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Monoclonal Antibodies (MAbs) make up a large portion of the therapeutic protein industry. A 

major component of MAb biosynthesis is the post-translational process whereby glycan chains 

are enzymatically attached to the protein side chain. The specific configuration of the glycan 

chains, which have been shown to have an effect on MAb efficacy and safety, are a measure of 

MAb quality. This work develops and explores a newly defined metric, titer quality (TQ), which 

is capable of quantifying both product quantity and product quality with respect to glycosylation. 

Optimization studies based on manipulating the culture environment were undertaken. Product 

quantity was improved by transitioning from 37 °C to hypothermic conditions (33 °C) between 

24 and 48 hours post-inoculation. As compared with the proprietary medium BIOGRO CHO, 

product quality was improved with a medium formulation, named Mixture 6 (M6), which 

contained high levels of SITE and the soy hydrolysate HYPEP™ 1510, and low levels of the 

lipid mixture LM1 and a uridine, manganese, and galactose cocktail UMG supplements. M6 

simultaneously promoted glycosylation, population growth and productivity. When a 

temperature shift strategy was employed, while both BIOGRO CHO and M6 were capable of 

achieving high final protein concentrations, the TQ was best in M6 due to the improved glycan 

profile. 
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1 Introduction 

 Animal Cell Cultures and Monoclonal Antibodies 1.1

Cell culture is a process whereby cells are grown in controlled conditions outside of their natural 

environment. As a broad term, cell culture can refer to the culture of any cell such as bacteria, 

yeast, plant, animal, or otherwise. Animal cell culture, sometimes also termed tissue culture, 

refers specifically to the growth of cells isolated from an animal. The development of animal cell 

culture engineering traces its roots back more than 100 years: in 1885, Wilhelm Roux was able 

to maintain a culture of embryonic chicken cells in a warm saline solution, establishing the basis 

for the modern principles of animal cell cultures (Heams 2012).  

Due to their complexity, there are many unique difficulties associated with the successful culture 

of animal cells. Animal cells are isolated from multi-cellular organisms (animals), and therefore 

are highly specialized, sometimes even terminally differentiated, cells. Some examples of 

terminally differentiated cells include bone cells, neurons, or lymphocytes. These specialized 

cells require other specialized cells present in a multi-cellular organism in order to survive and 

carry out their functions. When isolated, these cells no longer have the support of the full multi-

cellular community that is present in vivo and are often incapable of proliferating or even of 

surviving. The in vitro environment for animal cell culture must be devised to include all 

requirements for the specialized cells normally found in their multi-cellular in vivo environment. 

These cells differ from cell cultures composed of single celled organisms such as bacteria or 

many yeast species, which are not specialized and can therefore survive and proliferate as an 

isolated community. 

The difficulties associated with the successful culture of animal cells in vitro slowed the 

development of animal cell culture techniques until advancements in antibiotic production in the 

1940s drove a greater demand and interest (Grossman 2008). Although antibiotics are typically 

produced by bacterial or yeast cells, and are therefore easier to successfully grow, there are many 

principles common to both types of cell culture. The successful growth of any cell culture, 

animal or otherwise, requires an understanding of 
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 cellular metabolic pathways, 

 cellular replication, 

 population and cellular growth characteristics, 

 nutritional requirements,  

 optimal culture conditions, and 

 effective industrial processing techniques. 

Since the 1950s, animal cell culture has advanced through the development of better engineered 

cell lines capable of surviving indefinitely and of producing a wide variety of products, including 

proteins for use in the therapeutic protein industry. In fact, animal cell cultures have become the 

platform of choice for the development of many therapeutic proteins (Butler 2006).  

The biologics industry of all classes of proteins, and in particular therapeutic proteins, is rapidly 

growing. There are currently over 20 leading biologics on the market, with the overall projected 

market value expected to reach $252 billion in 2017, up from $150 billion in 2011(PR Newswire 

2013; Butler 2013). The majority of these biologics are manufactured from animal cell culture 

platforms. As the complexity of any given biologic increases, so too does the complexity of the 

animal cell culture, requiring advances not only in the development of specialized animal cell 

lines, but also of growth media, production methods, and purification techniques. The production 

of therapeutic proteins of high fidelity is a critical quality requirement to ensure not only the 

efficacy of a given therapeutic, but also to avoid the elicitation of undesired side effects (Butler, 

2006).  

Monoclonal antibodies (MAbs) are a specific class of protein whose goal as a therapeutic is to 

replicate, replace, or enhance the antibody activity of a host‟s immune system (Butler 2004). 

They were first successfully produced in vitro in 1975 by Köhler, Milstein and Jerne (Köhler and 

Milstein 1975), an accomplishment that led to their shared award of the Nobel Prize in 

Physiology or Medicine in 1984. The active site of MAbs, much like that of any naturally 

occurring antibody, is what sets them apart from other biologics. The antibody is capable of 

recognizing and binding to a given target, or antigen (Figure 1), providing a basis for the theory 

proposed in the early 20
th

 century by Paul Ehrlich that a “magic bullet” could be designed to 

specifically target and neutralize any disease (Bakhtiar 2012). 
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Figure 1: Monoclonal Antibodies 

Antibodies identify a foreign body by targeting an antigen on the foreign body. An 

antigen is any unique part of a foreign body onto which an antigen binding site can 

become covalently attached. The antibody has two regions: the fragment 

crystallizable region (Fc) and the fragment antigen-binding region (Fab). Image 

adapted from the Wikimedia Commons file “Image:Antibody scheme.svg”.  

http://commons.wikimedia.org/wiki/File:Antibody.svg 

MAbs differ from other classes of antibodies in that they are produced by cell clones, or identical 

cells that share a common ancestry. Because cloned cells are used to produce the antibodies, 

these antibodies are referred to as monospecific, meaning they all have an affinity for the same 

antigen (since they will all possess identical antigen-binding sites). MAbs differ from polyclonal 

antibodies, which are antibodies produced by several different cells (rather than cloned cells). 

Since they are produced by different cells, they can have affinities for different epitopes on the 

same antigen, or even for different antigens altogether (Lipman et al. 2005). Polyclonal 

antibodies are produced by the B-lymphocytes in a living organism, while MAbs are typically 

generated by cloned cells in an animal cell culture (Bakhtiar 2012). This thesis focuses on the 

production of MAbs. 

There are several different classes of MAbs: non-human, chimeric, humanized and fully-human. 

The first designer MAbs were non-human (they were most frequently murine, or derived from a 

mouse) and were typically produced in a myeloma (cancer) cell fused to a B-lymphocyte, known 

Fc region 

Fab region 
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as a hybridoma. Frequently the myeloma cell and/or the B-lymphocyte was of murine origin. 

Non-human MAbs can cause immune disorders when used for therapeutic purposes, but these 

side effects were overcome by introducing chimeric, humanized, and fully-human antibodies 

(Reichert 2001), made possible through the advent of recombinant DNA technology. 

MAbs have become prevalent in numerous areas of biology and biotechnology, most notably in 

medicine. They can be designed to target nearly any antigen, and as such have a wide range of 

applications in the medical field. Currently there are six MAbs on the market that are considered 

blockbusters (generating more than $1 billion per year). Estimated MAb sales in 2011 were 

around $44.6 billion and are predicted to increase to $58 billion in 2016 (Butler 2012). MAbs 

currently on the market are typically used to treat autoimmune disorders such as rheumatoid 

arthritis, or certain types of cancer such as breast cancer and leukemia; however, an antibody can 

theoretically be designed to target any antigen, meaning a MAb could be used in the treatment of 

nearly any disease or condition. 

One of the primary reasons for the use of mammalian cells in the production of MAbs and other 

biologics is the post-translational modifications required for safe and effective therapeutics. One 

of the post-translational modifications that has become the focus of recent research is 

glycosylation, the enzymatic process whereby glycan chains (or small polysaccharide chains) are 

covalently attached to the protein side chain (Butler 2006). Many different glycan chains can be 

produced by varying organisms, though only a selection of these glycan chains are safe and 

effective for use in human therapeutics (Arnold et al. 2007). The cellular machinery required for 

high quality human glycosylation exists only in mammalian cells, making their use in the 

development of therapeutic proteins highly advantageous. Current research has shown that the 

glycan profile is a Critical Quality Attribute (CQA) that can be controlled not only by the 

specific cell line used, but also by various culture conditions and process conditions, including 

the culture growth medium formulation (Aghamohseni et al. 2014; Ivarsson et al. 2014; Liu et al. 

2014). 

 MAbNet Research Network 1.2

This research was conducted as part of the MAbNet research network (www.mabnet.ca), which 

is comprised of research groups in eight universities, nine sponsoring industrial partners, and 

three government institutions and is funded by NSERC. The overall aim of the network is the 

http://www.mabnet.ca/
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development of media, process conditions, purification methods and other techniques that 

promote the production of single-type glycoform monoclonal antibodies. The aim of this thesis, 

along with other research conducted at the University of Guelph School of Engineering, is to 

apply engineering principles to the production of glycosylated MAbs. This includes a focus on 

industrially relevant animal cell culture and MAb production techniques and methods of 

analysis. 

 Objective 1.3

The growing demand for high quality MAbs is driving current research towards various 

improvements in cell culture growth media formulations and cell culture processing techniques. 

Recent research has seen a shift in focus away from improving the productivity of a cell culture, 

a measure of MAb quantity, towards conditions that can improve the glycan profile, a measure of 

MAb quality. The end goal in both research and the industry is to produce a high quantity of high 

quality MAbs. 

There are three objectives to this research: 

1. The development of a novel industrially relevant metric that is capable of quantifying 

both MAb quantity and MAb quality. 

2. The exploration of hypothermic environmental conditions, specifically the transition to 

hypothermic conditions from standard conditions, to improve MAb productivity. 

3. The identification of various cell culture media supplements that can improve cell growth 

and viability (MAb production capacity), MAb productivity (MAb quantity), and the 

MAb glycan profile (MAb quality). 
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2 Literature Review 

 Mammalian Cell Lines 2.1

A wide variety of cell lines have been isolated from a variety of different mammals and specific 

mammalian organs or tissues (see Table 1). Each cell line has a different set of nutritional 

requirements that depend, among other things, on the source animal and source organ or tissue. 

Cell lines can also have widely varying growth characteristics in culture; for example, some cell 

lines are extremely robust, while others are very sensitive to culture conditions (Butler 2004).  

Table 1: Select mammalian cell lines and their source 

Cell line Organism Source Tissue 

HeLa Human Cancerous cervix 

HEK 239 Human Embryonic kidney 

BHK-21 Baby Hamster Kidney 

BALB/3T3 Mouse Embryo 

CHO Chinese Hamster Ovary 

 

One of the early complications encountered with animal cell culture development was the finite 

nature of cellular duplication. Many cell lines are only capable of duplicating a limited number 

of times, ranging anywhere from 20-80 population doublings, before entering cellular 

senescence. These cell lines are referred to as finite. A non-finite cell line, known as immortal or 

continuous, is a cell line capable of evading senescence and hence capable of undergoing 

division indefinitely. One of the earliest examples of a continuous mammalian cell line was the 

HeLa cell. HeLa cells were harvested and isolated from the cervical cancer cells of Henrietta 

Lacks (Jones 1997). Because the cells were immortal (a result of the cancerous mutation), cells 

could be kept alive indefinitely. This cell line became one of the staples of animal cell culture 

research. The immortalization of cells can be accomplished in a variety of ways outside of 

naturally occurring cancer, including through spontaneous or induced mutations of the genome, 

and through hybridoma technology (Maqsood et al. 2013).  
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Hybridomas were the first cell lines capable of producing MAbs. MAbs are produced in vivo by 

B-lymphocytes, which are terminally differentiated cells. A terminally differentiated cell is a 

highly specialized cell that is not capable of division (cellular proliferation). Hence, B-

lymphocytes cannot be cultured in vitro. A hybridoma is a cell that is formed through the fusion 

of a B-lymphocyte, which produces antibodies, with a myeloma cell, which is a cancerous white 

blood cell, resulting in a cell capable of proliferation and MAb production (the word hybridoma 

being a portmanteau of hybrid and myeloma) (Köhler and Milstein 1975). An early problem 

encountered with hybridoma-produced MAbs was a result of their non-human nature. Because 

the hybridoma cells were produced through the fusion of murine (mouse) and human cells, the 

antibodies were partially murine, and could elicit inflammatory effects in human patients (the 

human anti-mouse antibody, or HAMA, response). Research throughout the 1980s and 1990s 

solved this problem through the advent of recombinant cell lines (Jefferis 2009). 

