterize the properties of 100L VDB, 100L conventional reactor, and 100L conventional
reactor with novel continuous impeller, also compare the experimental results of three different

bioreactors, provide information for VDB's developing.

Chapter 2: Material and Method

2.1 Solution

Chemicals in this study is focusing on evaluating mixing time and mass transfer coefficient (k.a)
for VDB, conventional reactor with Continuous impeller and conventional reactor with
conventional impeller. 99% minimum Sodium Chloride (NaCl) purchased from Fisher, Pluronic
F68 contains oxyethylene, 79.9-83.7% purchased from Sigma, Sodium bicarbonate (NaHCO3)

contains 0.02% Calcium and 0.003% Chloride, 6M HCIl and 1N NaOH purchased from Fisher.

2.1.1 Mixing Time
Vessel was filled with water, Sodium Chloride (NaCl) and Pluronic F68 were purchased from
Fisher (cat. S271-50) and SIGMA (cat. 15759) as surrogate media. pH standard from Radiometer

(cat. S11MO002) was used to calibrate the pH sensors. HCI and NaOH from Fisher (cat. 60-047-
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420, cat. 18-606-405) were used to adjust the pH value of the media. Air from Airgas is used to

adjust airflow according to testing parameters.

2.1.2 Mass Transfer Coefficient (k.a)

Vessel was filled with water, Sodium Chloride (NaCl), Pluronic F68 and Sodium bicarbonate
(NaHCO3) were purchased from Fisher (cat. S271-50) and SIGMA (cat. 15759) as surrogate
media. Air and pure N2 were purchased from Airgas to adjust dissolved oxygen (DO). Antifoam
media purchased from SIGMA (cat. A5757) was added when surrogate media overflowed from
vessel. In order not to affect the experimental results, add a minimum amount of antifoam media

according to the actual situation.
2.2 Fabrication of Bioreactor

2.2.1 Fabrication and Assembly

VDB, conventional bioreactor and impellers were designed and assembled by Lonza,
Portsmouth. Experiments were performed in University of New Hampshire.

2.1.1.1VDB

Full capacity of VDB is 100L. Fig. 2.1 shows the Structure of VDB. The vessel is equipped with
a continuous tapered helix impeller and 4 baffles. VDB has 13 ports and valves in total, named
from P1 to P13. Where P4, P5, P6, P8, P10, P11 are sensor ports, P3, P7, P9 are sample ports.
Besides, P2 is sparger port to purge air or N2, P1 is agitator stabilizer port to hold impeller and
draining. P12 and P13 are additional ports, in this experiment, P13 was used to exhaust Na. It is
noted that the pH probes or DO probes are also installed to the sensor ports when conducting

mixing time measurements or mass transfer coefficient (kLa) measurements.
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Figure 2- 1 Prototype of Assembled VDB

2.1.1.2 Conventional Reactor

Full capacity of VDB is 100L. Fig. 2-2 shows the main geometrical characteristics. Conventional
reactor has 4 baffles, and based on the needs, the vessel can be equipped with two different
impellers. One is a newly designed continuous impeller, the other is a conventional duel
impeller. Conventional reactor has 7 ports in total. P1 is draining port, P2 is sparge port to pump
air or N, P3 is sample port, P4 and P5 are sensor ports. Two additional ports P6 and P7 are used
to exhaust air or N2z in this experiment. It is noted that the pH probes or DO probes are also
installed to the sensor ports when conducting mixing time measurements or mass transfer

coefficient (kLa) measurements.
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2.2.2 Assembly

In order to facilitate operation and drainage, VDB and conventional bioreactor are installed on a
designed cart and fixed around, which shows on Fig.2-3. The agitator motor is fixed directly
above the reactor, and the impeller is installed or removed by raising or lowering the agitator
motor. After bioreactor is installed, based on the volume of media, install the sensors on the
sensor ports and connect the sensor to control panel. It is noted that before the experiment starts,

all sensors installed need to be calibrated.

Figure 2- 3 Insolation of (a) Conventional Reactor and (b) VDB.
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2.2.3 Data Collection

Real-time data will be collected by pH sensors and DO sensors, which were purchased from
MELLER TOLEDO (InPro 3250, InPro 6860I). During the experiment, all data will be uploaded
to the cloud server named Thingspeak through control panel. Both during and after the

experiment, the data can be downloaded. Data is analyzed by Microsoft Excel.

2.3 Method of mixing time calculation.

The mixing time(tm)is an important performance index of the bioreactors, and its definition is the
time required to achieve a certain degree of uniformity after the tracer material is injected into
the reactor. In this study, HCI is used as tracer material.

Mixing times is defined as the time when the concentration of OH"achieves within final
concentration with £5% of its ultimate stable concentration (Eq. 2-1).

Crange=Csfinial £ 0.5X(Cinitiai-Cfinar) Equation 2-1
Based on time, the first time point in this range is named tsina. The time acid added is defined as
to. Then mixing time can be obtained by using tfina- to (Eq. 2-2).

tmixing= tfinal- to Equation 2-2
Based on the volume of surrogate media, HCI is added from P7 in VDB and P13 in conventional
reactor, adjust the media to pH 3 by using the required amount of HCI. When the pH stays steady
for three minutes or more, measurement ended. After each measurement, the required amount of
NaOH was added to restore the pH to its starting point. Each parameter is performed three

replicates, and the final result is averaged.

2.4 Method of kia calculation.
Mass transfer coefficient (kLa), an important indicator of oxygen transfer efficiency in biological

reaction process (Linek et al., 1989). For many products, there is a close correspondence between
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the oxygen transfer coefficient and the fermentation result (Puskeiler and Weuster-Botz, 2005).
Therefore, using Kia as the amplification criterion has become a widely accepted view in the
biochemical industry.
In literature, oxygen mass transfer is usually described by a simple transport law (Eqg. 2-3)
(Gogate and Pandit, 1999; Ozbek and Gayik, 2001).

dC/dt=0TR-OUR= k_a(C*-Cy) Equation 2-3
dC/dt: the accumulation rate of oxygen in the liquid
OTR: the oxygen mass transfer rate from the gas bubble to the liquid
OUR: the oxygen uptake rate by the cells
kL: oxygen mass transfer coefficient
a: specific interfacial area
C”: saturated oxygen concentration

Cv.: dissolved oxygen concentration in the liquid

kLa is the product of the oxygen mass transfer coefficient K. and the gas-liquid specific surface
area “a”. Because it is difficult to measure the foam gas-liquid specific surface area “a” in
practical applications, kia is treated as a factor to facilitate actual fermentation control (Damiani
et al., 2014).

In this study, kia is measured by dynamic method. Experimental determination of kia can be
achieved by recording the dissolved oxygen (DO) at different times after purging the bioreactor
with nitrogen (Wang and Zhong, 1996). Surrogate media is designed by Lonza and having
similar properties to the culture broth, chemicals are listed in Table 3. Because no cells are added

during the experiment, the oxygen consumption term OUR in Equation 1 is zero. After
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integration of Equation 1, Equation 2 is for calculation K a for a process with increasing DO
concentration from an initial value Co.

In((C"-Cp)/ C*-Co) = -k.at Equation 2-4
For each test, after vessel is filled with surrogate media, since k_a is related to temperature, the
temperature was controlled between 34.5°C and 38.5°C during the experiment. N2 will be purged
into vessel from P2 in VDB and conventional reactor until the control panel shows the DO is
lower than 5%. Then air will be sparged into the vessel from P2 until DO reaches 80% or higher.
Then measurement end. for each measurement, repeat the steps. Each parameter is performed

three replicates, and the final result is averaged.

Chapter 3: Results and Discussion

3.1 Mixing Time

3.1.1 Determination of the Mixing Time Point

We transfer the pH value received from the sensors into the ion concentration to find the mixing
time. pH value is transferred to the concentration of H* and OH" by using the equation 10" and
10C14* PH) \When the ion concentration reaches the range and stable, the time point the ion
concentration reached the range was recorded as the end of the test. The range was shown in
Eq.3-1.

Table 3- 1 Mixing for conventional reactor with continuous impeller, 40L, 180 agitation, 16704 mL/min
airflow rate.

Replicate Start Time End Time Mixing Time Mixing Time pH Value C(OH) C(HY
(UTC) (UTC) for OH(s) for H*(s)

1 17:36:35 17:39:50 66 6 Increase  Increase Decrease

2 17:33:35 17:36:20 6 54 Decrease Decrease Increase

3 17:28:55 17:32:30 136 16 Increase  Increase Decrease

In the process of data analysis, we found that mixing time is independent of the ion species, but it

is determined by whether the concentration of the ion is increasing or decreasing. Mixing time
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derived from the ion with decreasing concentration is much shorter; while that from the ion with
increasing concentration is longer and often has overshooting peaks. For example, as we shown
in Table 3-1, conventional reactor with continuous impeller at 40L, 180 RPM, 16704mL/min
airflow rate was selected. In replicate 1, NaOH was used as pH tracer material. The
concentration of OH" increase and H- decrease. When the concentration of OH™ and H* reached
the range, the mixing time was determined as 66 seconds and 6 seconds. Mixing time derived
from the H™ with decreasing concentration is much shorter. In replicate 2, HCI was used as pH
tracer material, the concentration of OH™ decrease and H™ increase. When the concentration of
OH- and H+ reached the range, the mixing time was determined as 6 seconds and 54 seconds.
Mixing time derived from the OH" with decreasing concentration is much shorter. Same results
can be found in replicate 3, mixing time derived from the H" with decreasing concentration is
much shorter, which is 16 seconds.

We can also notice the difference of mixing time by using increase or decrease ion through the

change of ion concentration. Figure 3-1 shows the replicate 1 and replicate 2 in Table 3-1.
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Figure 3- 1 Mixing time for conventional reactor with continuous impeller, 40L, 150 RPM, 16704 mL/min
airflow rate.
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In replicate 1, the concentration of OH- increase and the concentration of H* decrease. After we
plot the change of centration and marked the mixing time, we can notice that the mixing time for
H™ is shorter. In replicate 2, the concentration of H* increase and the concentration of OH"
decrease. After we plot the change of centration and marked the mixing time, we can notice that
the mixing time for OH" is shorter. Therefore, mixing time is independent of the ion species, but
it is determined by whether the concentration of the ion is increasing or decreasing. This result
can be proved by the mathematic way.

C1 and C; are the concentration of ion 1 and ion 2. As we know, C1C,=10"*, assume the
concentration of ion 1 increases from a to b. Mixing times is defined as the time when the
concentration of ions achieves within final concentration with + 5% of its ultimate stable
concentration, the ultimate stable concentration is named as range as Equation. 3-1.

Crange=Ckinial + 0.5X(Chitial-Ctinar) Equation 3-1
At t1, when ion 1 reaches the range, the concentration can be determined as Equation 3-2.

Cimix = b —0.05(b —a) = 0.05a + 0.95b Equation 3-2
At t2, when ion 2 reaches the range, the concentration of iron 2 can be determined as Equation 3-

3 and the concentration of ion 1 can be determined as Equation 3-4.

Comix = 1071*/b +0.05(107** /a — 107'*/b) Equation 3-3
10~ 14 10714 ab _
(= Comix 10;14+0.05(1°_14 10;14) = 0.95a+0.05b Equation 3-4

As the concentration of ion 1 increases, so we can derive if the mixing times are the same or
different by comparing C; and C; .,;, as Equation 3-5.

Cimix _ ab+(0.95)(0.05)(ab)? Equation
C1 ab |

3-5
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Since a#b, we can get Equation 3-6.