Recombinant DNA is a DNA sequence that brings together genes from multiple sources to create 

a DNA molecule that is not normally found in nature. A recombinant cell is a cell that 

incorporates recombinant DNA, introduced to the cell genome via a process called transfection. 

This recombinant DNA molecule can be designed to alter the metabolic pathways of a cell, assist 

the cell in surviving in extreme environments, or to produce a product of interest, such as a 

protein (Lai, Yang, and Ng 2013). A protein that has been encoded from recombinant genes in a 

cell is termed a recombinant protein. This technology allows for a protein of choice to be 

expressed by a variety of host cells, such as a human protein produced in a non-human cell line. 

Several MAbs currently produced in industry are recombinant human proteins expressed from 

human genes that have been transfected into Chinese hamster ovary cells (CHO cells).  

 Chinese Hamster Ovary Cells 2.1.1

The Chinese Hamster Ovary (CHO) parental cell line was derived from the ovary of a Chinese 

hamster, first isolated is the 1950s. The first recombinant therapeutic protein approved for 

medical use was a tissue plasminogen activator (tPA, Activase) in 1986, expressed in 

recombinant CHO cells (Wurm 2004). Since then, CHO cells have remained the dominant 

platform in the recombinant therapeutic protein industry. There are several reasons for the wide 

use of CHO cells in industry: 

 they can be grown very rapidly in culture, 
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 they can be grown in full discrete suspension (facilitating growth in bioreactors),  

 they have a high protein yield compared to many other cell lines,  

 they has been very well characterised through many years of use in research and industry,  

 they are relatively resistant to the shear forces often encountered in industrial settings, 

 they are genetically stable, 

 they have a good medical application safety record, and 

Additionally, CHO cells contain the cellular machinery required to produce high fidelity MAbs, 

including the cellular machinery required for high quality human glycosylation, a Critical 

Quality Attribute (CQA) of MAbs (Chu and Robinson 2001; Durocher and Butler 2009; Wong et 

al. 2010; Beckmann et al. 2012). 

Common CHO cell lines used in recombinant protein production are variations of the CHO dhfr- 

cell lines (CHO-DXB11, or CHO-DG44), which are incapable of producing the metabolic 

enzyme dihydrofolate reductase (DHFR). DHFR is an enzyme that plays a central role in the 

synthesis of nucleic acid precursors. Cells cannot proliferate without the nucleotides that are 

required for DNA synthesis. The dhfr- cells can be transfected with the recombinant gene desired 

for MAb synthesis, along with the dhfr gene. These cells then are grown in a nutrient limiting 

medium (devoid of glycine, hypoxanthine and thymidine, GHT-minus)  where only the cells that 

contain the stably transfected dhfr gene (as well as the target protein gene) will survive, thus 

isolating the MAb-producing CHO cell line (Hong, Cho, and Yoon 2010; Agrawal et al. 2012). 

 The Cell Cycle 2.2

The cell cycle is the series of steps that a cell undergoes leading up to and carrying out cell 

division. One full rotation of the cell cycle will result in two daughter cells being produced from 

a single parent cell, with the two daughter cells being clones (Macdonald, Ford, and Casson 

2007).  

Understanding cell division is critical to understanding how a cell culture can be grown in a 

medium. The cell cycle occurs in four distinct phases: G1, S, G2 and M phase. There is a fifth 

state that exists outside of the cell cycle that is referred to as the G0 phase (Pollard, Earnshaw, 

and Lippincott-Schwartz 2008). The progression through the cell cycle is a very strictly regulated 
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process through a series of checkpoints that are meant to allow only those cells that are prepared 

for the next phase of the cycle to proceed (Figure 2). 

The G1 (Gap 1) phase is the first, and often longest and most variable, phase in the cell cycle. In 

this phase, the volume of the cell increases and many proteins and enzymes required for division 

are synthesised along with increased mRNA levels required for the transcription of these 

proteins. The G0 phase is, strictly speaking, not a part of cell cycle, since this phase is not a 

prerequisite for the next phase in cell division. The G0 phase refers to cells that have entered into 

a quiescent state (as is the case with terminally differentiated cells) or a senescent state (as is the 

case with finite cells) rather than actively dividing, and is a subset of the G1 phase. Cells enter 

the G0 phase directly from the G1 phase, either reversibly or irreversibly, with a less rigidly 

defined checkpoint than those within the cell cycle (Pollard, Earnshaw, and Lippincott-Schwartz 

2008). Since cells in a quiescent state are not actively dividing, they theoretically have the 

potential to devote more energy towards protein production (Durocher and Butler 2009; 

Gawlitzek et al. 2009).  

 

Figure 2: The cell cycle 

The interphase of the cell cycle, I, is a term used to describe the phase of a cell when 

it is not currently undergoing mitosis, which occurs during the M phase. The 

interphase is composed of the G1, G2 and S phase. Image adapted from the 

Wikimedia Commons file “Cell_Cycle_2.svg”. 

https://commons.wikimedia.org/wiki/File:Cell_Cycle_2-2.svg 

The next phase, S (synthesis) phase, is the step where the cell chromosomes are duplicated. Only 

cells that have grown sufficiently and have fully functioning DNA will be allowed to progress 
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from the G1 phase to the S phase. The primary function of this phase is to create an exact replica 

of the cellular DNA, resulting in two identical sister chromatids that will form the genome of the 

cloned daughter cells (Pollard, Earnshaw, and Lippincott-Schwartz 2008).  

In the G2 (Gap 2) phase, which follows the S phase, the cell continues to grow. The function of 

this phase is to act as checkpoint for the cell to ensure that it is fully prepared to undergo mitosis. 

The main goal of the G2 phase is to produce the machinery required to actively divide cells 

during the mitotic phase (such as microtubules). The final phase is the M phase, or mitotic phase 

(which itself can be further subdivided into five phases). In this phase, the cell actively divides 

into two daughter cells from a single parent cell. The M phase is by far the shortest phase of the 

cell cycle (Pollard, Earnshaw, and Lippincott-Schwartz 2008). 

 Batch Population Kinetics 2.3

Batch population kinetics focus on the growth of an entire cell culture, or population, rather than 

the growth of an individual cell. The growth of a cell culture (animal, plant, fungi/yeast or 

bacterial) in a finite system (batch) can be roughly divided into several phases, each of which can 

have distinct growth and productivity characteristics. The four phases are: lag phase, exponential 

(or log) phase, stationary phase, and death phase (Figure 3). 

 Lag Phase 2.3.1

The lag phase of the cell culture begins when the culture medium is inoculated. During this 

phase, the concentration of cells in the culture does not increase significantly. The majority of 

the energy in the cell is devoted to acclimating cells to their current environment by synthesizing 

proteins, enzymes and any other required growth factors (Freshney 2011). The length of the lag 

phase can be highly dependent on the culture environment, particularly the growth medium 

composition. The closer that the culture environment matches the environment from which the 

inoculum is derived, the shorter the lag phase. Typically, a less nutrient rich medium will have a 

longer lag phase (Butler 2004).  

Cells do not begin dividing rapidly until they have become acclimated to the culture conditions. 

Additional lag phases can occur over the course of the culture when a condition, such as 

temperature, pH, or metabolite levels change very rapidly and to a large degree, or reach a 

critical threshold. Here again, the cell population must re-acclimate to the changed 
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environmental conditions prior to resuming proliferation. Notably, cells typically do not produce 

significant quantities of any desired products in the lag phase (Butler 2004). 

 

Figure 3: Classic population growth kinetics 

Cell population growth in a finite system (batch) is commonly divided into four 

separate phases: lag phase, exponential phase, stationary phase and death phase. 

Image adapted from the file “File:Bacterial_growth_curve.svg”. Image used under 

the Creative Commons 3.0, original illustration by Michal Komorniczak. 

https://commons.wikimedia.org/wiki/File:Bacterial_growth_en.svg 

 Exponential Phase 2.3.2

The exponential phase, or log phase, is characterised by rapid culture growth and follows the lag 

phase. It can be roughly subdivided into early, mid and late exponential phases. During this 

phase, the cell culture grows at an exponential rate via more rapid rotations through the cell 

cycle.  

The rate of culture growth depends on a number of different factors, including  

 nutrients,  

 pH, 

 temperature,  
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 cell density, 

 osmolality, and 

 by-product levels. 

When one of the culture conditions becomes limiting, the exponential phase will terminate, 

leading to the stationary phase (Freshney 2011). 

Theoretically, it is possible for a culture to be maintained in exponential phase indefinitely, as 

long as all of the required conditions are met. Typically, cells are highly productive during the 

exponential phase, so maintaining a culture in exponential phase for as long as possible could 

have a significant effect on productivity (Butler 2004). However, it is very difficult to maintain 

all of the culture conditions required to sustain exponential cell growth, particularly since all of 

the necessary conditions may not be well defined.  

 Stationary Phase 2.3.3

The stationary phase of a culture is characterized by a relatively consistent cell concentration, 

where the culture size is neither increasing (growing) nor decreasing (dying). It is often 

incorrectly simplified as a state where the cell growth rate and death rate are equal; however, this 

is not always the case. In some cultures, the cells enter a resting phase (G0 phase) where the cells 

exist in a quiescent state in which they are neither dividing nor preparing for division (Pollard, 

Earnshaw, and Lippincott-Schwartz 2008). There are a number of environmental factors that 

may trigger stationary phase, including high cell concentration, the accumulation of by-products, 

or changes in culture conditions such as pH and hypothermic temperatures (Durocher and Butler 

2009). Many cells can remain productive in the stationary phase, though this behaviour varies 

between cell lines and culture environmental conditions such as culture medium composition. 

 Death Phase 2.3.4

The death phase of a cell culture is characterised by a rapid drop in cell concentrations. During 

the death phase, cells will begin to lyse, releasing their cytoplasmic contents into the growth 

medium. This can result in the further release of any desired products into the medium (including 

MAbs), as well as the release of other unwanted proteins, organelles and other cytosolic 

compounds that can complicate the downstream MAb purification process (Butler 2004). Of 
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particular concern is the potential release of proteases that could degrade protein product. The 

release of the enzyme lactate dehydrogenase (LDH) can be monitored as a marker of cell lysis. 

Cell death can proceed as either necrosis or apoptosis. Necrosis is a form of premature cell death 

that is caused by factors that are external to the cell. Essentially, necrosis is cell death caused by 

acute cell injury. It can be caused by a build-up of toxins, an abrupt physical trauma such as 

severe shear forces on the cell membrane, or any other condition that could inflict adequate 

trauma on a cell to cause immediate death that could be brought about in a variety of ways. The 

release of cytoplasmic contents into the medium can have further detrimental effects on the 

remaining culture (Pollard, Earnshaw, and Lippincott-Schwartz 2008; Gao et al. 2011), as 

described above. 