Cimix __ ab+(0.95)(0.05)(a-b)?
C1 ab

>1

Equation 3-6

From Equation 3-6, when Cy, mix> Cu, t1 > to.

Therefore, for the mixing time data analysis, we use HCI and NaOH as tracer material and the
increasing ion as reference to find the actual mixing time.

3.1.2 Mixing Time Results and Discussion

In the production process of biological products, mixing is used to eliminate differences between
cell concentration, gas concentration, nutrient solution concentration, temperature and other
properties in the bioreactor. Therefore, when characterizing the bioreactor, the mixing time is an
important parameter that determines the performance of the bioreactor.

The length of the mixing time depends on various factors, such as the design of the reactor, the
agitation speed, the airflow rate and the composition of the culture media. However, when the
bioreactor and culture medium are fixed, the agitation speed and airflow rate become the most
important parameters affecting the mixing time.

Agitation is an important parameter in mixing. It can not only improve the mass transfer
efficiency, but also keep the cell concentration, culture media concentration, the temperature and
other parameters in bioreactor in a uniform state. Oxygen required for cell growth is satisfied by
airflow. The airflow rate determines the condition of cell growth in the manufacture process and
also help mixing, especially when the agitation speed is low. Besides, agitation can cause
intensive flow of liquid, forcing the bubbles to break down into a large number of small bubbles,

increasing the contact area between the gas and the liquid, and improving the transfer efficiency.
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Therefore, the proper combination of impeller speed and aeration rate is significant important to
increase the manufacture efficiency of the product.

Since VDB and conventional reactor with continuous impeller are new designs, and there is no
experimental data reflecting their mixing efficiency. Therefore, the purpose of the mixing time
test is to compare the mixing efficiency between VDB, conventional reactor with continuous
impeller and conventional reactor with conventional impeller to find the best combination of
agitation speed and airflow rate. The agitation speed was selected based on the same power of
volume (P/V) in actual manufacture process, scale down the agitation speed to fit the test (Gill et
al., 2008). Combined with no airflow rate, low airflow rate and high airflow rate, collect
experimental data to achieve the purpose of the experiment. Different working conditions for
reactors, including volumes, airflow rates, and agitation speed are selected and shown in Table 3-

2.

Table 3- 2 Parameters for characterization of mixing time in 100L prototypes.

Bioreactor Type Agitation Speed Filling Volumes Airflow Setting (mL/min)
(RPM) L)
100L VDB 170, 200, 215, 100L, 40L, 20L, 0, 1113.6, 16704
305, 350 5L
100L conventional bioreactor 30, 90, 120, 150, 100L, 40L 0, 1113.6, 16704
with conventional impeller 180
100L conventional bioreactor 30, 90, 120, 150, 100L, 20L 0, 1113.6, 16704
with continuous impeller 180

3.1.2.1 Characterization of Mixing Time in 100L, 40L, 20L and 5L VDB

We first characterized the mixing time for VDB and evaluated the effect of agitation, airflow,
and volume on the mixing time. VDB filled with 100L, 40L, 20L, and 5L of the simulated
medium was used and the results were shown in Fig. 3-2. Generally, the mixing time decreases
as the agitation speed or the air flow rate goes up or the volume of VDB decreases, which is

anticipated since each of them is supposed to bring down the mixing time. However, when the
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three factors work together, the extent one factor can reduce the mixing time is affected by the
other two.

Take the air flow rate as an example. The increase in the air flow rate significantly decrease the
mixing time when agitation is low (170 RPM) and the VDB is at the full volume of 100L. Under
this condition (Fig. 3-2(a)), the mixing time was 79 sec when there was no air. It drops sharply to
52 sec when the airflow rate was 1113.6 mL/min and further drops to 13 sec when the airflow
rate was16704 mL/min. The introduction of high airflow rate decreased the mixing time of full
volume VDB by 66 seconds when the agitation was 170 RPM. When the agitation speed
increased to 350 RPM for the VDB at the same full volume, the mixing time was 50 sec without
air, and it drops by 60% to 20 sec at high airflow rate. Similar effect can be seen from VDB run
at other volumes. At 40L (Fig. 3-2(b)) and low agitation (170 RPM), the mixing time is 67 sec
without air and it decreases by 50 sec to 17 sec, while at high agitation of 350 RPM under the
same volume, the mixing time was 25 sec without air, and slightly increases to 26 sec with

medium air flow and fluctuates to 24 sec with high airflow. The effect of air flow rate at high
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agitation when the volume was 40L or lower was minimal.
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Figure 3- 2 Mixing time for VDB at different agitation and airflow filled with (a) 100L, (b) 40L, (c) 20L, (d)
5L media.

Increasing agitation speed was anticipated to facilitate mixing. This was observed without air

flow (blue bars) or at medium airflow rate (orange bars), as shown in Fig. 3-2. Except for a
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couple of outliers, the mixing time decreases as the agitation goes up from 170 RPM to 350
RPM, regardless of the volume. When there is no airflow, the mixing time drops from 79 sec to
48 sec with increasing rpm at full volume of 100L, 66 sec to 21 sec at 40L, 51 sec to 16 sec at
20L, and 21 sec to 9 sec at 5L. At medium airflow rate, the mixing time, as illustrated by the
orange bars, the mixing time drops from 51 sec to 19 sec at full volume of 100L, 42 sec to 21 sec
at 40L, 35 sec to 12 sec at 20L, and 12 sec to 5 sec at 5L. However, when the airflow rate was
high, as shown by the grey bars, the effect of agitation on the mixing time is not obvious. The
mixing time under high airflow rate with the same volume fluctuates within a small range. The
results show that the effect of airflow rate and agitation speed on the mixing time ties with each
other. The air flow rate can significantly reduce the mixing time under the low agitation speed,
but did not change it much under the high agitation speed. Similarly, the increase in agitation
speed results in a remarkable decrease in the mixing time with no or low airflow, while the
mixing time is not affected much by the agitation speed with high air flow rate. Both agitation

and air bubbling can facilitate the mixing until the mixing time reaches a lower limit.
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Figure 3- 3 Mixing time for VDB at different volumes and airflow in (a) 170 RPM, (b) 200 RPM, (c¢) 215
RPM, (d) 305 RPM, (e) 350 RPM.
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4 different volumes were tested. Fig. 3-3 showed the mixing time results for VDB at different
volumes and airflow in the agitation of 170 RPM, 200 RPM, 215 RPM, 305 RPM and 350 RPM.
As we described before, it can be seen from Fig.3-3 that when the airflow rate was low,
decreased the volume of simulated media in VDB can decrease the mixing time obviously. But
as the airflow rate increased from low to high, the effect of the volume on the mixing time
decreased.

Take the VDB at 170 RPM as the example in Fig 3-3 (a). When the agitation was set at 170
RPM, for the VDB filled with100L and 5L simulated media (blue bar and orange bar), mixing
time was 79 seconds and 18 seconds when there was no airflow. The mixing time reduced 61
seconds when the volume decreased from 100L to 5L. When the airflow rate increased to 16704
mL / min, when the volume decreased from 100L to 5L (blue bar and orange bar), the mixing
time always kept very close, which was about 10 seconds.

Similar results can be found at other agitation speed. For example, when the agitation speed was
305 RPM in Fig 3-3 (d), the mixing time for 100L and 5L VDB was 36 seconds and 8 seconds
when there was no airflow. The difference was 26 seconds. As the airflow rate increased to
1113.6 mL/min, the difference of mixing time was 31 seconds. Increased the airflow to 16704
mL/min, the difference of mixing time was 16 seconds. The results showed that when the

agitation speed was set, at high airflow rate, the influence of volume is slightly.

3.1.2.2 Characterization of Mixing Time in 100L and 20L Conventional Reactor with
Continuous Impeller

We characterized the mixing time for conventional reactor with continuous impeller and
evaluated the effect of agitation, airflow, and volume on the mixing time. Conventional reactor

filled with 100L, 20L of the simulated medium was used and the results were shown in Fig. 3-4.
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Generally, the mixing time decreased as the airflow increase when the agitation speed was low.
And when the airflow rate was low, increased the agitation speed can reduce the mixing time
evidently. However, as the increase of agitation, the influence of airflow rate is decreased.
Besides, when the volume of conventional reactor is low, increased the agitation speed or airflow
rate cannot reduce the mixing time when there was airflow.

Take airflow rate as example. Fig. 3-4 (a) indicates that mixing time decreased when the airflow
increased, especially in 30 RPM, when the airflow increased from 0 to 16704 mL/min, mixing
time reduces 50 seconds. When the agitation speed increased to 90 RPM, the results showed that
increased the airflow rate from 0 to 16704 mL/min, the mixing time only reduced 21 seconds.
Continued to increase the agitation speed to 180 RPM, the difference of mixing time at no
airflow and high airflow was only 12 seconds. Similar results can be found when the
conventional reactor was filled with 40L simulated media in Fig 3-4 (b). When the agitation
speed was higher than 30 RPM, no matter the condition of airflow, the mixing time was always
about 9 seconds. Collectively, the influence of airflow rate decreased as the increasing of
agitation speed.

Increasing agitation speed can reduce mixing time when the reactor was filled with 100L or 20L
media. This was observed without airflow (blue bars) as shown in Fig. 3-4 (a) and Fig. 3-4 (b).
When there is no air flow, the mixing time drops from 92 sec to 21 sec with increasing agitation
speed at full volume of 100L and 34 sec to 10 sec at 20L. When the agitation speed was 30 RPM
and the volume was 20L, the mixing time dropped from 34 sec to 6 sec when increased airflow
rate from 0 to 1113.6 mL/min. Kept increasing airflow, the mixing time was still about 7 sec.
Both increased the airflow rate and agitation speed, the mixing time reduced slightly and was

always about 8 sec.
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Figure 3- 4 Mixing time for conventional reactor with continuous impeller at different agitation and airflow
filled with (a) 100L, (b) 20L media.

Fig.3-5 showed the mixing time results for conventional reactor with continuous impeller at
different volumes and airflow in the agitation of 30 RPM, 90 RPM, 120 RPM, 150 RPM and 180
RPM. The results suggested that increased the agitation speed or the airflow rate, the influence of
volume in mixing time can be reduced.

When there was no airflow (blue bar), the difference of mixing time between 100L and 20L was
61 sec in Fig 3-5 (a). Increased the agitation speed to 180 RPM, in Fig 3-5 (e), the difference of

mixing time between 100L and 20L was 14 sec.
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Figure 3- 5 Mixing time for conventional reactor with continuous impeller at different volumes and airflow
in (a) 30 RPM, (b) 90 RPM, (c) 120 RPM, (d) 150 RPM, (e) 180 RPM.

When the agitation speed was fixed, for example in Fig 3-5 (b), when there was no airflow, the
difference of mixing time between 100L and 20L was 21 sec. Increased the airflow to 1113.6
mL/min and 16704 mL/min, the difference of mixing time between 100L and 20L was 17 sec
and 6 sec. The similar results can be found at other agitation speed. Overall, in order to reduce

the influence of volume, increases the airflow rate and agitation speed have positive effect.
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As we described before, in Fig 3-5 (b), Fig 3-5 (c), Fig 3-5 (d), Fig 3-5 (e), when the
conventional reactor was filled with 20L, increased the airflow rate (orange bar) cannot reduce
the mixing time significantly.