Apoptosis is programmed cell death. It differs from necrosis in that it is controlled by factors that 

are internal to the cell. It is a fully regulated form of cell death that can be triggered by a number 

of different factors. It can be induced through stresses (such as high osmolality or high oxygen 

levels), through one of many different extrinsic pathways (an apoptotic signalling pathway 

triggered by the binding of an extracellular ligand to a specific death receptor on the cell wall), or 

through an intrinsic pathway (the binding of an intracellular ligand to a death receptor) (Pollard, 

Earnshaw, and Lippincott-Schwartz 2008). The goal of any form of apoptosis is to break the cell 

into easily managed apoptotic bodies in a controlled manner, rather than having the cell 

membrane burst in an uncontrolled fashion, as can be the case in necrotic cell death. 

 Mammalian Cell Culture Media and Metabolism 2.4

A cell culture medium is a highly complex liquid or gel that is designed to support the growth of 

cells in vitro. Cell culture media contain a variety of salts, growth factors, pH buffers, nitrogen 

sources, carbon sources and amino acids. In the case of MAb production, media are designed to 

not only support the growth of cells, but also to promote protein biosynthesis and key protein 

post-translational modifications including glycosylation (Butler 2004). Many studies have shown 

that the starvation of certain nutrients such as glucose or glutamine can have a negative effect on 

MAb productivity, as well as MAb quality including the glycan profile  (Majid, Butler, and Al-

Rubeai 2007; Wong et al. 2010; Liu et al. 2014). 
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The specific medium requirements can vary widely between cell lines. The variations can be due 

to the source animal, the source organ or tissue, post isolation genetic modifications, or specific 

desired product qualities (such as the glycan profile). A specific cell type taken from a multi-

cellular organism is typically highly specialized (differentiated), having lost the capacity to 

autologously manufacture all requirements for viability and proliferation. These cells instead rely 

on growth factors biosynthesized by other cell types in the multi-cellular organism secreted into 

and distributed in vivo through the organism‟s circulatory system. For this reason, serum has 

been a common additive to animal cell culture medium (Castilho et al. 2008).  

Serum is a solution derived from animal blood and contains a wide variety of nutrients, proteins 

and growth factors; however, serum is expensive, complex, highly variable, and can lead to 

inconsistencies in MAb production. Moreover, serum may harbour adventitious agents, such as 

viruses and prions, that may have a detrimental or even devastating impact on the cell culture, 

the protein product, or the human recipient of the cell-produced therapeutics (D. W. Jayme and 

Smith 2000). As such, there is a strong drive to transition to serum-free media. 

 Basal Medium 2.4.1

A basal medium is composed of all of the basic requirements for cell growth. This includes, but 

is not limited to, various salts, pH buffers, carbon sources, nitrogen sources, amino acids and 

potentially other supplements (Butler 2004). Basal media can vary widely in complexity. One of 

the earliest animal cell culture media developed was Eagle‟s basal medium (BME), which was 

designed in the 1950s by Harry Eagle specifically to promote the growth of HeLa cells (D. 

Jayme, Watanabe, and Shimada 1997). Since that time, many different modifications to BME 

have been developed, including Eagle‟s minimum essential medium (EMEM) and Dulbecco‟s 

Modified Eagle‟s medium (DMEM). Other types of basal media have also been developed, such 

as RPMI (developed at the Roswell Park Memorial Institute) and Medium 199, both of which 

have applications for a wide range of cell lines (D. Jayme, Watanabe, and Shimada 1997). 

Ham‟s Nutrient Mixture (Ham‟s F12) was developed specifically to support the growth of CHO 

cells in serum free medium (Ham 1965). It contains an increased variety of various supplements 

when compared to older media formulations such as BME, which was not specifically intended 

to support the growth of CHO cells. Like BME, various modifications of Ham‟s F12 exist, 

including Coon‟s modification (Ham‟s F12 Coon‟s) and Kaighn‟s modification (Ham‟s F12K), 
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both of which contain increased concentrations of various amino acids and supplements. A 

comparison between nutrient levels in BME and Ham‟s F12K is presented in Table 2. 

Critically, basal medium is incomplete, in that it does not contain the growth factors required by 

highly differentiated cells for optimal long term growth and viability. 

Table 2: A comparison between BME and Ham’s F12K 

Component 
Concentration in 
Ham’s F12K (mM) 

Concentration in 
BME (mM) 

Glycine 0.1000 
 

L-Alanine 0.1000 
 

L-Arginine 1.0000 0.0995 

L-Asparagine 0.1001 
 

L-Aspartic acid 0.1000 
 

L-Cysteine 0.1995 0.0511 

L-Glutamic Acid 0.1000 
 

L-Glutamine 1.0000 
 

L-Histidine 0.1000 0.0516 

L-Isoleucine 0.0305 0.1985 

L-Leucine 0.1000 0.1985 

L-Lysine 0.1995 0.1993 

L-Methionine 0.0302 0.0503 

L-Phenylalanine 0.0303 0.1000 

L-Proline 0.3000 
 

L-Serine 0.1000 
 

L-Threonine 0.1000 0.2017 

L-Tryptophan 0.0100 0.0196 

L-Tyrosine 0.0298 0.0996 

L-Valine 0.1000 0.2009 

Biotin 0.0001 
 

Choline chloride 0.1000 0.0041 

D-Calcium pantothenate 0.0010 0.0071 

Folic Acid 0.0029 0.0021 

Niacinamide 0.0003 0.0023 

Pyridoxine hydrochloride 0.0003 0.0082 

Riboflavin 0.0001 0.0049 

Thiamine hydrochloride 0.0009 0.0003 

Vitamin B12 0.0010 0.0030 

i-Inositol 0.1000 
 

Calcium Chloride 0.2993 1.80 

Cupric sulfate 0.0001 
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Ferric sulfate 0.0030 
 

Magnesium Chloride 0.6023 0.81 

Potassium Chloride 2.9813 5.33 

Sodium Bicarbonate 14.0000 26.19 

Sodium Chloride 131.0172 117.24 

Sodium Phosphate dibasic 1.0000 1.01 

Zinc sulfate 0.0030 
 

D-Glucose (Dextrose) 10.0111 5.56 

Hypoxanthine Na 0.0300 
 

Linoleic Acid 0.0003 
 

Lipoic Acid 0.0010 
 

Phenol Red 0.0032 0.03 

Putrescine 2HCl 0.0010 
 

Sodium Pyruvate 1.0000 
 

Thymidine 0.0029 
 

 Glucose 2.4.2

Glucose is the most critical nutrient in a cell culture medium. Glucose is a six-carbon 

monosaccharide (a hexose) that can exist in both a straight-chain and cyclic form (though the 

cyclic form is dominant in solution). Glucose is a critical carbohydrate in cell biology due to its 

use as an energy and carbon source. Glucose is primarily metabolised through the glycolytic 

pathway, which is the main pathway responsible for the production of pyruvate, an important 

metabolic intermediate. The glycolysis of glucose has a theoretical yield of two molecules of 

pyruvate per molecule of glucose (Pollard, Earnshaw, and Lippincott-Schwartz 2008).  

Pyruvate is a critical metabolic compound, forming an intersection between various metabolic 

pathways (Figure 4). Under aerobic conditions, mammalian cells convert pyruvate to acetyl 

Coenzyme A (acetyl CoA) through the metabolic enzyme pyruvate dehydrogenase. Acetyl CoA 

is one of the main metabolic inputs to the TCA cycle, which is responsible for the production of 

compounds required in oxidative phosphorylation (the electron transport chain). This process is 

required to replenish adenosine triphosphate (ATP) in a cell (ATP being the primary unit of 

cellular energy) in a series of metabolic pathways collectively known as cellular respiration.  

In the absence of glucose, cellular respiration will not occur and the cell will not survive 

(Pollard, Earnshaw, and Lippincott-Schwartz 2008). Theoretically, a single molecule of glucose 

is capable of producing 32 molecules of ATP (two through glycolysis and 30 through the TCA 
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cycle). However, the true yield from glucose to ATP is much lower due to the highly branching 

nature of the TCA cycle as well as the other various products of pyruvate. 

 

Figure 4: The various fates of pyruvate 

One of the other potential metabolic products of pyruvate is lactate, catalyzed through the 

enzyme lactate dehydrogenase (LDH). Lactate production in animal cells is evidence of the often 

inefficient nature of cellular metabolism. The redirection of pyruvate to lactate, rather than to 

acetyl CoA, results in fewer metabolites entering the TCA cycle, and thus less ATP produced per 

molecule of glucose. In the event that cellular metabolism is completely redirected towards 

lactate, the theoretical yield of ATP per molecule of glucose is only four ATP per glucose, as 

compared to 32 through the TCA cycle (Pollard, Earnshaw, and Lippincott-Schwartz 2008). 

Excessive lactate levels have been shown to have a detrimental effect on cell growth and 

productivity (likely related to the reduction of pH associated with lactic acid build-up), but 

preventing the production of lactate in mammalian cells is very difficult (C Altamirano et al. 

2000; Kim et al. 2012). Some research has successfully controlled lactate levels in cell cultures 

by down-regulating the gene responsible for encoding LDH (Zhou et al. 2011; Nolan and Lee 

2012). In some cells, lactate can also be catalyzed back to pyruvate to be metabolized through 

the TCA cycle in the absence of glucose, a phenomenon that has been identified in some CHO 

cell lines (Gagnon et al. 2011; Templeton et al. 2013).  
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Although lactate is not a permanent metabolic dead end, the excessive production of lactate is 

ultimately inefficient and therefore undesirable. Additionally, an excessive accumulation of 

lactate can result in an acidic environment that is detrimental to the health of the population, 

even leading to cell death. 

Other potential products of pyruvate in mammalian cells include the production of alanine and 

oxaloacetate (Pollard, Earnshaw, and Lippincott-Schwartz 2008). Alanine is an amino acid 

produced through the transamination of pyruvate in a readily reversible reaction; in the absence 

of glucose, alanine can be re-metabolized to pyruvate, and then redirected through the TCA cycle 

(much like lactate) (Miller, Wilke, and Blanch 1989). Oxaloacetate is one of the intermediates of 

the TCA cycle, where oxaloacetate and acetyl CoA react to produce citrate (Schneider, Marison, 

and Stockar 1996). Although required in cellular respiration, oxaloacetate can also be produced 

through the TCA cycle, while acetyl CoA cannot.  

Glucose is almost always found in culture media because of its role in cellular respiration. Other 

hexoses, such as galactose, can also be used as carbon sources, though this has been shown to be 

less efficient than glucose. Galactose must first undergo several enzymatic steps before entering 

the glycolytic pathway, a process that is less efficient that glucose metabolism. Although it is 

possible to sustain cells in a culture containing a 1:1 molar replacement of glucose for galactose, 

cell growth and productivity are both reduced (C Altamirano et al. 2000) . 

 Amino Acids 2.4.3

There are 22 known proteinogenic amino acids that serve as the basic building blocks of all 

proteins in any organism, 20 of which can be directly encoded by genetic material (Pollard, 

Earnshaw, and Lippincott-Schwartz 2008). These amino acids can be described as either 

essential or non-essential.  

Essential amino acids are amino acids that an organism, or specific cell type, is unable to 

synthesize by itself (Freshney 2011). These amino acids must be supplied to the organism/cell 

through the catabolic break down of proteins in order for it to survive. In the case of a cell 

culture, essential amino acids must be available in the culture medium in order for the culture to 

survive.  
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Non-essential amino acids are the amino acids that an organism/cell can produce from 

intermediates within its metabolic pathways. Non-essential amino acids are not required in a 

culture medium, but are often added as a supplement, freeing the cell from devoting energy to 

amino acid synthesis (Freshney 2011). 