3.1.2.3 Characterization of Mixing Time in 100L and 40L Conventional Reactor with
Conventional Impeller

We also characterized the mixing time for conventional reactor with conventional impeller and
evaluated the effect of agitation, airflow, and volume on the mixing time. Conventional reactor
with conventional impeller filled with 100L and 40L of the simulated medium was used and the
results were shown in Fig. 3-6. The results showed that when the reactor was full filled, at low
agitation speed, increased the airflow rate can reduce the mixing time significantly. As the
increase of agitation speed, the influence of airflow decreased. When the agitation was high,
increased the agitation speed or airflow rate cannot reduce the mixing time evidently. It was also
noticed that when the volume was low, increased the agitation or airflow rate cannot reduce the
mixing time evidently.

It can be seen from Fig. 3-6 (a) that the mixing time reduced from 75 seconds to 13 seconds by
increasing airflow rate from 0 (blue bars) to 16704 mL/min (grey bars) when the agitation speed
was 30 RPM. When the agitation speed went up to 150 RPM or 180 RPM, increased the airflow
from O (blue bars) to 16704 mL/min (grey bars), the influence of airflow was not obviously, the
mixing time was always about 18 sec. Therefore, the influence of airflow was significantly at
low agitation speed, as the increase of agitation speed, the influence of airflow decreased.

When the conventional reactor with conventional impeller was filled with 40L simulated media
(Fig. 3-6 (b)), the mixing time under high airflow rate or high agitation speed fluctuates within a

small range. The mixing time was about 12 seconds. When the agitation speed was 30 RPM,
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airflow rate was 0 mL/min, increased the agitation speed and airflow rate to highest, which was
180 RPM and 16704 mL/min, the airflow dropped by 3 sec from 9 sec to 6 sec, which was not
evidently. Therefore, the effect of airflow rate and agitation speed when the volume of

conventional reactor with continuous impeller was minimal.

80 A =0 mL/min =m1113.6 mL/min = 16704 mL/min (a)

10 1 i
0 B
30 90 120 150 180
Agitation (RPM)

W
4]

=0 mL/min  =1113.6 mL/min = 16704 mL/min  (b)

W
0 O

Mixing Time(s)
[4)]

o

o

o o

30 90 120 150 180
Agitation (RPM)

Figure 3- 6 Mixing time for conventional reactor with conventional impeller at different agitation and
airflow filled with (a) 100L, (b) 40L media.

Fig. 3-7 showed the mixing time results for conventional reactor with conventional impeller at
different volumes and airflows in the agitation of 30 RPM, 90 RPM, 120 RPM, 150 RPM, 180
RPM. It is obvious that the lower the volume is, the faster the mixing is. When effect of airflow

is significant when the reactor was full filled at low agitation. As the increase of agitation, the
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effect of airflow rate was low. And it was noticed that when the volume was low, the effect of

agitation speed or airflow rate on mixing time was not obviously.
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Figure 3- 7 Mixing time for conventional reactor with conventional impeller at different volumes and airflow
in (a) 30 RPM, (b) 90 RPM, (c) 120 RPM, (d) 150 RPM, (e) 180 RPM.

Take the airflow rate as an example. In Fig 3-7 (a), when the reactor was full filled, increased the

airflow from 0 mL/ min to 16704 mL/ min, the mixing time reduced by 66 sec from 76 sec to 9
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sec, which was significantly. In Fig 3-7 (e), when the agitation increased to 180RPM and the
reactor was full filled, increased the airflow rate from 0 mL/ min to 16704 mL/ min, the mixing
time kept about 8 sec. Therefore, the effect of airflow on full filled conventional reactor with
conventional impeller as minimal when the agitation speed was high.

When the conventional reactor with conventional impeller was filled with 40L simulated media,
no matter the airflow settings, the mixing time was 15 sec at 30 RPM, 12 sec at 90 RPM, 11 sec
at 120 RPM, 11 sec at 150 RPM and 9 sec at 180 RPM, which were very close. Overall, the

effect of airflow rate or agitation speed was not obviously.

3.1.2.4 Characterization of Mixing Time in 100L VDB, 100L Conventional Reactor with
Continuous Impeller and 100L Conventional Reactor with Conventional Impeller.

We evaluated the effect of agitation speed and airflow rate on mixing time in VDB, conventional
reactor with continuous impeller and conventional reactor with conventional impeller when the
reactor was filled with 100L. Fig. 3-8 showed the mixing time results. Overall, at 0 mL/min,
1113.6 mL/min and 16704 mL/min airflow rate, the conventional reactor had lowest mixing time
and VDB had the longest mixing time. It can be noticed that for conventional reactor with
continuous impeller and conventional reactor with conventional impeller, when the power of
volume was lower than 20 w/m?®, increased the agitation speed can reduce the mixing time
significantly. The effect of power of volume on mixing time decreased when the power of
volume increased over 25 w/md. For VDB, at lower airflow rate and power of volume, increased
the agitation speed and power of volume can reduce the mixing time. As the airflow rate and
power of volume increase, the effect of airflow rate and power of volume on mixing time was

minimal.
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Fig. 3-8 (a) showed that for conventional reactor with continuous impeller and conventional
reactor with conventional impeller, when the power of volume increased from 0 w/m?® to 20
w/mé, mixing time for reduced by 40 seconds to 50 seconds, which was about 30. Continued to
increase the power of volume, the change of mixing time was minimal and always kept about 22
seconds. When the airflow rate was 0 mL/min, increased the power of volume from 10 w/m? to
20 w/m?®, the mixing time in VDB decreased from 80 seconds to 40 seconds. Continued to
increase the power of volume, the mixing time was always kept about 48 seconds. It was clearly
to see that when the airflow rate was 0, conventional reactor with continuous impeller always
had the lowest mixing time.

For all bioreactors at 1113.6 mL/min airflow rate (Fig. 3-8 (b)), the trend of mixing time results
was similar to the mixing time at 0 airflow. But there was an outlier for VDB when the power of
volume was 19 w/m?, and the mixing time went up to 80 seconds. It should be noticed that when
the airflow rate increased to 1113.6 mL/min, the conventional reactor with continuous impeller
had the lowest mixing time.

Fig. 3-8 (c) showed at 16704 mL/min airflow rate, 10 w/m?, mixing time in conventional reactor
with continuous impeller was high which was 37 seconds. When the power of volume increased
to 20 w/m? and higher, the change of mixing time for conventional reactor with continuous
impeller and conventional reactor with conventional impeller was minimal and was always
maintained at 8 seconds. And conventional reactor with continuous impeller had the lowest
mixing time. Compared with the other two reactors, the mixing time of VDB cannot be affected

by power of volume, which was 20 seconds.
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Figure 3- 8 Mixing time for VDB, conventional reactor with continuous impeller and conventional reactor
with conventional impeller in 100L, (a) 0 airflow, (b) 1113.6 mL/min airflow and (c) 16704 mL/min airflow.

Overall, the mixing time of VDB was longer than conventional reactor with conventional
impeller and conventional reactor with continuous impeller. When the airflow rate was 0 and
1113.6 mL/min, the mixing time for conventional reactor with conventional impeller
conventional reactor with continuous impeller was close. Increased the airflow rate to 16704
mL/min, when the power of volume was higher than 10 w/m?, the mixing time for 3 bioreactors

was close.
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3.1.2.5 Characterization of Mixing Time in 40L VDB and 40L Conventional Reactor with
Conventional Impeller.

Fig. 3-9 showed that mixing time for VDB was longer than conventional reactor with
conventional impeller at all power of volume setting and airflow settings in 40L. The results
suggested for VDB, when the airflow rate was low, as the increase of power of volume, the
mixing time decreased. For conventional reactor with conventional impeller, the effect of power
of volume and airflow rate on the mixing time was minimum. Overall, when the reactors were
filled with 40L, conventional reactor with conventional impeller had lower mixing time.

Fig. 3-9 (a) showed that as the increase of the power of volume, the mixing time for VDB
reduced significantly, the mixing time for conventional reactor with conventional impeller
maintained about 15 seconds, which makes the mixing time became close. But VDB always had
a longer mixing time. For example, at 20 w/m?, the difference of mixing time between two
reactors was about 60 seconds. But the mixing time gradually approached along with the
increase of power of volume. The difference of mixing time between VDB and conventional
reactor with conventional impeller was 10 seconds when the power of volume went up to 140
w/m3. And mixing time for VDB was 25 seconds, still 15 seconds higher than the mixing time in

conventional reactor with conventional impeller.
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Figure 3- 9 Mixing time for VDB and conventional reactor with conventional impeller in 40L, (a) O airflow,
(b) 1113.6 mL/min airflow and (c) 16704 mL/min airflow.

Fig. 3-9 (b) showed that for VDB, as power of volume increased, the mixing time gradually

decreased from 45 seconds to 20 seconds. For conventional reactor with conventional impeller,

mixing time decreased from 30 seconds to 5 seconds obviously when power of volume increased

from 0 w/m® to 20 w/m?, but mixing time did not decrease significantly when power of volume

increased continuously. This figure also showed that the mixing time gradually approaching

along with the increase of power of volume. However, the mixing time difference between the
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two reactors was 20 seconds, which was still obvious. And conventional reactor with
conventional impeller still had lower mixing time.

Fig. 3-9 (c) showed that when the airflow rate was high (16704 mL/min), for VDB and
conventional reactor with continuous impeller, mixing time cannot be reduced significantly by
increasing power of volume. The mixing time for VDB and conventional reactor with continuous
impeller maintained at 23 seconds and 6 seconds. Same as the mixing time in lower airflow rate,
conventional reactor with conventional impeller had lower mixing time.

Overall, when the two reactors' capacity was 40L, the mixing time of conventional reactor with
conventional impeller was lower than VDB. When the airflow rate was 0 mL/min and 1113.6
mL/min, as power of volume increased, the mixing time difference between the two reactors
gradually decreased. When the airflow rate was 16704 mL/min, as power of volume increased,
the mixing time difference between the two reactors gradually increased and eventually remain

at about 15 seconds.

3.1.2.6 Characterization of Mixing Time in 20L VDB and 20L Conventional Reactor with
Continuous Impeller.

Figure.3-10 (a), (b), and (c) showed that in the volume of 20L, it can be seen that conventional
reactor with continuous impeller always had lower mixing time. And the mixing time can be
reduced by increasing power of volume when the power of volume and airflow were low. When
the airflow rate was high, increased the power of volume cannot reduce the mixing time.

Fig. 3-10 (a) showed that when power of volume was lower than 50 w/m?, as power of volume
increased, the mixing time of VDB and conventional reactor with continuous impeller decreases

significantly, and the time is about 25s. As power of volume continues to increase, the mixing

43



time gap between these two reactors decreases gradually from 20 seconds to 5 seconds, but the
conventional reactor with continuous impeller still has shorter mixing time.
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Figure 3- 10 Mixing time for VDB and conventional reactor with continuous impeller in 20L, (a) O airflow,
(b) 1113.6 mL/min airflow and (c) 16704 mL/min airflow.
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Fig. 3-10 (b) showed that when the power of volume was lower than 50 w/m?3, the mixing time
for the two bioreactors had a significant difference, which was 25 seconds. As power of volume
increased over 150 w/m?, the mixing time difference gradually decreased. The difference was
only 3 seconds. And it should be noticed that the effect of power of volume on mixing time was
minimum. For example, increased the power of volume from 0 to 170, for conventional reactor
with continuous impeller, the mixing time was about 5 seconds. Conventional reactor with
continuous impeller had lower mixing time.