The specific amino acids that can be classified as essential or non-essential vary between 

organisms/cells, and thus cell lines. In particular, glutamine has been shown to be critical to most 

animal cell cultures, including CHO cells (Chee Furng Wong et al. 2005; Wong et al. 2010;  Kim 

et al. 2012). In addition to its role as a protein building block, glutamine is critical in cell 

metabolism because it can serve as an energy source, carbon source and nitrogen source for the 

culture (Freshney 2011). Glutamine is primarily metabolised through the TCA cycle, by being 

recruited as α-keto-glutarate. Glutamine is first metabolised to glutamate through glutaminolysis, 

which releases an ammonia molecule. From this point, glutamate is converted into α-

ketoglutarate, another member of the TCA cycle, through glutamate dehydrogenase, a process 

that releases another molecule of ammonia. The theoretical maximum yield of ammonia from 

glutamine is therefore 2:1 in cellular metabolism (Pollard, Earnshaw, and Lippincott-Schwartz 

2008). 

A factor that complicates the use of glutamine as a media component is its unstable nature. 

Under standard physiological conditions, glutamine spontaneously chemically decomposes, 

releasing ammonia into the culture medium. Without being metabolised, this can have 

detrimental effects on cell growth, productivity and product quality at high levels. Elevated 

ammonia levels without glutamine consumption is ultimately a lose-lose scenario (Ozturk, Riley, 

and Palsson 1992; Yang and Butler 2000; Yang and Butler 2002; Aghamohseni et al. 2014).  

 Complete Medium Growth Factors 2.4.4

A growth factor is a broad term for any compound that either inhibits or stimulates/facilitates cell 

growth (Freshney 2011). The former are termed negative growth factors, while the latter are 

termed positive growth factors. Positive growth factors can be utilized by a cell culture in a 

number of ways, through the facilitation of nutrient transport or consumption, or through the 

stimulation of receptors on the surface of cells. Growth factors can also range in size, from small 

cell signalling molecules to large protein hormones. Typically, a specific cell derived from a 

multi-cellular organism is not capable of autologous manufacture of all growth factors required 
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for optimal growth, viability, and protein biosynthesis. Therefore, positive growth factors are 

added to the basal medium to provide a complete medium capable of fully supporting the cell 

culture. Serum, which is rich in growth factors, has traditionally been added to basal medium. In 

addition to the other detrimental aspects of serum described above, serum often contains both 

negative and positive growth factors. Examples of positive growth factors that can be supplied to 

a serum free growth medium include selenium, ethanolamine, insulin, and transferrin. 

Selenium, which can be supplied to a medium as sodium selenite, is a critical trace element 

required for cell growth (Kimura and Miller 1996). Its primary function is its incorporation into 

seleno-enzymes, a class of metalloenzyme, which protect a cell from damage associated with 

oxidation. Without oxidative protection, cells are not able to grow and proliferate. 

Ethanolamine is a compound required in the production of phosphatidylethanolamine, a major 

component of mammalian cell membranes. Without ethanolamine, cells cannot develop cell 

membranes, which can prevent the proliferation of a mammalian cell culture (Ashagbley 1997). 

Insulin is a small signalling protein (a peptide hormone) that is used to regulate the cellular 

absorption of glucose and various amino acids. Insulin binds to insulin receptors (IRs) that are 

located on the cell membrane, triggering a cell signalling pathway that activates trans-membrane 

glucose transporters (Ouwens and Mesquita 2001; Parampalli et al. 2007). A lack of insulin 

results in reduced cellular glucose uptake, slowing metabolism and therefore slowing cell growth 

and productivity (Pollard, Earnshaw, and Lippincott-Schwartz 2008). 

Transferrins, like MAbs, are glycoproteins. Their main function is to facilitate the transport of 

iron across cell membranes. Two iron molecules bind to a single transferrin molecule, which has 

a very strong affinity for iron. When the iron-loaded transferrin molecule binds to a transferrin 

receptor on the cell membrane, the transferrin transfers the iron to the cytosol (hence the origin 

of the name) (Pollard, Earnshaw, and Lippincott-Schwartz 2008). Iron is a micronutrient that is 

critical to many aspects of metabolism, both through its use as an electron receptor, and as a 

cofactor for metalloenzymes (ferro-enzymes). The absence of cytosolic iron will prevent the 

successful growth of a cell culture (Zhang et al. 2013). Additionally, iron levels have been shown 

to have an impact on the glycosylation profile of various glycoproteins, likely as a result of 

iron‟s activity as a cofactor for various metalloproteins related to the glycosylation process 

(Clincke et al. 2011). 
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 Hydrolysates 2.4.5

Hydrolysates are the product of enzymatically hydrolyzed plants, bacteria, yeast, meat and other 

material (Babcock and Antosh 2012). Depending on the specific source material, they can 

provide a culture medium with growth factors, amino acids, carbon or nitrogen sources, lipids, 

salts, and a variety of other proteins and peptides. Plant hydrolysates have been recently 

considered a viable alternative to serum as a media supplement in an effort to conform to the 

recent shift away from serum dependence (Huang et al. 2010; Kim et al. 2012). Plant 

hydrolysates can be sourced from various plants, including soy, wheat, rice, peas and many 

others (Hofvendahl and Hahn-Hägerdal 2000).  

Plant hydrolysates have been shown to improve both cell growth and productivity in a number of 

cell lines used for the production of a number of proteins. The exact mechanism by which they 

improve productivity is not well understood. It is hypothesized that, in addition to the increased 

supply of micronutrients, increased levels of proteins and peptides can trigger various cell 

surface receptors in addition to, or in place of, other naturally occurring cell signals (Babcock 

and Antosh 2012). 

Unfortunately, a major complication involved with the enzymatic hydrolysis of a given 

hydrolysate source is the potential variation in the average sizes of the resulting proteins and 

peptides. This variability is, however, much less difficult to manage than the variability 

associated with serum (Babcock and Antosh 2012). 

 Glycosylation Promotion 2.4.6

The recent shift in focus towards protein glycosylation has driven the pursuit of media 

supplements that can support the glycosylation process. These can include 

 enzymes that promote the attachment of whole glycan chains (macro-heterogeneity) or 

the attachment of individual monosaccharides (micro-heterogeneity) (Mori et al. 2007), 

 cofactors required for the enzymatic attachment of glycan chains, such as manganese 

(Crowell et al. 2007), 

 metabolic precursors required for the production and attachment of individual 

monosaccharides, such as glucose or various lipids and vitamins (Kochanowski et al. 

2008), and 
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 the individual monosaccharides that make up any given glycan chain, such as galactose 

(Gramer et al. 2011). 

 Glycosylation 2.5

MAbs, along with a wide variety of other therapeutic proteins, are glycoproteins, meaning they 

are proteins that have glycan chains covalently attached to the protein side chains. Glycosylation 

is a post-translational process that occurs in the endoplasmic reticulum (ER), meaning it occurs 

after the proteins have been transcribed and translated into their primary structure (Butler 2006). 

The machinery required for correct mammalian glycosylation exists only in mammalian cells, 

meaning microorganisms commonly used for the production of therapeutic proteins, such as 

bacteria, cannot be used to produce MAbs of high fidelity (Butler 2004). Other eukaryotic cells 

that have an ER, such as yeast or plant cells, are capable of glycosylation, but their glycan 

profiles tend to differ from those produced by mammalian cells (Hamilton and Gerngross 2007).  

The study of glycosylation has become a focus of recent research in an attempt to further 

understand, and therefore improve, the functionality of MAbs. While the study of the effects a 

glycan profile can have on MAb function is relatively new, it has been identified as having 

several critical effects on the therapeutic properties of MAbs. Much like the search for chimeric, 

humanized and fully human MAbs, an understanding of MAb glycosylation represents a step 

forward in the development of safe and effective therapeutics. 

The glycosylation process itself can be broken down into two broad categories: macro-

heterogeneity and micro-heterogeneity. 

The macro-heterogeneity of a glycan profile refers to the occupancy of the desired attachment 

sites within the protein side chain, and the linkage type to said site. The most dominant linkage 

observed in mammalian cells, and glycoproteins produced by mammalian cells, is N-linked 

glycosylation.  

N-linked glycans bind to the nitrogen of an asparagine site. The first step of the N-linked 

glycosylation process involves the enzymatic transfer of an oligosaccharide containing high 

levels of mannose and glucose to the protein side chain (achieved using the enzyme 

oligosaccharide transferase). The degree to which this oligosaccharide is successfully transferred, 
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and therefore the total occupancy of potential N-linked sites, is termed macro-heterogeneity 

(Figure 5) (Butler 2006). 

Micro-heterogeneity refers to final structure of the transferred oligosaccharide. The final 

complex glycan chain produced is composed of five monosaccharides: 

 mannose (Man), 

 glucosamine (GlcNc), 

 fucose (Fuc), 

 galactose (Gal), and 

 sialic Acid (or N-acetylneuraminic acid, NeuAc) 

 

Figure 5: Various stages of glycosylation 

After its transfer to the protein side chain, the oligosaccharide (left) is broken down 

into a simple glycan (centre) before being formed into its final complex 

configuration. The specific final form can vary; one example is shown (right). 
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Once the oligosaccharide is transferred to the protein, it is enzymatically broken down into a 

simple bi-antennary glycan composed of glucosamine and mannose before being enzymatically 

reassembled into its final complex form (Figure 5) (Butler 2006). 

 

Figure 6: Various complex bi-antennary glycan forms 

The complex bi-antennary glycan form is the most dominant and desirable glycan 

form. The most common variations of this complex form are shown, along with their 

designation. Note the glycan forms with a single terminal glycan (G2S1F, G1F and 

G1) can exist in two isomeric forms. 

The configuration of the final complex glycan chain is an important factor because the presence 

or absence of specific glycans can affect the efficacy of the MAb by serving as an interaction site 

for the immune system. If the glycan chain is not properly formed, the MAb may not properly 

serve its intended function. Current research focuses on three of the glycans: sialic acid, 

galactose, and fucose (Majid, Butler, and Al-Rubeai 2007; Kaveh et al. 2013; Aghamohseni et al. 

2014; Liu et al. 2014). The various complex bi-antennary glycan forms are outlined in Figure 6. 
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A high degree of terminal galactosylation has been identified as improving complement-

dependent cytotoxicity (CDC) (del Val, Kontoravdi, and Nagy 2010; Ivarsson et al. 2014), while 

a low degree of fucosylation (or a high degree of afucosylation) has been identified as improving 

antibody-dependent cellular cytotoxicity (ADCC) (Mori et al. 2007; Konno et al. 2012; Grainger 

and James 2013).  

ADCC and CDC are both immune responses, but differ from each other through the specific 

mechanism by which the immune system responds. ADCC refers the capability of an antigen-

bound antibody to act as a target for immune system effector cells. Effectively, ADCC refers to 

the ability of the bound antibody to act as a „flag‟ for immune system cells. Once an antibody is 

bound, effector cells in the immune system are able to then target the antibody and activate 

apoptosis, thus destroying the targeted cell. CDC behaviour is similar, but differs in that the 

antibody acts as a „flag‟ for smaller signalling molecules (complements) rather than effector 

cells. The antibody-bound signalling molecule then initiates a cell signalling cascade that 

activates apoptosis in the target cell (Pollard, Earnshaw, and Lippincott-Schwartz 2008). See 

Figure 7 for a comparison between ADCC and CDC. 