It was shown in figure.3-10 (c) that the mixing time for VDB and conventional reactor with
continuous impeller was close when the power of volume was lower than 50 w/m?, the mixing
time was about 10 seconds. As the increased power of volume, the mixing time of the
conventional reactor with continuous impeller dropped 6 seconds from 12 seconds to 6 seconds.
The mixing time of VDB maintained at 12 seconds. The mixing time in two reactors cannot be
reduced by increasing the power of volume, and conventional reactor with continuous impeller
had lower mixing time.

Overall, when the capacity of the two reactors was 20L, the mixing time performance of
conventional reactor with continuous impeller was better than VDB. When the airflow rate was
high, the mixing time for VDB and conventional reactor with continuous impeller cannot be

reduced significantly by increasing power of volume.

3.2 Mass Transfer Coefficient (k.a)

During the production of biological products, the oxygen in the air must be dissolved in the liquid
first and then used by the microorganisms. There is a close correspondence between the oxygen
transfer coefficient (k.a) and the fermentation result for many products. One of the bioreactor

functions is to provide sufficient dissolved oxygen to meet the needs of microorganisms. Therefore,
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the oxygen transfer efficiency is usually considered to be the main problem in the selection and
design of bioreactors. As an important character of oxygen transfer efficiency in biological
reaction process, kLa has been widely accepted by biochemical industry to analyze oxygen transfer
efficiency.

Many factors affect kia, such as the structure of the reactor, the agitation speed and the airflow
rate. Therefore, this experiment uses different agitation speeds and airflow rates to characterize
kLa of new designed VDB, conventional reactor with continuous impeller and conventional
reactor with conventional impeller in different volumes, agitation speed and airflow rate. By
comparing the k.a between the three reactors, provides a reference for the design of the reactor
in the future. The agitation speed was selected based on the same power of volume (P/V) in
actual manufacture process, scale down the agitation speed to fit the test. Combined with
different airflow rates, collect experimental data to achieve the purpose of the experiment. The

measured parameters are listed in the Table 3-3.

Table 3- 3 Parameters for characterization of mass transfer coefficient (k.a) in 100L prototypes.

Bioreactor Type Agitation Speed  Filling Volumes Airflow Setting
(RPM) (L) (mL/min)

100L vDB 170, 200, 215, 100L, 40L, 20L, 1113.6, 5568, 11136,
305, 350 5L 16704

100L conventional bioreactor 30, 90, 120, 150, 100L, 40L 1113.6, 5568, 11136,

with conventional impeller 180 16704

100L conventional bioreactor 30, 90, 120, 150, 100L, 20L 1113.6, 5568, 11136,

with continuous impeller 180 16704

3.2.1 Characterization of Mass Transfer Coefficient (k. a) in 100L, 40L, 20L and 5L VDB

We first characterized the k.a for VDB and evaluated the effect of agitation and airflow on the
kia. VDB filled with 100L, 40L, 20L, and 5L of the simulated medium was used and the results
were shown in Fig. 3-11. Generally, the k.a increased as the agitation speed or the airflow rate

went up, which is anticipated since each of them is supposed to have a positive effect on k_a.
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The relationship between agitation and airflow in 100L VDB can be seen in Fig. 3-11 (a) that as
the agitation speed and airflow rate increased, the kia also increased. At the same agitation
speed, airflow rate increased from 1113.6 mL/min to 16704 mL/min, k.a increased by an
average of 12 1/hr. It was noticed that when the agitation speed was between 170 RPM and 215
RPM, as airflow increased, the change of k.a was within 1 1/hr. When agitation speed was over
215 RPM, the change of kia is 8 1/hr. That means at higher agitation speed, the effect of airflow
improves ki a more significantly. Therefore, to get higher kia, high agitation speed and airflow
rate such as 350 RPM and 16704mL/min airflow rate should be selected.

The results showen in Fig. 3-11 (b), (c) and (d) had a similar trend as Fig. 3-11 (a), but as the
volume of the media decreased, kia increased. For example, at 350 RPM and 16704 ml/min
airflow rate, when the volume was 100L, 40L, 20L, 5L, kra was 221/hr, 271/hr, 371/hr, 60 1/hr
respectively. Therefore, for a fixed volume of VDB, increasing agitation speed and airflow rate

was the best way to increase kia, and the effect was more obvious at lower volume.
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Figure 3- 11 Mass transfer coefficient (k.a) for VDB at different agitation and airflow filled with (a) 100L,
(b) 40L, (c) 20L, (d) 5L media.
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Fig. 3-12 showed the mass transfer coefficient (k.a) results for VDB at 4 different volumes and
airflow rate in the agitation of 170 RPM, 200 RPM, 215 RPM, 305 RPM and 350 RPM. It is
obvious that the lower the volume, the higher the kia is. And as we described before, when the
agitation speed and airflow rate were low, kLa was low. We can notice that when the agitations
speed was fixed, the effect of liquid volume on kia exceeded the effect of air flow rate on ka,
and this effect increased with increasing agitation speed.

For example, in Fig. 3-12 (a), agitation speed was 170RPM, filled with 100L media, when the
airflow rate increase from 11136 mL/min to 16704 mL/min, the kia increases 4 1/hr. When the
airflow was 11136 mL/min, the k.a increased 18 1/hr when the volume dropped from 100L to
5L. The difference of k.a was 16 1/hr. When the agitation speed increased to 350 RPM in Fig. 3-
11 (e), the other conditions were the same, the k.a increased from 20 1/hr to 58 1/hr, the
difference was 38 1/hr. Therefore, reducing the volume can effectively improve the k.a of VDB,

and the effect was more obvious at high agitation speed.
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3.2.2 Characterization of Mass Transfer Coefficient (ki a) in 100L and 20L Conventional Reactor
with Continuous Impeller

Fig. 3-13 showed the mass transfer coefficient (k.a) results for conventional reactor with
continuous impeller at different agitation and airflow settings in the volumes of 100L and 20L.
Overall, the relationship between airflow rate and agitation speed was more linear in 100L
conventional reactor with continuous impeller. As the increases of airflow and agitation speed,
the kia increases.

When the conventional reactor filled with 100L simulated media, the effect of airflow on k.a
was more obvious when the agitation speed was high. Similarly, when the air flow was high, the
effect of the agitation speed on kia was also obvious. For example, in Fig. 3-13 (a), when the
agitation speed was 30 RPM, increased the airflow rate from 1113.6 mL/min to 16704 mL/min,
the kia increased by 3 1/hr, from 1 1/hr to 4 1/hr. When the agitation speed went up to 180 RPM,
the kia increased by 19 1/hr, from 10 1/hr to 29 1/hr.

Fig. 3-13 (b) showed increasing the agitation speed and airflow rate cannot always increase k.a
when the volume was 20L. The results suggested that when the agitation speed was between 30
RPM and 90 RPM, increased the airflow rate can improve the kia efficiently. However, when
the agitation was 150RPM, the kia increased from 5 1/hr to 18 1/hr when the airflow increased
from 1113.6 mL/min to 5568 mL/min. Continued increasing airflow, the ki a decreased first and
then increased, and the change was not obvious. When the agitation speed was 180 RPM, the
kLa remained 10 1/hr when airflow increased from 1113.6 mL/min to 5568 mL/min. It continued

increasing airflow rate up to 16704 mL/min, the kLa increased to 18 1/hr.

51



30
5] ® 1113.6 mL/min = 5568 mL/min 11136 mL/min 16704 mL/min  (a) ~
£20 - - :
<15 . .
% - ™
X 10 1 _ = -
0 2 - Jol| - | . | S| 1
30 90 120 150 180
Agitation (RPM)
30
o5 { ®1113.6 mL/min w5568 mL/min 11136 mL/min 16704 mL/min  (b)
1
EZO ) 2 ke I
% 15 - = | b
210 | _ | I #
5 - e = & Fidin
o Lol i | ||
30 90 120 150 180
Agitation (RPM)

Figure 3- 13 Mass Transfer Coefficient (kLa) for conventional reactor with continuous impeller at different
agitation and airflow filled with (a) 100L, (b) 20L media.

Fig. 3-14 showed the mass transfer coefficient (k.a) results for conventional reactor with
continuous impeller at different volumes and airflow in the agitation of 30 RPM, 90 RPM, 120
RPM, 150 RPM and 180 RPM. As expected, when agitation speed was fixed, increased the
airflow rate, k.a also increased. When the agitation did not reach the highest agitation speed, the
kra for 20L was higher than the k.a in 100L. But when the agitation speed reached 350 RPM, it
was unexpected that the kia in 100L conventional reactor with continuous impeller is higher than
the ki a in 20L conventional reactor with continuous impeller.

For example, in Fig 3-14 (a), when the agitation speed was 30 RPM, increased the airflow rate,
the ki a of 100L and 20L increased evidently from 0.5 1/hr and 1/hr to 5 1/hr and 7 1/hr. And
except 350 RPM, at different agitation speed and airflow rate, the k.a for 100L was always lower

than the kLa in 20L.
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Figure 3- 14 Mass Transfer Coefficient (k.a) for conventional reactor with continuous impeller at different
volumes and airflow in (a) 30 RPM, (b) 90 RPM, (c) 120 RPM, (d) 150 RPM, (e) 180 RPM.

When agitation speed increased to 350 RPM in Fig 3-14 (e), at 1113.6 mL/min, the kia was
close, which was 10 1/hr. Increased the airflow, the kia in 100L was higher than kia in 100L,
and the difference was increased as the increase of airflow rate. For example, when the airflow

rate was 5568 mL/min, the ki a were 13 1/hr and 11 1/hr, the difference was 2 1/hr. When the
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airflow rate increased to 16704 mL/min, the difference was 7 1/hr. Increased the airflow rate

from 5568 mL/min to 16704 mL/min, the difference of ki a for 100L and 20L increased 285%.

3.2.3 Characterization of Mass Transfer Coefficient (k.a) in 100L and 40L Conventional Reactor
with Conventional Impeller

We characterized the k.a for conventional reactor with conventional impeller and evaluated the
effect of agitation and airflow on the kia. conventional reactor with conventional impeller filled
with 100L and 20L of the simulated medium was used and the results were shown in Fig. 3-15.
The results suggested that as the increase of airflow rate and agitation speed, the k.a increased.
And the effect of airflow on k.a was more significant than agitation speed. And the results were

more obvious when the agitation speed was high.
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Figure 3- 15 Mass Transfer Coefficient (k.a) for conventional reactor with conventional impeller at
different agitation and airflow filled with (a) 100L, (b) 40L media.
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For example, Fig. 3-15 (a) showed the mass transfer coefficient (k.a) results for conventional
reactor with conventional impeller at different agitation and airflow filled with 100L. When the
airflow setting was 1113.6 mL/min, increased the agitation speed to from 30 RPM to 180 RPM,
the kra increased 1 1/hr. When the agitation speed was 30 RPM, increased the airflow rate from
1113.6 mL/min to 16704 mL/min, the k.a increased by 3 from 1 1/hr to 4 1/hr. Therefore, the
effect of airflow was more significant than agitation speed.

Similar results can be found in Fig. 3-15 (b), when the agitation speed was 30 RPM, increased
the airflow rate from 1113.6 mL/min to 16704 mL/min, the k.a increased 4 1/hr. When the
agitation speed was 180 RPM, increased the airflow rate from 1113.6 mL/min to 16704 mL/min,
the kra increased 22 1/hr. Therefore, when the agitation speed was high, the effect of airflow on
kia was more obvious.

Fig. 3-16 showed the mass transfer coefficient (k.a) results for conventional reactor with
conventional impeller at different volumes and airflows in the agitation of 30 RPM, 90 RPM,
120 RPM, 150 RPM, 180 RPM. As expected, the k.a increased as the airflow rate and agitation
speed increased, and the kia in lower volume was always higher. At the same airflow rate, the
difference of kia between 100L and 40L become larger with the increase of agitation speed.

For example, in Fig. 3-16 (a), at different airflow rate, the k.a of 100L was always lower than the
kia of 20L. When the agitation was 30 RPM, even though increased the airflow rate from 1113.6
mL/min to 16704 mL/min, the value of k.a between 100L and 40L was very close, and the
difference was about 1 1/hr. In Fig. 3-16 (e), at 1113.6 mL/min, the difference of k.a increased
to 5 1/hr. As the increase of agitation speed, the difference of ki a in 1113.6 mL/min airflow rate

increased 400%.
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Figure 3- 16 Mass Transfer Coefficient (k.a) for conventional reactor with conventional impeller at
different volumes and airflow in (a) 30 RPM, (b) 90 RPM, (c) 120 RPM, (d) 150 RPM, (e) 180 RPM.

3.2.4 Characterization of Mass Transfer Coefficient (k.a) in 100L VDB, 100L Conventional
Reactor with Continuous Impeller and 100L Conventional Reactor with Conventional Impeller.
Fig. 3-17 showed the mass transfer coefficient (kLa) results for VDB, conventional reactor with

continuous impeller and conventional reactor with conventional impeller in 100L, 1113.6
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mL/min, 5568 mL/min, 11136 mL/min, 16704 mL/min airflow settings. Generally, the k.a of 3
types of bioreactor increased as the power of volume increased. At all airflow settings, the
performance of k.a for conventional reactor with conventional impeller was the worst. When the
airflow rate was high, the effect of power of volume on conventional reactor with continuous
impeller was more significant.

It can be seen from Fig. 3-17 (a) that for all 3 types of bioreactor, at 1113.6 mL/min airflow rate,
the ki a was increased as the power of volume increased. And the increasing trend of k,a in VDB
and conventional reactor with continuous was more obvious than that of conventional reactor
with conventional impeller. When the power of volume was lower than 20 W/m?3, the k.a of all
bioreactors were very close, the difference of kia between bioreactors was about 1 1/hr. As the
power of volume increased, the k.a of conventional reactor with conventional impeller increased
slowly. The difference of ki_a between the conventional reactor with conventional impeller and
the other two reactors became more and more evident. When the power of volume increased over
90 W/m?®, the ki a of VDB and conventional reactor with continuous impeller was 6.5 1/hr and 10
1/hr, much higher than the kia of conventional reactor with conventional impeller, which was
only 2 1/hr. Conventional reactor with continuous impeller had the highest k_a.

In Fig. 3-17 (b), when the airflow setting was 5568 mL/min, as the power of volume increased,
the kLa of VDB, conventional reactor with continuous impeller and conventional reactor with
conventional impeller had a significant increase. The kia of VDB and conventional reactor with
continuous impeller was very close, which was higher than conventional reactor with

conventional impeller.
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Figure 3- 17 Mass transfer coefficient (k.a) for VDB, conventional reactor with continuous impeller and
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When the airflow increased to 11136 mL/min and 16704 mL/min in Fig. 3-17 (c) and Fig. 3-17
(d), as the increase of power of volume, the value of k.a increased. And the ki.a of conventional
reactor with continuous impeller and conventional impeller had an evident increased when the
power of volume increased from 0 W/m? to 20 W/m?®. When the power of volume was higher
than 22 W/m?®, it can be noticed that the kia in conventional reactor with continuous impeller was
higher than the kia in VDB, and the increasing rate was higher. Conventional reactor with
conventional impeller still had the lowest ka.

Overall, as the increase of airflow rate, for all bioreactors, the kia increased. And under any
condition of power of volume and airflow rate, VDB and conventional reactor with continuous
impeller always had a higher value of k,a. When the airflow rate was high, the power of volume
was lower than 20 W/m?, VDB had higher k.a than conventional reactor with continuous
impeller. As the effect of power of volume on conventional reactor with continuous impeller was
significant, the kra in conventional reactor with continuous impeller was higher when the power
of volume was higher than 20 W/m?.

3.2.5 Characterization of Mass Transfer Coefficient (k.a) in 40L VDB and 40L Conventional
Reactor with Conventional Impeller.

Fig. 3-18 showed when VDB and conventional reactor with conventional impeller were filled
with 40L. As the increase of power of volume, the ki a of VDB and conventional reactor with
conventional impeller increased. And the k.a was very close in all power of volumes at different

airflow rates.
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Figure 3- 18 Mass transfer coefficient (k.a) for VDB and conventional reactor with conventional impeller in
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Overall, the kra of VDB was slightly higher than kra in conventional reactor with conventional
impeller. For example, in the condition of 16704 mL/min and 90 W/m?, the k.a for VDB was 23
1/hr, higher than the ki.a in conventional reactor with continuous impeller which was about 16

1/hr.

3.2.6 Characterization of Mass Transfer Coefficient (k.a) in 20L VDB and 20L Conventional
Reactor with Continuous Impeller.

Generally, when the reactor filled with 20L, as the increase of agitation speed, the k.a in VDB
increased. However, for conventional reactor with continuous impeller, the kia increased along
with the power of volume when the airflow rate was low. Increased the airflow rate, the k.a
increased at lower power of volume, and the k.a decreased when the power of volume was
higher than 90 W/m?®, which was unexpected. And at lower airflow rate, the k.a of VDB and
conventional reactor with continuous was very close. When the airflow rate was high, the VDB
had better ka.

Fig. 3-19 (a) showed when the airflow setting was 1113.6 mL/min, as power of volume
increased, the kra of VDB and conventional reactor with continuous impeller gradually
increased. Because the increasing rate of kia in conventional reactor with continuous impeller
decreased when the power of volume between 50 W/m? and 100 W/m?, when the power of
volume was lower than 65 W/m?, the k.a in conventional reactor with continuous impeller was
higher than the kia in VDB. As the power of volume increased higher than 65 W/m?, the k.a in
VDB was higher. For example, when the power of volume was 28 W/m?, the k.a for VDB and
conventional reactor with continuous impeller were 2.5 1/hr and 4 1/hr. When the power of
volume increased to 91 W/m?, the k.a for VDB and conventional reactor with continuous

impeller were 6.5 1/hr and 5 1/hr, VDB had higher k.a. Therefore, when the power of volume
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was low, VDB had better value of k.a. When the power of volume was high, conventional

reactor with continuous impeller had better k,a.

14
12 - —— VDB Conventional, Continuous
10 A
E s -
=
< 6 A
~='
o] /
2 5 (a)
O I

0.00 30.00 60.00 90.00 120.00 150.00 180.00

P/N(W/mN3)
25
——\VDB Conventional, Continuous

297 /
= 15 4
=
<
~= 10 -
7 (b)

0.00 30.00 60.00 90.00 120.00 150.00 180.00
P/\/(W/mn3)

——\ DB Conventional, Continuous

S - (©)

0.00 30.00 60.00 920.00 120.00 150.00 180.00
P/ (W/mn3)

a0
35
30 A

— 25 4

=

= 20 A

1]
~="'15 -

10 -
> 1 (d)
o 4 . . . . .
0.00 30.00 60.00 90.00 120.00 150.00 180.00
P/ (W/MmA3)

1—\VvDB Conventional, Continuous

Figure 3- 19 Mass transfer coefficient (k.a) for VDB and conventional reactor with continuous impeller in
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Fig. 3-19 (b) showed when the power of volume was lower than 30 W/m?3, the k.a of VDB and
conventional reactor with continuous impeller was close. Increased power of volume from 30
W/m?® to 90 W/m?, the value of kia in conventional reactor with continuous impeller exceeded
the value of kia in VDB, and the difference was about 5 1/hr at 90 W/m?. When power of
volume increased from 90 W/m?® to 140 W/m?®, the k.a in conventional reactor with continuous
impeller significantly decreased from 19 1/hr to 11 1/hr. However, the kia in VDB kept
increasing from 14 1/hr to 20 1/hr, and reached the highest kia in VDB at 5568 mL/min. At 90
W/m3, the conventional reactor with continuous impeller reached the highest kia.

Fig. 3-19 (c) showed at 11136 mL/min airflow rate, the k.a of VDB increased with the increase
of power of volume. The kia of conventional reactor with continuous impeller increased at a
lower power of volume almost unchanged when the power of volume increased. And at any
power of volume, we can find the ki a of VDB was higher than the k.a of conventional reactor
with continuous impeller. When the power of volume was 15 W/m?®, the k.a of VDB and
conventional reactor with continuous impeller were 16 1/hr and 7 1/hr, the difference was
evident. Increased power of volume to 50 W/m?, the k.a of two reactors were very close, which
was about 16 1/hr. While increasing power of volume, the k.a of VDB increased from 16 1/hr to
25 1/hr, and the ki a of conventional reactor with continuous impeller decreased slightly from 15
1/hr to 13 1/hr.

When the airflow setting was 16704 mL/min, the results showed in Fig. 3-19 (d). It can be seen
that the kia of VDB is higher than conventional reactor with continuous impeller at all power of
volume, and the kia increased with the increase of power of volume. When the power of volume
was lower than 30 W/m?3, similar to Fig. 3-19 (c), the kia of conventional reactor with continuous

impeller increased evidently. In continuing to increase power of volume to 90 W/m?3, kya still had

63



a slightly increase. However, when the power of volume went up from 90 W/m? to 170 W/m?,
the ki a decreased from 24 1/hr to 19 1/hr.

Overall, the kra of VDB increased at all airflow settings. When the airflow setting was 5568
mL/min, 11136 mL/min and 16704 mL/min, the kia of conventional reactor with continuous
impeller increased first and then decreased with the increase of power of volume. And when the
airflow setting was 1113.6 mL/min or 5568 mL/min, the k.a of two bioreactors were very close,
when the airflow setting was 11136 mL/min or 16704 mL/min, the ki.a of VDB had a significant

advantage than the kia of conventional reactor with continuous impeller.

Chapter 4: Biosynthesis of Antimicrobial Peptides (AMPs)
4.1 Introduction

4.1.1 Antimicrobial Peptides (AMPS)

Antimicrobial peptides (AMPs) are part of the innate immune response found among all classes
of life, witch a molecular weight of about 2000 to 7000 and composed of 20 to 60 amino acids
(Bulet et al., 1999). Most of these peptides have the characteristics of thermal stability and
broad-spectrum antibacterial activities (Broekaert et al., 1997).

Since the discovery of antimicrobial peptides, a large number of studies have been conducted on
the mechanism of action of antimicrobial peptides. It is currently known that antimicrobial
peptides act by acting on bacterial cell membranes (Epand and Vogel, 1999; Sanders et al.,
2007). On this basis, a variety of models of the interaction of antimicrobial peptides and cell
membranes have been proposed. At present, it is generally believed that antimicrobial peptides
act on cell membranes to form transmembrane ion channels on the membrane, destroying the
integrity of the membrane, causing cell rupture, and thereby Killing the cells (Chen, L. et al.,

2009). With the deepening of research work, it was found that some antibacterial peptides have a
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strong killing effect on some fungi, protozoa, viruses and cancer cells. Because of the wide
biological activity, antibacterial peptide shows the great potential in medicine application
prospects to instead antibiotics in the future (Bahar and Ren, 2013).