 

Figure 7: A comparison between ADCC and CDC 

CDC increases with an increase in terminal galactosylation, while ADCC increases 

with a decreased level of fucosylation (or an increase in afucosylation). 
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The understanding of the effects of terminal sialylation on MAb efficacy are contradictory. Some 

research indicates that a high degree of terminal sialylation can have an anti-inflammatory effect, 

while other research indicates that a high degree of terminal sialylation can have immune-

suppressing properties (which themselves can have positive or negative applications, depending 

on the antibody) (Kaneko, Nimmerjahn, and Ravetch 2006; Scallon et al. 2007; Ivarsson et al. 

2014).  Additionally, by superseding the terminal galactose glycan with sialic acid, CDC is 

decreased. The understanding of the effects of terminal sialylation is currently highly 

controversial, and requires further study. 

 Culture Conditions 2.6

The successful growth of animal cultures requires optimal growth conditions. Because animal 

cells are isolated from animal organs, the general physiological conditions required to support 

their growth is similar across most animal cell lines. The classic physiological conditions under 

which animal cells are typically grown are: 

 pH levels between 7.2 and 7.4, 

 5% CO2 (primarily meant to maintain the pH buffer system), 

 a temperature of 37°C, and 

 ambient oxygen levels (approximately 20%). 

In addition, cells that are capable of growth in suspension require agitation, which can be 

supplied mechanically or pneumatically in the form of spinners, sparging (also used to supply 

gasses at the large scale), mixers, or shaker platforms. Increased shear stresses resulting from 

agitation can have a negative effect on animal cells, which do not possess a cell wall that confers 

protection. Adherence-dependent cells (requiring the attachment to a surface for growth) do not 

require agitation, but agitation may still be employed to counter issues of mass-transfer through a 

medium (Butler 2004; Freshney 2011). 

These conditions can support the growth and productivity of a wide range of cell lines; however, 

certain cell lines can show improvements through the manipulation of culture osmolality and 

temperature.  
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 Osmolality 2.6.1

Osmolality is the total sum of particles of solute (media components) per kg of solvent (water), 

expressed in Osm/kg. The optimal osmolality of a culture medium lies in the range of 290-

320mOsm/kg (Lee and Koo 2010), which is the rough cytosolic osmolality of animal cells (del 

Val, Kontoravdi, and Nagy 2010). Iso-osmolar conditions between the cytosol and culture 

medium are chemically favourable, where differences between cytosolic and medium osmolality 

will drive the flux of water and solutes across the cell membrane, depending on the magnitude 

and orientation of the difference. Hypo-osmolar conditions in a medium (or low solute levels in a 

medium) will drive an influx of water and an outflow of solutes through the cell membrane, 

causing the cell to swell and potentially burst. Hyper-osmotic conditions will drive the fluxes in 

the opposite direction, favouring the influx of solutes, but the outflow of water, thus causing the 

cell to shrink.  

Hyper-osmotic conditions can have detrimental effects on cell growth, but have controversial 

effects on productivity and product quality. Some research has found that specific productivity 

can be improved by artificially increasing the osmolality of a culture medium (Schmelzer and 

Miller 2002; Konno et al. 2012). The effects on overall volumetric productivity are controversial, 

since an increase in specific productivity can be attributed to reduced cell growth, but identical 

volumetric productivity. 

 Temperature 2.6.2

Although the physiological temperature of 37°C is generally considered standard (Butler 2004), 

hypothermic conditions have been shown in multiple studies to improve cellular productivity 

(Nam et al. 2008; Durocher and Butler 2009; Nolan and Lee 2012). Temperature can have a 

number of effects on a cell and on culture medium. Chemical reactions at the atomic level can be 

affected by temperature, where lower temperatures tend to slow reaction times through reduced 

molecular energy and kinetic activity. This can be especially pronounced in enzyme and cell 

signalling activity, which strongly depends on kinetic energy for target binding (Pollard, 

Earnshaw, and Lippincott-Schwartz 2008).  

Hypothermic conditions have also been linked to an increased residency in the G1 phase of the 

cell cycle (Kaufmann et al. 1999). Generally, hypothermic conditions have been shown to slow 

the growth rate of cells. This behaviour is likely as a result of decreased metabolic activity, 
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where glucose consumption and lactate production are both slowed. Both of these behaviours are 

indicative of an increased residency in the G1 phase, since less metabolic energy is required of 

cells that are not actively dividing (Freshney 2011). 

The current body of research has repeatedly shown that hypothermic conditions improve the 

productivity of cell culture (Spearman et al. 2007; Ahn et al. 2008; Durocher and Butler 2009). 

However, the mechanism by which productivity is improved is not well understood. Some 

research has indicated that the increased residency in the G1 phase alone is responsible for an 

increase in productivity, indicating that productivity is primarily G1 phase associated rather than 

constitutive, at least under conditions of slowed growth (Hendrick et al. 2001). Moore‟s work 

(1997) has yielded inconclusive results, showing that productivity is constitutive, or produced 

through all phases of the cell cycle. Lloyd‟s work (1999) indicates that productivity is primarily 

associated with the exponential population phase, indicating that productivity is associated with 

cell division and, therefore, the S and G2 phases, which is counter to observations under 

hypothermic conditions.  

It is possible that shifts in metabolic activity alone are responsible for the increased productivity 

of cell cultures, rather than the relationship between the cell cycle phase and productivity. The 

decreased consumption rates of glucose and production rates of lactate and ammonia under 

hypothermic conditions reported in literature might be interpreted as increased cellular 

efficiency, directing more pyruvate towards the TCA cycle, and therefore a larger ATP pool for 

MAb synthesis (Moore et al. 1997); however, an observed delay in cell growth under 

hypothermic conditions would account for this decrease in glucose consumption/lactate 

production rates. If the yield from glucose to lactate is identical under standard and hypothermic 

conditions, metabolic efficiency is unaffected by hypothermic conditions. Although metabolic 

activity is also cell cycle phase associated, the link between cell cycle and metabolism and their 

relationship to productivity is still unclear, and may in fact vary between cell lines. 

The effects of temperature on the glycan profile are not well understood. Current research is 

contradictory and highly variable, indicating that hypothermic conditions can have a negative 

impact (Ahn et al. 2008), no impact (Spearman et al. 2007), or a positive impact  (Nam et al. 

2008). Since the production of the glycan chain monosaccharides is closely related to glucose 

metabolism, and glucose metabolism can be affected by hypothermic conditions, there is some 
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foundation for the evidence that hypothermic conditions affect the glycan profile. The exact 

nature of this relationship is not well resolved, and is further confounded by the potential impact 

that changes in the cell cycle can have on the glycan profile. 

 Performance Metrics 2.7

There are various metrics currently employed to describe the relative success of an animal cell 

culture. These metrics can focus various cell culture parameters, including productivity, cell 

growth, and product quality. A summary of various performance metrics is listed in Table 3. 

The most common parameter used in the description of cell growth is viable cell density (Xv), 

which describes the total concentration of live cells per unit volume. The percentage of viability 

(%V) describes the percentage of live cells versus the total number of cells (both live and dead). 

Maximum cell density (XvMax) is a parameter used to describe the highest cell density reached by 

a culture, while the average specific growth rate (µAve) is used to describe the rate at which a 

population is growing. While these terms can be valuable, they only describe a limited 

perspective of population growth, and generally focus on the exponential phase of a culture. 

Volumetric cell hours (CHVol) is a parameter used to describe the growth (lag and exponential) 

and non-growth (stationary and decline) associated phases of a culture. Volumetric cell hours, 

calculated as an integral of viable cell density, describes the total population size and endurance 

as well as the associated capacity for production. Due to its capability to describe the overall 

success of a culture it is a better metric than  XvMax in the assessment of culture and media 

performance (Dutton, Scharer, and Moo-Young 1998). 

Productivity can be calculated in several ways. The maximum achieved protein concentration, 

PMax, is used to describe the maximum, and usually final, protein concentration achievable by a 

cell culture. The maximization of productivity can be accomplished by increasing the specific 

productivity (qp) and volumetric productivity (PVol) of a culture.  

Volumetric productivity is the derivative of the protein concentration over time. Protein levels 

accumulate in a culture medium as a culture grows (with very minimal degradation), and 

volumetric productivity describes the volumetric rate of this accumulation. Higher volumetric 

productivity generally results in higher final protein concentrations.  
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Table 3: Various metrics used to assess the performance of an animal cell culture 

Parameter Symbol Formula Source 

Percent Viability %V 
                      

                     
      

Viable Cell Density Xv 
                      

                
  

Protein Concentration [P] 
           

                
  

Average specific growth 

rate 
µAve 

∑
         

   
⁄  

         
 
   

                      
 

(Dutton 1992) 

Cumulative volumetric 

cell-hours 
CHVol ∑

(     
    

)

  (     
   

⁄ )
         

 

   

 

(Dutton, Scharer, 

and Moo-Young 

1998) 

Specific MAb productivity qP 

     

     

 

(Dutton, Scharer, 

and Moo-Young 

1998) 

Specific consumption rate 

(Glucose) 
qGLC 

   

     

 

(Dutton, Scharer, 

and Moo-Young 

1998) 

Specific production rate 

(Lactate) 
qLAC 

   

     

 

(Dutton, Scharer, 

and Moo-Young 

1998) 

Yield of product on 

substrate (Lactate on 

Glucose) 

YLAC, GLC 

    

    

 
(Dutton, Scharer, 

and Moo-Young 

1998) 

Volumetric productivity PVol 

       

       
 (Merten 1988) 

Galactosylation Index GI 
             

              
 

(Majid, Butler, 

and Al-Rubeai 

2007) 

Sialylation Index SI 
                 

                  
 

(Majid, Butler, 

and Al-Rubeai 

2007) 

Fucosylation Index FI 
           

           
 

(Majid, Butler, 

and Al-Rubeai 

2007) 
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Specific productivity is a measure of the protein production per cell-hour (per cell per unit time). 

It is used to describe the cellular efficiency of protein production, where a higher specific 

productivity indicates increased protein production rates per cell. The concept of specific 

productivity, and the similar term specific consumption, extends to all metabolites, including 

glucose, lactate, etc. 

The main metrics currently employed in research to assess the success of the glycan profile are 

normalized indices that describe the relative degree of galactosylation, sialylation and 

afucosylation: galactosylation index (GI), sialylation index (SI) and fucosylation index (FI) 

(note, the fucosylation index itself is a misnomer, since this index actually measures the degree 

of afucosylation) (Majid, Butler, and Al-Rubeai 2007; Kaveh et al. 2013; Aghamohseni et al. 

2014; Liu et al. 2014). GI measures the degree of galactosylation in the bi-antennary glycan. GI 

is normalized to the specific glycan species, thus specifically describing the success of the 

enzymatic galactosylation process (see Figure 8 for a visual description of GI). SI is calculated in 

a similar manner. FI is also calculated in a similar manner, but focuses on the afucosylated 

terminally galactosylated glycan chains; it is an afucosylated modification to GI. Precise 

equations are given in Table 3. 

 

Figure 8: The galactosylation index (GI) 

GI calculates the success of the galactosylation process. The name alone implies a 

process focus rather than a product focus (galactosylation vs. galactose). See Table 

3 for the glycosylation index formulas.  
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3 Materials and Methods 

The following materials and methods apply to all experiments that were conducted in this study, 

and focuses on analytical methods. Details on the specific experimental methodology and 

rationale are given at the beginning of Chapters 4, 5, 6, and 7. 

 Model Cell System 3.1

The EG2 model cell system was used in this investigation. This model cell system is a 

recombinant CHO cell line producing the anti-epidermal growth factor receptor (EGFR) human-

llama chimeric heavy chain MAb designated EG2. This antibody fuses an active llama Fab 

domain to a human IgG1 Fc region (Bell et al. 2010). It was developed from the CHO-DXB11 

parental cell line, a variation of the dihydrofolate reductase deficient (dhfr-) cell line. The stable 

transfection was achieved using polycation polyethylenimine (PEI), then chosen through 

puromycin selection. The theoretical protein output of this cell line is 100mg/L (Agrawal et al. 