Since bacterial resistance and emerging infectious diseases have become potential threats to
humans, the synthesis of antimicrobial peptides has become a promising focus area for antibiotic
research. However, antimicrobial peptides are minimal in animals. The production of
antimicrobial peptides from animal cells have a low yield, time-consuming, complicated process,
and high cost, and large-scale production cannot be achieved (Izadpanah and Gallo, 2005). This
has become the biggest obstacle restricting the entry of antimicrobial peptides into practical
applications. Therefore, how to obtain a large number of antibacterial peptides with better
antibacterial activity has always been the main content of the development and production of
antibacterial peptides.

Antimicrobial peptides can be synthesized by the method of chemical synthesis, such as glycyl
glycin (Fischer and Fourneau, 1906) and octadecapeptide (Fischer, 1907). However, the process
of chemical synthesis is complicated, the conditions are harsh, and the cost is high. In addition,
because there are many by-products in the reaction process, the product purification is
complicated. More and more studies have shown that, compared with the chemical synthesis
method, the use of genetic engineering technology is an effective method to develop and produce
antimicrobial peptides (Sablon et al., 2000). On the one hand, the antibacterial peptides obtained
through genetic engineering technology can be identified and developed as products; on the other
hand, compared with other methods, the genetic engineering method has the potential advantages

of large-scale production and low cost. And the development of molecular biology and DNA
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recombination technology in recent years has also provided good technical support for the
genetic engineering of antimicrobial peptides (Ingram et al., 1987).

The traditional method for cellular production of proteins/peptides using recombinant DNA
technology has been attempted for the production of AMPs. The gene encoding for the target
protein/peptide is inserted into a host for the expression for the protein/peptide. E. coli
expression systems are the most common among all methods of genetically engineered bacteria
to produce antimicrobial peptides (Plickthun, 1991). The clear genetic background, mature
expression technology and rapid growth of bacteria make it widely used. This also enables the
expression of various types of antimicrobial peptides in E. coli. Studies have shown that the
expression level of general antimicrobial peptides in E. coli varies according to the type of
carrier and the type of antimicrobial peptide, and the expression yield of human antimicrobial
peptides is mostly high. For example, the compound antimicrobial peptide AL32-P113 and the
recombinant antimicrobial peptide UBI 18-35 achieved expression in E. coli, and obtained
considerable expression levels of 12.1 mg/L and 6 mg/L (Ashcheulova et al., 2018; Wanmakok
et al., 2018). At present, using E. coli as host cells to produce antimicrobial peptides is
developed.

However, because of the killing effect and small size of antimicrobial peptides, use E. coli as
host cells to produce antimicrobial peptides still have problems. There are many factors affecting
the production of antibacterial peptides in E. coli. For example, Fig 4-1 shows the protentional
problems by using E. coli to produce antimicrobial peptides. As shown in Fig 4-1(a), it is easy to
produce endotoxin, which will cause the antimicrobial peptides to easily cause "suicide™ to the
host during the later expression process (Rosano and Ceccarelli, 2014). In other words, after the

host cell express the antimicrobial peptides, because of the killing effect of the antimicrobial
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peptides, antimicrobial peptides can disrupt the host cell from inside and Kill the host cell.
Besides, as shown in Fig 4-1(b), the weak translation ability of E. coli also makes the expressed
antibacterial peptides less stable and weak. Therefore, the expressed antimicrobial peptide may
be degraded in the host cell. This result ultimately made it impossible to obtain antimicrobial
peptide products (Rosano and Ceccarelli, 2014). To solve these challenges, we use a new
biological way to synthesis AMPs. Display AMPs on B. subtilis spore surface.

In this study, LL-37, 18mer_N and 14mer were selected to display on spore surface. LL-37 is an
active peptide cleaved from Cathelicidin antimicrobial peptides in human, lysosomes of
macrophages and polymorphonuclear leukocytes (PMNSs) (Elssner et al., 2004). LL-37 consists
of 37 amino acids and has a stable a-helix structure (Wang, 2008). Same as other AMPs, the LL-
37 will digest the cell membrane to kill the cells (Henzler Wildman et al., 2003). Compared with
other AMPs families, such as defensins, hepcidins, and insect antibacterial peptides, the LL-37
have stronger antibacterial activity (Kahlenberg and Kaplan, 2013). In addition, LL-37 have a
rapid bactericidal effect. The kinetics experiments of LL-37 showed that the tested bacteria can
be Killed within 1 min (Noore et al., 2013). Due to the advantages described above, as well as the

function and mechanism have been well researched, LL-37 is selected in this study.

E.coli

(@) /

Degradation

y Expression by the host
R e

Peptides

E.coli

/

Degradation

Expression _6¢ by the host
e e ==
“~

Peptides

Figure 4- 1 Protentional problems, a) antimicrobial peptides kill host cell, b) antimicrobial peptides
degrade in host cell by using E. coli as host cell.
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18mer_N and 14mer are the peptides fragments of human cytokeratin 6A (hK6A). Besides
18mer_N and 14mer, 18mer_C, 17-mer, 13-mer and 19mer are also found to have activity on kill
cells. For most of the AMPs fragments in K6A, due to the reduction of concentration, the
bactericidal effect is significantly reduced. Only 18mer_N and 14mer have significant kill effect
on cells when the concentration is low. Through experiments, it was found that E. coli,
Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermidis) are easily
killed by 18mer_N and 14mer (Tam et al., 2012). Because the 18mer_N and 14mer still have the
killing function at low concentration and can work on different cells, they are selected to be used
in this study.

4.1.2 B. subtilis, Spores and Spore Surface Display

B. subtilis is a bacterium of the genus Bacillus which is Gram-positive bacterium. It is commonly
found in soil and plant surfaces (Johnson et al., 1945). The image of B. Subtilis are shown in Fig
4-2 (a) (Chen, R. et al., 2009). B. Subtilis cells are usually rod-shaped, with flagella growing on
the surface of the cells. B. Subtilis and its derived products have been evaluated by different
authorities, their safety and beneficial use in food. In the United States, the US Food and Drug
Administration (FDA) issued an opinion in the early 1960s that certain substances derived from
microorganisms are generally considered safe (GRAS), including carbohydrates and proteases of
B. subtilis (Magnuson et al., 1994).

B. subtilis has two growth periods of spore dormancy and reproductive growth period. B. subtilis
enters the spore dormancy period under unsuitable environments such as poor growth
environment and lack of nutrients and has a strong resistance to stress and high temperature
(Higgins and Dworkin, 2012). Spores that can survive in polar environments such as acid, alkali,

etc., thus survive to the environment (Phillips and Strauch, 2002). This process is called
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sporulation and shown in Fig 4-2(b). In the process of sporulation, chromosome will be layer-by-
layer wrapped by secreted proteins (Popham et al., 1996). After spore is formed in the cell, B.
subtilis cells will degrade and release the spores to the environment. Once the environment
becomes suitable for growth and sufficient nutrition, the spores will automatically enter the
reproductive growth phase, and the spores will grow back into B. subtilis cells (Piggot and

Hilbert, 2004).

Figure 4- 2 (a) B. subtilis image(Chen, R. et al., 2009) and (b) sporulation

Due to the spores have unique stress resistance, easy to purify, spore surface display system gets
more and more attention (Hinc et al., 2013). Spore surface display is a method by using the
proteins originally appear on spore surface as an anchor to anchor other interested exogenous
functional proteins (Isticato et al., 2001). As the development of knowledge in B. subtilis’s
genome and proteomics, B. subtilis spore surface display technology has successfully displayed a
variety of foreign proteins such as UreA (Hinc et al., 2010). And the technology has been widely
used in environmental pollution degradation, preparation of oral vaccines and drugs, preparation
of industrial enzymes, large molecular weight and multimeric proteins enzyme production and
other biological activities (Du et al., 2005). There are some advances of spore surface display: 1)
Spores can resist harsh environmental conditions, which also helps to maintain the stability and

function of the exogenous protein in the harsh environment (Wang et al., 2017). 2) When the
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mother cell expresses the coat protein, the exogenous protein will also be expressed in the same
time. Naturally, the coat protein will appear on the surface of the spore, then the interested
protein will also be dragged to the surface of the spore, which avoid the interested protein cross
the cell membrane (Iwanicki et al., 2014). 3) Compared with other host cells such as E. coli,
displaying proteins on the surface of spores can avoid protein purification and protein separation,
which can reduce production costs, save time, and increase economic benefits (Isticato and

Ricca, 2016).

(a) Coat Proen ~~(p)

Figure 4- 3 (a) Wild type spore, (b) AMPs fused with coat protein gene sequence, c) engineered spore
with AMPs on spore surface.

Fig 4-3 (a) shows the structure of wildtype spore. It can be seen that the spore is multilayers
structure, and the coat proteins are on spore surface (BAYLISS et al., 1981). In this study, we
selected CgeA or CotC as anchor protein from many coat proteins. As shown in Fig 4-3 (b), fuse
the AMPs on the N-terminal or C-terminal of cgeA or cotC. When the B. subtilis express CgeA
or CotC, originally, CgeA or CotC will appear on the spore surface. AMPs will be dragged to the
spore surface as well. Then we can get the engineered spore with AMPs on spore surface as

shown in Fig 4-3 (c). This process is called AMPs display on spore surface.
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4.1.3 Intein

Intein is a sequence of amino acids present in the precursor protein (Perler et al., 1997). When
the precursor protein is converted into a mature protein, it is released from the precursor protein
by self-splicing, and the peptide chains at both ends are connected by peptide bonds (Mills and
Perler, 2005; Shemella et al., 2007). This process is the self-cutting of the protein. The first intein
was discovered in 1988 (Perler, 2002). They are distributed in the genomes of single-cell
eukaryotes, eukaryotes, archaebacteria, bacteriophages and viruses (Gogarten et al., 2002). The
types of Intein can be categorized into four classes: 1) Maxi-Intin, 2) Mini-Intein, 3) Alanine
Intein and 4) Trans-Splicing Intein. Maxi-inteins and mini-Intein are C-terminal and N-terminal
splicing domains, the difference is Maxi-inteins has an endonuclease domain, which does not
appear in mini-intein. Alanine intein can splicing in the splicing site which has alanine. In trans-
splicing intein, the intein can be spliced into two or more domains, then the domains will divide
into N-terminal and C-terminal (Shah et al., 2011).

The discovery of self-splicing mechanisms provides convenience for protein engineering,
especially in terms of protein purification, and is a pioneering breakthrough (Wood et al., 1999).
The uniqueness of the intein is its self-splicing function, which can connect two peptides with a
normal peptide bond, and then break down into N-terminal and C-terminal through the self-
splicing. Therefore, this characteristic of intein has a wide range of applications in metabolic
engineering, protein labeling, biomaterial construction, protein cyclization, and protein
purification. Due to the development of self-cleaving affinity tags, one of the main applications
of intein is for protein purification. Modified intein is fused to target protein and affinity tag.
Once the fusion is affinity-purified, intein can be incubated to splice target protein from the tag

and intein. After the target protein is separated from the intein and tag, a pure product can be
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obtained. In this way, the purpose of protein purification is achieved. Intein can be used as
biosensors to detect protein-protein interactions also. Engineered split inteins are fused to the
target protein and reporter, respectively. An interaction between the target protein and reporter
brings the split intein fragments closely, leading to intein activation and then split from the target
protein. Based on this mechanism, Umezawa and co-workers designed several protein-protein
interaction biosensors using GFP and luciferase as reporters in single cell organisms and
transgenic animals. Besides, inteins are also used as biosensors to detect protease activity, small
molecules and protein-DNA interactions (Shah et al., 2011).