2012). The cell line was provided by Dr. Yves Durocher (University of Montreal, NRC) as part 

of the MAbNet research network. 

 Cell Culture Media 3.2

Two different growth media were used in this study. The first medium was the optimized 

proprietary medium BIOGRO CHO (provided by Dr. Mike Butler, BIOGRO Technologies). 

This medium has a proprietary, and thus undefined, concentration of amino acids, carbon 

sources, nutrients, growth factors and other supplements. This medium was supplied by the 

MAbNet research network in complete liquid form. 

The second medium used was the Kaighn‟s modification of the Ham‟s F12 (Ham‟s F12K) cell 

culture medium, purchased through Sigma Aldrich (Sigma N-3520). The Ham‟s F12K basal 

medium was, in all experiments, supplemented with of 28.8µmol/L sodium hypoxanthine and 

180µmol/L thymidine (HT, Invitrogen) as well as 9ml of 100x concentration pluronic F68 per 

liter of media (final concentration of 0.9g/L pluronic F68, Sigma P5556). To improve the 

performance of Ham‟s F12K, the following amino acid and glucose profile was used (Table 4).  
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Table 4: Final metabolite concentrations in Ham's F12K 

Metabolite 
Concentration 

(mmol/L) 

Glucose 24.000 

L-Alanine 0.580 

L-Arginine 2.100 

L-Asparagine 0.480 

L-Aspartic Acid 1.260 

L-Cysteine 0.100 

L-Glutamic Acid 0.570 

L-Glutamine 4.000 

L-Glycine 0.700 

L-Histidine 0.650 

L-Isoleucine 1.220 

L-Leucine 2.000 

L-Lysine 1.500 

L-Methionine 0.422 

L-Phenylalanine 0.810 

L-Proline 0.320 

L-Serine 0.700 

L-Threonine 1.250 

L-Tryptophan 0.090 

L-Tyrosine 0.750 

L-Valine 1.350 

 

 Cryogenic Storage Procedure and Maintenance 3.3

The master cell bank was frozen is liquid nitrogen at passage six in 10% dimethyl sulfoxide 

(DMSO, Sigma 15493-8) at a cell concentration of 9 million cells/ml. One master cell bank vial 

was thawed rapidly in warm water (37°C) and transferred into 40ml of warm BIOGRO CHO 

medium. Cells were grown to a density of 2 million cells/ml before being passaged into fresh 

medium at a density of 2x10
5
 cells/ml. The cells were grown again to a concentration of 

approximately 2 million cells/ml, spun down and re-suspended in fresh medium containing 10% 

DMSO at a concentration of 10 million cells/ml. The cells were then placed in a controlled rate 

freezer pack, which cools the cells at a rate of 1°C per minute. The freezer pack was then placed 

in a -80°C freezer until the cells were frozen. Half of the fully frozen cells were stored in the -
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80°C freezer, while the other half was transferred to the vapour phase of liquid nitrogen storage. 

This was the working cell bank, frozen at passage 8. 

Each experiment was initiated from the same working cell bank vial to minimize variations 

between trials. One working cell bank vial was thawed rapidly in warm water and seeded into 

40ml of warm BIOGRO CHO. The cells were grown to a cell density of approximately 2x10
6
 

cells/ml, at which point they were passaged into fresh medium at a concentration of 2x10
5
 

cells/ml. The cells were grown a second time to a concentration of approximately 2x10
6
 cells/ml. 

From this point, cells were spun down and passaged into their experimental flasks, which varied 

depending on the experiment. All experimental flasks began at passage 10 at a concentration of 

2x10
5
 cells/ml. 

 Analytical Methods 3.4

This section provides a summary of the analytical methods used. For the detailed step by step 

procedures, see Appendix A. 

 Viable Cell Concentrations 3.4.1

Total cell concentration and cell viability were determined using the Trypan Blue Exclusion 

method (Schrek 1936). This was performed by using a haemocytometer and a 1:1 dilution of cell 

culture media and trypan blue dye. The trypan blue dye is excluded from viable cells, but crosses 

the leaky membrane of dead and dying cells that are hence stained blue. Cell viability was 

expressed as a percentage of living (non-stained) cells vs. the total number of cells. 

 Amino Acid Analysis 3.4.2

Culture samples were centrifuged at 1000g, and the supernatant was recovered and filtered to 

remove debris. Amino acids were then assayed using High Performance Liquid Chromatography 

(HPLC, Waters e2696) and the Waters Acc-Q Tag Amino Acid Analysis kit (WAT052875). 

Samples were derivatized, incubated at 55°C for ten minutes, and then transferred to a low 

volume HPLC vial insert. These samples were then injected through the Waters Acc-Q tag 

column (supplied with the kit) and UV detector (Waters 2489) set to 254nm.  

Concentrations were determined through the use of an amino acid standard calibration curve. 

This standard curve made use of a defined analytical amino acid standard (Sigma AAS18) at 2X, 

4X, 8X, 16X and 32X dilutions (1X dilution was outside of the linear detection range). Standards 
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of glutamine, tryptophan and asparagine were run separately because these amino acids are not 

present in the amino acid standard. The concentration of each individual amino acid was 

identifiable. 

 IgG Concentration Analysis 3.4.3

EG2 concentrations were determined through the use of a protein A column. 100ul of 

centrifuged and filtered culture supernatant samples were transferred to low volume HPLC 

inserts. These samples were then injected into a POROS A20 analytical column purchased from 

Applied Biosystems (cat# 2-1001-00), and a Waters UV detector (Waters e2695 and 2489) set to 

280 nm. The concentration of EG2 present in culture samples was determined through a 

calibration curve consisting of the EG2 protein at varying known concentrations.  

This column separates all IgG1, IgG2 and IgG4 proteins present in the medium by binding to an 

active Fc region. This includes the IgG1 Fc region of the EG2 proteins produced by the selected 

CHO cell line. 

 Extracellular Metabolites 3.4.4

Glucose, ammonia and lactate levels were all determined through the use of a Nova Biomedical 

Bioprofile 100 Plus. 600µl samples were required to perform this analysis. The Bioprofile 

contains multiple enzyme electrode sensors that are each capable of detecting the levels of 

individual metabolites. 

 Osmolality 3.4.5

Osmolality was measured through the use of an Advanced Instruments Osmometer, Model 3320. 

Samples were centrifuged and filtered through a 0.2µm filter. A 20µl sample was then drawn 

using the osmolality injection plunger. The plunger was inserted into the osmometer where the 

osmolality was measured through detection of the sample‟s freezing point. Osmolality 

measurements were given in units of mOsm/kg. 

 Cell Cycle Analysis 3.4.6

1 million cells were removed from the cell culture (the volume requirement depended on cell 

density). Cells were centrifuged at 500g for five minutes. The supernatant was then removed and 

discarded. Cells were re-suspended in 1ml of phosphate buffered saline (PBS, containing 0.01M 

phosphate buffer, 0.0027M potassium chloride, 0.137M sodium chloride) through pipet 
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aspiration, acting as a rinse. Cells were then centrifuged at 500g for five minutes, after which the 

supernatant was removed and discarded. Cells were re-suspended in 300µl of PBS, ensuring 

there was no clumping. Once the cells were dispersed, 700µl of absolute ethanol at -20°C was 

added, creating a 70% ethanol solution. Cells were then placed in -20°C freezer for a maximum 

of one week. 

Once multiple samples were prepared, they were centrifuged at 700g (due to the increased 

buoyancy of cells suspended in ethanol). The supernatant was then removed and discarded. Cells 

were rinsed twice using 1 ml of PBS as described above. After the second rinse, the supernatant 

of PBS was removed and discarded and 50µl of 100µg/ml RNAse (Sigma R6513) was added 

directly to the cell pellet. 400µl of 50µg/ml propidium iodide (Sigma P4864) was then added to 

the cell pellet and aspirated using a pipette. Cells were incubated at room temperature for ten 

minutes, ensuring minimal contact with light sources. These samples were then analysed using a 

Beckmann-Coulter FC500 flow cytometer using the FL2 laser on a linear scale. Data was 

processed using FCS Express 4. 

 Glycan Analysis 3.4.7

Between 10 and 20 ml of medium was harvested from the culture depending on the estimated 

protein concentration. The entire sample volume was then concentrated to approximately 

400mg/L to a final volume of 1ml using a 15ml 10 000 nominal molecular weight limit (NMWL) 

centrifuge filter (Amicon Ultra-15, UFC901024) operating at 500g for ten minutes (or until the 

desired final volume was reached). PBS (15ml) was then added to the concentrate, and the 

concentration step was repeated to exchange the medium solution to PBS. The samples were 

rinsed twice in total, as described, before being concentrated to a final volume of 1ml and frozen 

at -20°C. These samples were shipped on ice overnight to the MAbNet Research Group in the 

Department of Microbiology at the University of Manitoba for glycan analysis. Glycan structures 

were removed from the protein with Peptide-N-Glycosidase (PNGase F), tagged with 2-

aminobenzamide (2-AB) and analysed using HILIC analysis as described in literature (Liu et al. 

2014). Elution times were compared to a dextran ladder standard to generate glucose unit (GU) 

values, and a tentative assignment of structure was based on Glycobase, a glycan database 

(www.NIBRT.ie). Glycan structural assignments were confirmed using exoglycosidase digests 

(Royle et al. 2007).   

http://www.nibrt.ie/
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4 The Effect of a Glucose Feed Strategy on Lactate 

Production 

Glucose is a critical component of a cell culture medium. Without glucose, cells do not have 

access to one of their primary sources of energy and carbon. Without the presence of glucose in a 

medium, one of the main metabolic pathways in cellular respiration (glycolysis) will cease to 

function. Unfortunately, one of the metabolic by-products of glycolysis is lactate (one of the 

products of pyruvate). Excessive lactate levels have been shown to have detrimental effects on 

growth and productivity, meaning a feed strategy that is capable of controlling lactate production 

(along with the glycolytic pathway) may be capable of improving growth and productivity.  

 Methodology and Rationale 4.1

The principle behind this experiment was the control of the glycolytic pathway by varying initial 

glucose concentrations in batch mode. If more efficient glycolysis, and therefore less lactate, 

could be achieved by initiating a culture under glucose limiting conditions, productivity may be 

improved. Since lower initial glucose levels will result in energy limiting conditions, a feed 

strategy would be required to resupply glucose to the culture. This led to the development of a 

glucose feed regime where cultures were initiated in batch mode at varying glucose 

concentrations and left to run until they reached a specific glucose threshold. Once this threshold 

was reached, a feed strategy would be employed to maintain glucose levels near a given set 

point. This would result in the identification of initial glucose batch mode levels as well as 

glucose set points that are capable of controlling the glycolytic pathway and limiting lactate 

production, while still supporting cell growth and productivity. 

Initial experiments focused on a limited range of initial glucose batch levels (primary round of 

experiments, Figure 9). Eleven 250ml flasks were prepared at 37°C, each containing a working 

volume of 80ml of BIOGRO CHO at varying glucose levels: 

 Two flask at 6mM of glucose 

 Four flasks at 12mM of glucose 
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 Two flask at 18mM of glucose 

 One flask at 24mM of glucose 

 One flask at 30mM of glucose 

 One flask at 36mM of glucose 

 

Figure 9: Full glucose feed strategy experimental design 

The full experimental space also includes batch mode glucose levels that do not 

transition to a fed batch mode. 
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The following incubator conditions were used for all experiments: 

 Shaker platform speed of 110rpm (VWR Model 3500) 

 5% CO2 

 90% humidity 

All trials were inoculated at an initial cell density of 2x10
5
 cells/ml. 

One of each flask (6mM through 36mM) was left to run through to completion without glucose 

adjustment. These cultures acted as batch mode controls, allowing for the comparison between 

standard glucose batch conditions and the feed strategy. 

The remaining flasks each had an assigned set point at varying glucose levels, for a total of five 

combinations of initial glucose batch level and glucose feed set point: 

 6mM batch to 5mM set point (6X5) 

 12mM batch to 2mM set point (12X2) 

 12mM batch to 5mM set point (12X5) 

 12mM batch to 8mM set point (12X8) 

 18mM batch to 5mM set point (18X5) 

This range allowed two limiting glucose conditions (6X5 and 12X2), one center point (12X5), 

and two high glucose conditions (12X8 and 18X5) to be explored. The result was a two factor, 

two level full factorial experiment with a center point, with a high and low initial glucose level of 

18mM and 6mM, respectively, and a high and low glucose set point of 8mM and 2mM, 

respectively. 

The glucose levels were maintained using set points of +/- 1mM and a manual concentrated 

glucose feed (Figure 10). The glucose feed was prepared at a concentration of 100g/L in order to 

minimize the effect that the feed had on the culture volume.  Once the lower threshold was 

reached, the required volume of concentrated glucose was added to the culture, raising the 

glucose levels to the upper threshold. This process was then repeated each time the culture 

glucose levels reached the lower threshold. Since total media volume was only marginally 

increased, the strategy was a pseudo-continuous operating mode (rather than a fed-batch mode). 
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Due to volume limitations, periodic glucose measurements were performed using a separate 

enzyme based assay, requiring only 10µl of media (rather than the Bioprofile 100 plus, which 

requires 600µl). See Appendix A, section 11.5 for the glucose assay standard operating 

procedure (Megazyme, K-GLUC). 

 

Figure 10: Glucose feed strategy  

Each trial started with a specific initial glucose concentration then transitioned to a 

feed strategy centered on a specific set point. 

Culture performance was quantified using viable cell density, volumetric cell hours, and final 

protein concentration, as previously outlined in Table 3 and Section 2.7. 

 Results and Implications 4.2

The results show that varying initial glucose concentrations and glucose level set points has no 

effect on the lactate production profile of a culture. In all cases, regardless of the initial batch 

mode set point and glucose feed set point, lactate levels reach a maximum of 28.0mM +/- 

0.37mM at a culture time of 77 +/- 4.3 hours (Figure 11). 

Cell growth and productivity were also unaffected by varying glucose levels. Cell growth was 

similar in all cases, reaching the same final CHVol at approximately the same culture time (Figure 

12), while the final protein concentrations and production profiles were unaffected. Cultures 
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reached a final protein concentration of 40.8mg/L +/- 3.3mg/L at a culture time of approximately 

140 hours. 

 

Figure 11: Lactate production profile for each glucose feed strategy 

Lactate production is unaffected by the glucose feed strategy, indicating that the feed 

strategy used is incapable of affecting glycolytic efficiency and productivity. 

These results show that cellular glycolytic efficiency is unchanged at all glucose set points, 

indicating that glucose concentration cannot affect glycolytic flux at the set points explored. If a 

critical glucose set point exists, it is likely below the lowest set point studied in this experiment 

(2mM).  

A comparison between the batch mode control trials indicates that 24mM of glucose is the 

optimal glucose concentration to support cell growth (Figure 13). Lower levels of glucose will 

result in the early complete consumption of glucose, resulting in the early collapse of the culture. 

Higher levels of glucose support cell growth through the entire duration of the culture, but these 

glucose levels are also in sub-optimal ranges. This may be due to increased glycolytic 

inefficiency or increases in osmolality at high glucose concentrations. 
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Figure 12: Volumetric cell hours for each glucose feed strategy 

Cell growth is unaffected by the feed strategy. 

The feed strategy used in this experiment is more complex and introduces more opportunities for 

culture contamination due to increased contact with the culture. Batch mode, on the other hand, 

is the simplest operating mode, requires no on-line measurement, and is less likely to become 

contaminated. On an industrial scale, all of these factors can increase the operating cost of a 

process, so any feed regime will require substantial improvements in productivity to be 

beneficial. This is particularly true of increased risk of contamination, which can result in the 

complete loss of an entire batch of product. Since the 24mM batch mode culture was shown to be 

just as effective as any of the feed strategies, but was simplest, it was the best option of those 

tested. 

Although similar final protein concentrations were achieved by all experimental treatments, the 

feed strategy employed was capable of detecting some interesting metabolic trends that were not 

detected in batch mode. In particular, a trend was observed where glucose underwent two phases 

of increased glucose consumption rate (Figure 14). Glucose consumption was calculated as the 

derivative of the glucose concentration ([GLC]2 - [GLC]1) with respect to time (t2 – t1): 
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The derivative was calculated for every pair of data points measured, and is the derivative (slope) 

of the glucose concentration profile seen in Figure 10.  

 

Figure 13: Glucose level, batch mode 

In batch mode, 24mM of glucose is optimal. Higher and lower levels result in 

reduced cell growth. 

The first phase of high glucose consumption rate coincides with the exponential phase, an 

observation that can be attributed to increased energy demands due to cell growth (Figure 14). 

Glucose consumption then drops towards the end of the exponential phase. Shortly after the 

stationary phase begins, the cells again begin to consume glucose at a slightly increased rate, 

reaching a second maximum shortly after the onset of the decline phase. 

This behaviour may be indicative of a metabolic shift at hour 100 where glucose consumption 

drops, and may be due to the depletion of another compound in BIOGRO CHO besides glucose. 

It is possible that cells are partially relying on this compound as an energy source in addition to 

glucose (co-consumption) and the complete depletion of this energy source initiates the 

stationary phase. Then, in an attempt to recover, metabolism may shift to more heavily favour 

glucose (hence the second period of increased glucose consumption). By this point, the culture 

conditions may be too sub-optimal to support cell growth since the cells have already entered the 

decline phase. Since the culture cannot recover rapidly enough from the depletion of the nutrient, 
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the result is the collapse of the culture. The partial reliance of the cell culture on this unknown 

energy source would also explain the lack of improvement observed through a glucose feed 

strategy. A feed strategy focusing on the unknown compound in place of (or in addition to) 

glucose may therefore improve productivity.  

 

Figure 14: Glucose consumption rate and cell density, 12X5 

Two periods of increased glucose consumption rate was observed in all feed 

strategies. This may indicate a metabolic shift attributed to the depletion of a 

compound in BIOGRO CHO. 

This metabolic shift may also be as a result of the maximum lactate concentration achieved. Cell 

doubling time during the exponential phase in BIOGRO CHO was calculated as approximately 

16 hours. That is to say, it takes 16 hours for a cell to complete one full rotation of the cell cycle, 

resulting in two daughter cells. The first drop in glucose consumption occurs approximately 16 

hours after cells reach maximum lactate concentration, indicating that high lactate levels may be 

triggering a metabolic shift towards the co-consumption of glucose and lactate, which becomes 

observable after the division of the cells (at a culture time of 77 hours plus 16 hours). 

Interestingly, glucose consumption rates do not fall to zero even when viability is low (below 5 x 

10
5
 cells/ml). This indicates that apoptotic or necrotic cells still possess an active glycolytic 

pathway. Though they still consume glucose, cells grown in BIOGRO CHO do not produce 
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substantial levels of protein during the stationary phase, so this consumed glucose is not being 

directed towards MAb production. 

These results indicate that the glucose feed strategy explored, using set points of 2mM, 5mM and 

8mM, are incapable of outperforming a batch mode culture with initial glucose levels of 24mM. 

Glycolytic efficiency as shown by lactate production was unchanged in all culture conditions. 

Future research may find improvements in cell growth at lower glucose concentrations (less than 

2mM), but these feed strategies may have a negative impact on glycosylation. 
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5 The Effects of a Temperature Drop at Varying Culture 

Times 

Considerable study has been made of hypothermic conditions as a method to improve the 

productivity of a cell culture (Nam et al. 2008; Ahn et al. 2008; Durocher and Butler 2009; 

Nolan and Lee 2012). Generally, initial temperatures of 30-33°C have been identified as 

increasing the specific productivity of cells. In this experiment, rather than focusing on a single 

temperature for the entire duration of the culture, temperature shift time from standard (37°C) to 

hypothermic conditions (33°C) was investigated with the goal of maximizing product titer and 

optimizing volumetric productivity. 33°C was selected as the least aggressive range identified in 

literature.  

Five different temperature drop points were explored: a drop at 0 hours, 24 hours, 48 hours, 72 

hours, and 96 hours. 

 Methodology and Rationale 5.1

Two incubators were used in the following experiment. One incubator was operating at 37°C, the 

other at 33°C. All other factors were identical between the two incubators: 

 Shaker platform speed of 110rpm (VWR Model 3500) 

 5% CO2 

 90% humidity 

Six 250ml flasks were prepared at 37°C, each containing a working volume of 80ml of BIOGRO 

CHO, at an initial cell density of 2x10
5
 cells/ml. At zero hours of culture time (immediately post-

inoculation), one flask was transferred from the 37°C incubator to the 33°C incubator and left to 

run to completion at 33°C. Then at 24 hours of culture time, and in 24 hour intervals thereafter, 

one additional flask was transferred from the 37°C incubator to the 33°C and left to run to 

completion. One flask was left to run to completion at 37°C, acting as a control. 
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A single working cell bank vial was expanded to the experimental phase, thereby minimizing 

variability between treatments. By transferring a flask from a high temperature incubator to a 

low temperature incubator, the temperature drop could be rapidly achieved. By staggering the 

time at which the experimental flasks were transferred, a range of temperature drop time points 

could be explored, thus allowing for the identification of an optimal temperature transition time 

point. 

Culture performance was quantified using volumetric cell hours, specific productivity and 

volumetric productivity, as previously outlined in Table 3 and Section 2.7. 

 Cell Growth and Productivity 5.2

Overall, two trends were detected through the shift to hypothermic conditions at varying points 

in time: an early shift to hypothermic conditions delayed cell growth and increased specific 

productivity. As a measure of productivity, a focus on specific productivity is critical to a 

successful cell culture. This measure of productivity, however, does not describe the overall 

success of a culture. Increasing final protein concentration is the main goal in both research and 

industry and is one of the primary factors used to assess the success of a culture. This goal can be 

achieved through multiples means. 

Specific productivity is a description of the per-cell, per-hour production potential of a culture. 

Increasing specific productivity, therefore, describes increasing cellular production efficiency. 

Though critical, cellular production efficiency will only equate to an increase in final protein 

concentrations in the event that cell growth (and cell density) is also adequate. In the event that 

the cell growth rate is high, but cellular production efficiency (specific productivity) is low, the 

final protein concentration may not be high. Similarly, if specific productivity is high but cell 

growth rates are low, the result may be low final protein concentrations. Therefore, high final 

protein concentrations are achieved through the optimal convergence of cell growth and specific 

productivity (Figure 15). In these experiments, the highest final protein concentration achieved 

was with a transition to hypothermic conditions occurring 24 to 48 hours post-inoculation. These 

cultures, therefore, exhibited an optimal balance between cell growth and specific productivity. 

Delays in cell growth were found to be directly proportional to the time at which hypothermic 

conditions were induced; as the transition time increased, so too did growth rates. These changes 
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in cell growth rate can be observed through changes in the CHVol profiles of each experimental 

treatment (Figure 16). The treatment that experienced the earliest drop to hypothermic conditions 

(0 hour) exhibited a delayed increase in CHVol, while the control, which did not experience a shift 

to hypothermic conditions, exhibits the fastest increase in CHVol. Though growth rates were 

lower under hypothermic conditions, residency in the stationary phase and decline phase was 

found to increase with early transitions to hypothermic conditions. This had the effect of 

increasing the CHVol late into the duration of hypothermic cultures, resulting in a similar final 

CHVol across all treatments. 