In this study, MXE GyrA intein (MXE) purchased from NEB (NEB #N6707) was used to
connect coat protein CotC and AMPs. MXE is a mini-intein has 198 amino acids from
Mycobacterium xenopi gyrA gene and have be modified to cleavage at its N-terminus (Kurpiers
and Mootz, 2008). MXE has been used to purify a wide range of target protein. We fused the
AMPs on the N-terminal of MXE, and fused cotC on the C-terminal of MXE, results in no extra
amino acids on the target protein (AMPs) after cleavage. AMPs can be cleaved and harvested
from spores. This method provides an idea for large scale production of yield ultra-pure AMPs
for practical applications.

4.2 Material and Method

4.2.1 Media and Solutions

Luria-Bertani (LB) media powder (tryptone 10g/L, yeast extract 5g/L, sodium chloride 10g/L),
1.5% agar and tryptose blood agar base (TBAB, tryptose 10g/L, beef extract 3g/L, sodium
chloride 5g/L, agar 15g/L) were purchased from Difco laboratories, VWR. Luria-Bertani (LB)
was used to culture Escherichia coli (E. coli) strains and Bacillus subtilis (B. subtilis) strains. LB

media powder and TBAB were made solution by adding deionized water. Solid LB media can
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be made by adding 1.5% agar to LB media, which is used to plate E. coli strains. B. subtilis
strains can be plated on Tryptose blood agar base (TBAB) directly. It is noted that all solutions
have to be autoclaved to sterilization before plating E. coli or B. subtilis strains.

Spizizen salts, glucose, casamino acids, HMT, MgCl, were used as solutions for B. subtilis
transformation. Spizizen Salts contained 1% (w/v) yeast extract; 0.2% (w/v) casamino acids
(CAA); 5% (v/v) glucose; HMT contained 2% (w/v) (NH4)SOs4, 1.2% (w/v) KH2POy4, 0.04%
(w/v) MgSO4*7H0, 27.94% (w/v) KaHPOs, and 1% (w/v) sodium citrate purchased from
Sigma. GM2 contained 5 mM CaCl,-2H.0 and 25 mM MgCl.-6H20 purchased from Sigma in
GML1.

1.6% (w/v) nutrient broth, 0.05% (w/v) MgSO4-7H.0, 0.2% (w/v) KCI, 1 mM Ca(NO3), 0.1
mM MnCl,-4H20, 1 uM FeSO4, and 0.1% (w/v) glucose purchased from Sigma were mixed as
2xSG media for B. subtilis sporulation.

65.8 mM Tris- Cl (pH 6.8), 2.1% (w/v) SDS, 26.3% (v/v) glycerol and 0.1% (w/v) bromophenol

blue purchased from Fisher were used as protein sample buffers to run SDS-PAGE.

4.2.2 Plasmid, Synthesized DNA and Primers

All plasmids and strains used in this study were listed in Table 4-1.

Table 4- 1 Plasmids used in this study

Plasmid Description or Genotpye Reference
pAMP1 pDG1662 derivative PcgeA-cgeA-LL37, CmR This work
pAMP2 pDG1662 derivative PcgeA-cgeA-14mer, CmR This work
pAMP3 pDG1662 derivative PcgeA-cgeA-18mer_N, CmR This work
pAMP4 pDG1662 derivative PcgeA-LL37-cgeA, CmR This work
pAMP5 pDG1662 derivative PcgeA-14mer -cgeA, CmR This work
pAMP6 pDG1662 derivative PcgeA-18mer_N-cgeA, CmR This work
pAMP7 pDG1662 derivative PcotC-LL37-Intein_cotC, CmR This work
pAMP8 pDG1662 derivative PcotC-14mer-Intein_cotC, CmR This work
pAMP9 pDG1662 derivative PcotC-18mer_N-Intein_cotC, CmR  This work
pDG1662 B. subtilis integration vector, amyE, bla (Guérout-Fleury et al., 1996)
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pDG1662 was shuttle vector extracted from E. coli (DH5a). Plasmid map of pDG1662 was
shown in Fig. 4-4. pDG1662 had an antibiotic resistance marker for ampicillin (bla) in E. coli.
This plasmid was designed for users to insert the fragment of interested gene to multiple cloning
site (MCS). And integrate into the B. subtilis chromosome at the amyE locus. All DNA sequence
in this study was inserted into multiple cloning site (MCS).

All synthesized gene sequences of antimicrobial peptides which linked with coat protein gene
sequence in B. subtilis is listed in Table 4-2. Totally 3 types of AMPs (LL37, 14mer and
18mer_N) and 2 types of coat protein genes (cgeA and cotC) were selected. There are two ways
to link the AMPs and coat protein. One is using the N-terminal of AMPs to link with the C-
terminal of coat protein, the other was using the Intein to link the C-terminal of AMPs and the N-

terminal of coat protein.

MCS
Y 4 5 amyE W

£ bla )

Yy L\
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6982 bp

5’ amyE

Figure 4- 4 pDG1662 Plasmid Map.

Table 4- 2 Synthesized Gene Sequences

Synthesized Gene Sequences Description Size (kb)
cgeA-LL37 LL37 fused on the C-terminal of cgeA 0.94
cgeA-18mer_N 18mer_N fused on the C-terminal of cgeA 0.88
cgeA-14mer 14mer fused on the C-terminal of cgeA 0.87
LL37-cgeA LL37 fused on the N-terminal of cgeA 0.94
18mer_N-cgeA 18mer_N fused on the N-terminal of cgeA 0.88
14mer-cgeA 14mer fused on the N-terminal of cgeA 0.87
LL37- Intein- cotC LL37 fused on the N-terminal of cgeA with Intein 1.45
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18mer_N-Intein-cotC 18mer_N fused on the N-terminal of cgeA with Intein  1.40
14mer- Intein-cotC 14mer fused on the N-terminal of cgeA with Intein 1.38

Primes used in this work to amplify templates or colony PCR were shown in Table. 4-3.

Table 4- 3 Primers used in this work.

Primers Sequence (5 — 3)

KW1611F GAGGCCCTTTCGTCTTCACCTCGAGTGAAGTGTATCTCCGTTGATC
KW1613R CCCTGAGGCCTGCAGGGATCCTAATTAGCTTTCTGTACGAGGCAC
KW1614R CCCTGAGGCCTGCAGGGATCCTAATTAATATTTAATTGTTGAGCTGC
KW1615R CCCTGAGGCCTGCAGGGATCCTAATTATTTAATTGTTGAGCTGCCG
KW1616R CCCTGAGGCCTGCAGGGATCCTAATTATGAAAAGAACGTAACGCTTTC
ZS042F CAGTCGGTTTTCTAATGTCACTAACCAAGGTTGTACTTCAATCAGGGG
ZS043R CGGATATCATCATCGCTCATCCATGTCGATTTCAGATTCAGTCACCAAGG

4.2.3 Polymerase Chain Reaction (PCR)

BioRad T100 Thermal Cycler was used to amplify all DNA sequences. GoTaqg Green Master
Mix (Ref. # M712C) purchased from Promega was selected as the enzyme to amplify
synthesized gene sequence. LongAmp Tag DNA Polymerase (Cat. No. M0323L) purchased from
New England Biolabs (NEB) was selected to amplify shuttle vectors. PCR reaction solutions and
thermocycling working conditions were set up according to the manual book from VWR and

listed in Table 4-4 and Table 4-5.

Table 4- 4 PCR Reaction Solutions for GoTaq Green Master Mix and LongAmp Tagq DNA Polymerase

Solution / Enzyme GoTaq Green Master Mix LongAmp Taq DNA Polymerase
Water 25 ul 30.5 ul
Green Master Mix 22 ul N/A
LongAmp Taq DNA N/A 2ul
Polymerase

5X Reaction Buffer N/A 10 ul
Template 1ul 2ul
Forward Primer 1ul 2ul
Reverse Primer 1ul 2ul
10 mM dNTPs N/A 1.5l
Total 50 pl 50 pl

Table 4- 5 Thermocycling Working Conditions for PCR

Polymerase Initial Denaturation Annealing Extension Final Hold
Denaturation Extension
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GoTag Green  95°C, 95°C, 5°C below 72°C, 72°C, 4°C

Master Mix 2 mins 30 seconds the lowest 1 min/kb 5 mins

primer Tm,

30 seconds
LongAmp Tag 94°C, 94°C, 5°C below 65°C, 65°C, 4°C
DNA 30 seconds 30 seconds the lowest 50 sec/kb 10 mins
Polymerase primer Tm,

30 seconds

4.2.4 Gel electrophoresis and DNA recovery

Gel electrophoresis was used to measure and purify DNA based on size. Agarose gel is made of
agarose with TAE buffer, 0.5 pg/ml ethidium bromide was used to stain agarose gel to visualize
DNA band and set in gel bed. Ladder purchased from NEB (Cat. No. N3232L) and samples
were loading in loading area and voltage was applied by using the PowerPac Basic unit from
BioRad for 120V, 30 mins to run sample. After running finished, gel was moved to UVP
Benchtop 2UV BioDoc-It Imaging System to be visualized at 365 nm.

DNA recovery was used to recover and purify DNA from agarose gel. Zymoclean Gel DNA
Recovery Kit (Cat. No. D4002) was used for gel recovery. Gel with DNA band was cut off and
move to autoclaved 1.5ml centrifuge tube. Add Agarose Dissolving Buffer (ADB) to the tube,
and the volume of ADB is 3 times than gel. Incubated tube at 50°C water bath until gel was fully
dissolved. Move liquid gel into Zymo-Spin column with collection tube, spined at 15000 RPM
for 30 seconds, discard filtrate. 200 ul DNA Wash Buffer was added, spined at 15000 RPM for
30 seconds again. Repeated this step and discard the filtrate. Moved Zymo-Spin column to a new
autoclaved 1.5ml centrifuge tube, 30 ul DNA Elution Buffer was added and spined at 15000
RPM for 30 seconds. Discarded Zymo-Spin column and stored DNA in centrifuge tube in -20°C

freezer.
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4.2.5 DNA Concentration Measurement

Qubit 3.0 Quantitation starter kit (Cat. No. Q33217) from Thermo Fisher Scientific were used to
measure the DNA concentration. Measurement was taken according to the manual book. DNA
concentration was measured by Broad Range (BR) buffer. The solutions for DNA concentration

measurement was listed in Table 4-6. DNA Concentration Measurement Solutions

Table 4- 6 DNA Concentration Measurement Solutions

Solution Standard 1 (ul) Standard 2 (uI)  Sample (pl)
Broad Range Buffer 190 190 198

DNA Concentration 10 N/A N/A
Standard 1

DNA Concentration N/A 10 N/A
Standard 2

Sample N/A N/A 2

Total 200 200 200

After Standard 1, Standard 2 and samples were set up, in to ensure the accuracy of the
measurement, each standard and sample tube should be vortexed at least 30 seconds. When
measuring, the concentration of standard 1 and standard 2 should be measured first, then measure
the concentration of samples in the same way. All data will be recorded in Qubit.

4.2.6 E. coli Transformation

E. coli Transformation protocol was found in Molecular Cloning. 50 ul competent cells and 50
ul constructed plasmid were mixed in 1.5 ml sterilized centrifuge tubes. The centrifuge tubes
incubated on ice bath for 30 mins, moved to 42°C water bath to heat shock for 2mins, then
transferred to ice bath and incubated for 5 mins. All mixtures in centrifuge tubes moved to
sterilized glass tubes with 1 ml LB media, incubated at 37°C for 45 mins to 60 mins. Mixture in
test tubes moved to 1.5 ml sterilized centrifuge tube and centrifuge at 3500 RPM for 5 mins.
Discarded 800 pl supernatant, suspend the cells in media thoroughly, spreaded on LB plates
which with appropriate antibiotic. Incubated the plate at 37°C overnight, collected colonies the

following day.
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4.2.7 B. subtilis Integration and Sporulation

Solutions GM1 and GM2 for B. subtilis Transformation is listed in Table 4-7.

Table 4- 7 B. subitilis Integration Solutions

GM 1 (ul) GM 2 (ul)
dH20 860 87,000
10X Spizizen Salts 100 1,000
50% glucose 10 100
5%CAA 4 20
HMT(5mg/ml) 10 100
1M MgCl2 20 N/A
Total 1000 10000

The B. subtilis Transformation is based on the manual from Bacillus Genetic Stock Center. B.
subtilis was streaked on LB plate overnight. Scraped cells off the plate by using toothpick and
mixed with GML1 in 1.5 ml sterilized centrifuge tube. 10 ul mixture was taken to measure ODeoo
in spectrophotometry tube. Repeated this step until ODeoo reading as between 0.1 to 0.3. Based
on 100Ax=0.2(x+1), which A means ODeoo reading, x means the volume of cells should be
added to GM1. Mixed cells and GM1. Shook cells and GM2 vigorously in 37°C for 4 - 5 hours.
100 pl cells was added to 800 ul GM2 in each sterilized glass test tube and shook the tubes at
37°C for 1.5 - 2 hours. Linearized plasmid was added to each test tube and continued to incubate
and shaking slowly at 37°C for 30 mins. Transferred mixture in glass tube to 1.5 ml sterilized
centrifuge tube and centrifuged at 3500 RPM for 5 mins. 800 pl supernatant was discarded and
resuspended cell in left media. Cells were plated on TBAB plate with proper antibiotics and
incubated at 37°C overnight.

8g of Difco nutrient broth, 1g KCl and 0.25g MgSO4-7H,0 and dH>O was added up to 500ml as
2xSG media and sterilized. Also other solutions, 0.5ml 1M Ca(NO3).-4H20, 0.5ml 0.1M
MnClz-6H20, 0.5ml 1mM FeSO4-7H>0, 1ml 50% (w/v) glucose were added to 2xSG media after

autoclave. 1-3 colonies were picked and incubate in 4 ml LB media at 37°C for 6 - 8 hours. Sited
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the solutions and 2xSG media at room temp for at least a couple of hours before starting the
culture. Transferred the LB media, 2xSG media to sterilized flask, incubated at 37°C with
shaking for 3 to 7 days. Transferred the spore culture to 50 ml sterilized centrifuge tubes and
centrifuged at 4000 rpm for 30-60 minutes at 4°C. Carefully discarded the supernatant. Wash
spores by re-suspending the spores in sterile water, centrifuging for 30-60 minutes, and carefully
removing the supernatant. Repeated this steps for 5-8 times until supernatant was clear. Stored

spores in a small amount of sterile water at room temperature or 4°C for short term use.

4.2.8 SDS-PAGE

Mini-PROTEAN TGX precast gels (Cat. No. 456-1094) purchased BioRad were used to run
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE). 65.8 mM Tris- Cl
(pH 6.8), 2.1% (w/v) SDS, 26.3% (v/v) glycerol and 0.1% (w/v) bromophenol blue were used as
buffer for samples. For each protein sample, 25 pl protein solution, 2 pl 2-mercaptoethanol and
23 ul freshly made buffer was mixed as working solutions. Set Mini-PROTEAN TGX precast
gel on BioRad Mini-PROTEAN Tetra System, running buffer which made with 2.5 mM Tris
base, 19.2 mM glycine, and 0.1% (w/v) SDS was added until the liquid level over loading area.
Working solutions and Benchmark His-tagged Protein Standard (Ref. No. LC5606) were loaded
into gel, running gel at 200V for 30 mins by using BioRad Mini-PROTEAN Tetra System. Gel
was removed after running finished, used SimplyBlue SafeStain purchased from Themo Fisher
Scientific (Cat. No. LC6060) to stain the gel and shaking slowly for 1 hour. Then moved the gel

to autoclaved water and let it stand still until protein bands can be visualized clearly.
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5.3 Results and Discussion

5.3.1 Plasmids Construction

Vector pDG1662 and synthesized DNA fragments as templates were amplified by using selected
forward primers and reverse primers through PCR were shown in Table 4-8. After the fragments
and vectors were verified and purified by gel electrophoresis and gel recovery, the DNA
fragments and vector were constructed to plasmids by using Gibson Assembly. Through Gibson
Assembly, pDG1662 and PcgeA-cgeA-LL37 were connected as plasmid pAMP1, pDG1662 and
PcgeA-cgeA-18mer_N were connected as plasmid pAMP2, pDG1662 and PcgeA-cgeA-14mer
were connected as plasmid pAMP3, pDG1662 and PcgeA-LL37-cgeA were connected as
plasmid pAMP4, pDG1662 and PcgeA-18mer_N-cgeA were connected as plasmid pAMP5,
pDG1662 and PcgeA-14mer-cgeA were connected as plasmid pAMP6, pDG1662 and PcotC-
LL37-Intein-cotC were connected as plasmid pAMP7, pDG1662 and PcotC-18mer_N-Intein-
cotC were connected as plasmid pAMP8, pDG1662 and PcotC-14mer-Intein-cotC were
connected as plasmid pAMP9.Then transferred the new constructed plasmids to E. coli to get

new strains.

Table 4- 8 DNA fragments amplify list

DNA Fragments for Insert Vector Forward Primer Reverse Primer
PcgeA-cgeA - LL37 pDG1662 KW1611F KW1613R
PcgeA-cgeA - 18mer_N pDG1662 KW1611F KW1614R
PcgeA-cgeA - 14mer pDG1662 KW1611F KW1615R
PcgeA-LL37- cgeA pDG1662 KW1611F KW1616R
PcgeA-18mer_N - cgeA pDG1662 KW1611F KW1616R
PcgeA-14mer - cgeA pDG1662 KW1611F KW1616R
PcotC-LL37 - Intein - cotC pDG1662 zs042F zs043R
PcotC-18mer_N - Intein - cotC  pDG1662 zs042F zs043R
PcotC-14mer - Intein - cotC pDG1662 zs042F zs043R
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Plasmid AMP1, AMP2 and AMP3 was constructed and integrated into E. coli. Colony PCR was
used to check the colonies of AMP1, AMP2 and AMP3 after transformation and the gel image
were shown in Fig. 4-5.

It was clear to see from Fig. 4-5 that the bands of insert fragments for AMP1, AMP2, and AMP3
were all about 0.8 kb. That means the 3 types of new constructed plasmids were transferred and
amplified in E. coli successfully. Isolated and linearized DNA from positive transformants,
integrated to B. Subtilis and plated on TBAB plates. However, after B. Subtilis transformation,
we did not find any colonies on the plate. Repeated the experiment many times and got the same
result, we guessed that linking N- terminal of AMPs genes and C-terminal of coat protein cgeA
gene may cause cells to fail to grow. Therefore, we tried reverse the order of AMPs and cgeA,

linked C-terminal of AMPs and N-terminal of cgeA.

Figure 4- 5 Colony PCR gel image of AMP1, AMP1, AMP2, AMP2 and AMP3, AMP3 in E. coli (top to
bottom).

Plasmid AMP4, AMP5 and AMP6 was constructed by using pDG1662 as vector and integrated
into E. coli. Colony PCR was used to check the colonies of AMP4, AMP5 and AMP6 after

transformation and the gel image were shown in Fig. 4-6.
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Figure 4- 6 Colony PCR gel image of AMP4, AMP4, AMP5, AMP5 and AMP6, AMP6 in E. coli (top to
bottom).

It can be seen from Fig. 4-6 that the bright bands of inserted fragments for AMP4, AMP5, and
AMP6 were all 0.8 kb approximately. Integrated the plasmid of AMP4, AMP5, and AMP6 into
B. Subtilis, unfortunately, the cells cannot grow, and no colonies can be found on plates.
Therefore, we decided to try to use coat protein CotC as anchor protein on spore surface. But
compared to CgeA, the position of CotC on spores was more inward, and since the size of AMPs
were small, in order to avoid AMPs was covered by other proteins, we used Intein to link AMPs
and coat protein CotC, which is a self-cleaving protease, so that AMPs can be cleaved and
harvested from spores.

AMP7, AMP8 and AMP9 was designed to link AMPs and cotC by using Intein. Plasmids for
AMP7, AMP8 and AMP9 was constructed and transferred into E. coli. Colony PCR was used to
check colonies from AMP7, AMP8 and AMP9. The results were shown in Fig 4-7 which is
colony PCR gel image. It can be seen that AMP7, AMP8 and AMP9 had clear bands and the size
was about 1.4 kb, that means the new constructed plasmid was integrated into E. coli and

amplified in E. coli successfully.

82



Figure 4- 7 Colony PCR gel image of AMP7, AMP8 and AMP9 in E. coli (top to bottom).

Isolated and linearized DNA from positive transformants, integrated to B. Subtilis and plated on

TBAB plates. Fig. 4-8 showed that colonies were found on the TBAB plates which integrated by

using AMP8 and AMP9.

g
Figure 4- 8 Plate image of positive control, negative control, AMP8 and AMP9.

For each plate, colonies were selected randomly and did colony PCR. The results for colony
PCR were shown in Fig. 4-9 and indistinct bands can be found around 1.4 kb. That means the

plasmid of AMP8 and AMP9 had been integrated into B. Subtilis.

i}
Figure 4- 9 Colony PCR gel image of AMPS8 colony 1, 2, 3, 4 and AMP9 colony 1, 2 in B. Subtilis (top to
bottom).
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5.3.2 Sporulation

Positive B. subtilis transformants were selected to do sporulation. Freshly made sterilized 2xSG
media, 0.5ml of 1M Ca (NOs3).-4H,0, 0.5ml of 0.1M MnCl,-6H20 and 0.5ml of 1mM
FeSO4-7H,0 were mixed as subculture media. Culture the positive B. subtilis transformants in
LB at 37°C for 6-8 hours. Then transferred the LB with B. subtilis to subculture media. Incubate
the subculture media at 37°C with shaking for 3 to 7 days.

After 7 days for sporulation, spores were collected in sterilized 15ml centrifuge tubes. The
centrifuge tubes were centrifuged at 4000 RPM for 30 mins at 4 °C. Discarded the supernatant,
washed the spores by resuspending in sterile water, then centrifuge again. Repeated this step for
6 times to 8 times, store spores in a small amount of sterile water at 4°C for short term use.

Washed spores were shown in Fig. 4-10.

Figure 4- 10 Spore image of AMP8 and AMP9 (left to right).

However, after we cut the AMPs from spores by using splicing function from Intein, we did not
find the proper binds of AMPs from SDS-PAGE gel. We had two guesses for the results. First,
we guess that the concentration of AMPs in solution was too low to be detached by SDS-PAGE,
and second, during the cleavage process, the AMPs have chances to denature because exposed to
room temperature for a long time. Therefore, in the future, we will try to culture large scale cells

to get large number of spores, then do cleavage step in cold room to avoid the denature of AMPs.

84



Concentrate AMPs solutions to obtain higher concentration products, then use SDS-PAGE to

detect the presence of AMPs.
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