 

Figure 15: The convergence of cell growth and specific productivity 

High final protein concentration is achieved through the convergence of cell growth 

and specific productivity 

Hypothermic conditions also had an effect on the specific productivity of each treatment (Figure 

17). The results showed that cultures experiencing early transitions to hypothermic conditions 

(hours 0, 24, 48) exhibited a high lag/exponential and stationary phase specific productivity, 

while cultures experiencing shifts to hypothermic after 48 hours exhibit diminishing returns on 

specific productivity. That is, as the transition point increases past 48 hours, stationary phase 

specific productivity decreases. Interestingly, all cultures exhibited a similar decline phase 

specific productivity. As was previously discussed in Chapter 4, this may be indicative of a 

metabolic shift due to the starvation of a compound in BIOGRO CHO. With the depletion of this 

compound, all cultures collapsed regardless of the time at which hypothermic conditions were 

induced. 
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Figure 16: Cumulative volumetric cell hours at varying temperature drop points 

The lower growth rate of hypothermic cultures can be observed in the CHVol. The 

result of an extended stationary and decline phase in hypothermic cultures is a 

similar final CHVol across all conditions. 

 

Figure 17: Specific productivity of cultures at varying temperature drop points 

The cultures that had hypothermic conditions induced later than 48 hours exhibit 

reduced specific productivity, expressed through the slope of the above curves, 

during the stationary phase. The early onset of hypothermic conditions resulted in 

high exponential and stationary phase specific productivity (0, 24, 48 hours). 

0

1

2

3

4

5

6

0 50 100 150 200 250 300

V
o

lu
m

e
tr

ic
 C

e
ll 

H
o

u
rs

 (
1

E8
 

ce
ll*

h
o

u
rs

/m
l)

 

Culture Time (h) 

0 hours 24 hours

48 hours 72 hours

96 hours 37C control

Shift to Hypothermic Conditions 

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6

P
ro

te
in

 C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Volumetric Cell Hours (1E8 cell*hours/ml) 

0 hours 24 hours

48 hours 72 hours

96 hours 37C Control

Lag/Exponential Phase 

Stationary Phase 

Decline Phase 

Shift to Hypothermic Conditions 



50 

 

Increasing the final protein concentration, the major goal of this study, was improved through the 

induction of hypothermic conditions, though the extent of the improvement depended on the 

culture time at which hypothermic conditions were introduced. The cultures subjected to 

hypothermic conditions between 24-48 hours achieved the highest final protein concentration, 

reaching a final protein concentration of 60mg/L (Figure 18). The culture that was subjected to 

hypothermic conditions at hour 0 reached nearly the same final protein concentration of 55mg/L, 

but at a reduced rate. This is likely due to the reduced growth rate of the 0 hour culture, which, 

regardless of high specific productivity, resulted in a reduced final protein concentration. 

Diminishing returns were observed with transition points occurring after 48 hours, with a final 

protein concentration of 38mg/L reached by the control. Again, this was likely due to the sub-

optimal convergence of specific productivity and cell growth, though in this case the low specific 

productivity was the likely cause of reduced final protein concentrations. 

 

Figure 18: Cumulative protein concentration of cultures at varying temperature drop points 

Subjecting cultures to hypothermic conditions at varying points in time yielded a 

range of results. A shift from 24-48 hours resulted in the achievement of the highest 

final protein concentration.  

The convergence of cell growth and specific productivity is optimal in the 24-48 hour window. 

Growth rates increased during this first culture phase while under standard temperature 
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conditions, which allowed cell densities to increase at a faster rate. Once the culture was 

established, the temperature drop had the effect of improving the specific productivity of the 

culture. In both of these cultures, a high cell density and a high specific productivity resulted in 

the achievement of the highest final protein concentrations of the treatments. 

 Glucose and Lactate Metabolism 5.3

Although the specific productivity and final protein concentration is improved under 

hypothermic conditions, there is no change in cellular metabolic efficiency. Cell growth is 

delayed under hypothermic conditions, and the volumetric consumption of glucose and 

production of lactate are also proportionally delayed, resulting in similar specific production and 

consumption profiles across all treatments (Figure 19). This indicates that there are little to no 

changes in the glycolytic pathway of hypothermic cells. Therefore, the increase in productivity 

observed under hypothermic conditions is not directly related to the specific production of 

lactate. 

 

Figure 19: The yield of lactate on glucose 

Temperature has no effect on the specific production of lactate and the specific 

consumption of glucose. 
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It is possible that improvements in productivity are still related to metabolic by-product levels, 

though at a volumetric rather than specific level (as previously speculated in Chapter 4). Since 

cell growth is delayed, the build-up of lactate will also be delayed. Under standard temperature 

conditions, lactate levels reach a concentration of 27.8mM at a culture time of 71 hours. At this 

same culture time, the hypothermic culture (0 hours) exhibits a lactate concentration of only 

16.8mM. Under hypothermic conditions, lactate levels do not reach 27.0mM until a culture time 

of 117 hours, 42 hours later.  

If the improvement in productivity is related to metabolites, it could be related to them through 

critical metabolite thresholds and the culture time at which these metabolite thresholds are 

reached. For example, productivity may begin to slow once lactate levels reach around 20mM 

due to the activation of another metabolic pathway. This, however, may not be the case, since 

although the specific production of protein does change, the specific production and 

consumption of lactate and glucose does not change. If changes in cell metabolism under 

hypothermic conditions are responsible for increased productivity, the change is apparently not 

directly associated with glycolysis. 

During the exponential phase, all treatments achieved similar yields of lactate on glucose, nearly 

reaching the maximum theoretically possible (YLAC,GLC = 2). It is unlikely that most of the 

glucose present in the culture medium was being directed strictly towards lactate production, 

since the cultures still exhibited good cell growth. This indicates that lactate is being produced 

from other compounds besides glucose.  

Some amino acids, such as glutamine, are capable of being metabolically converted into 

pyruvate and lactate. In all cases, maximum lactate concentrations achieved coincided with the 

depletion of glutamine, a trend that has previously been reported (Zagari et al. 2013). This may 

indicate that a certain percentage of glutamine is not being fully metabolized in the TCA cycle, 

and is instead being directed towards pyruvate, and potentially lactate, production. The complete 

consumption of glutamine then coincides with the start of cellular lactate consumption (though 

this consumption of lactate is not substantial). This indicates that glutamine, like glucose, is not 

being consumed efficiently by the cells. The excessive production of lactate through glycolysis 

and glutaminolysis (and potentially other metabolites) may be preventing further improvements 

in productivity. 
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 Cell Cycle Analysis 5.4

The impact of a shift to hypothermic conditions on the cell cycle was investigated with a 

temperature drop occurring at 0 hours, 36 hours (the center point of the optimal range identified 

in the previous experiment) and a negative control maintained at 37°C to completion. All 

cultures were grown in BIOGRO CHO. The productivity of the cultures was similar to those 

found previously, with the 0 hour temperature shift achieving a final protein concentration of 

55mg/L, a hypothermic temperature shift at 36 hours reaching a final protein concentration of 

60mg/L, and the 37°C control culture reaching a final protein concentration of 38mg/L.  

Overall residency in each cell cycle phase was determined by sorting the population of cells by 

phase based on the calculated percentage of cells in each phase and the measured cell density 

(Xv) at each point in time: 

 
             

   

   
  (1) 

 
            

  

   
  (2) 

 
             

   

   
  (3) 

The total CHVol for each cell cycle phase was then calculated separately. The results show that 

cultures experiencing a shift to hypothermic conditions at 0 hours have the greatest overall 

residency in the G1 cell cycle phase. These cultures also display a delayed entry into a 

dominantly G1 cell cycle phase, most likely as a result of low observed growth rates at low 

temperatures.  

Table 5: Cumulative G1 volumetric cell hours for cells grown in BIOGRO CHO 

  58 hrs 84 hrs 108 hrs 134 hrs 158 hrs 182 hrs 206 hrs 
Final Protein 
Titer (mg/L) 

0 hours   0.45 0.85 1.54 2.31 2.90 3.21 55 mg/L 

36 hours 0.30 0.72 1.35 2.14       60 mg/L 

37°C Control 0.38 0.84 1.53         38 mg/L 

 

The cultures that experienced a temperature drop at 0 hours reach the highest G1 

volumetric cell hours, but did not reach the highest final protein concentration. 
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If productivity was strongly G1 phase associated, the culture that reached the highest G1 

volumetric cell hours (0 hour induction of hypothermic conditions) would likely have reached 

the highest final protein concentration, which was not the case. The specific productivity 

associated with each cell cycle phase at varying temperature drop points was very similar, 

indicating that productivity was constitutive rather than being strongly associated with a single 

cell cycle phase. However, there does appear to be a weak correlation between the increased G1 

volumetric cell hours exhibited by cells that undergo a shift in temperature at 36 hours when 

compared to cells that grow to completion at 37°C. 

This weak G1 association with productivity may be due to metabolic shifts that occur as a result 

of the increased residency in the G1 phase that then impact productivity, rather than a direct G1 

phase associated productivity. That is, it is the metabolic shift that results in increased 

productivity and not residency in the G1 phase (Figure 20). As discussed above (Section 5.3), 

this metabolic shift is likely not directly related to the glycolytic pathway. Since the specific 

production and consumption of lactate and glucose, respectively, is not changed by the onset of 

hypothermic conditions, the altered metabolism likely involves a much more complex interaction 

between various other nutrients, enzymes or cell signals.   

 

Figure 20: The relationship between increased G1 residency and increased productivity 

The shifted metabolism correlated to increased G1 residency may be the basis of 

increased productivity, rather than the increased length of the G1 phase itself. This 

can be interpreted as a weak G1 phase association. 

Changes in the cell cycle and complex metabolic responses to this change (or vice versa) are just 

one of the possible reasons for increased productivity of hypothermic cultures. Another possible 

cause relates to the delay of apoptosis, which itself may be caused by a number of factors 
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including the down-regulation of apoptosis-causing proteins (such as importin-α) (Kumar et al. 

2008) or the overexpression of antiapoptotic proteins (such as members of the bcl-2 family) 

(Slikker et al. 2001). Since cells grown in BIOGRO CHO cease to produce protein by the early 

stationary phase under standard conditions, this suggests that avoiding apoptosis for as long as 

possible may improve productivity. Some evidence of this mechanism exists in the similar 

decline phase specific productivity of the various temperature shift treatments. Further studies 

may find a connection between the delay of the onset of apoptosis and productivity in 

hypothermic cultures. 

Other theories as to the mechanism that improves productivity in hypothermic cultures relate to 

changes in cellular mechanisms, including changes in the cellular cytoskeleton or changes in 

messenger RNA (mRNA) processing. Some studies have found that hypothermic conditions 

result in the overexpression of vimentin (a major component of the cytoskeleton) (Baik et al. 

2006), which may facilitate the transport and secretion of recombinant proteins. Hypothermic 

conditions have also been shown to increase recombinant mRNA levels (Yoon, Song, and Lee 

2003) as well as delaying recombinant mRNA degradation (Kou et al. 2011), both of which 

would likely result in increased recombinant protein expression. 

Rather than being linked specifically to one cause, multiple factors may interact to improve the 

productivity of hypothermic cultures. Consider, for example, that the cell cycle is closely related 

to the production of mRNA (G1 phase) and the cytoskeleton (G2 phase), while p53 (related the 

bcl-2 family) is both a regulator of the cell cycle phase checkpoints and apoptosis (Hemann and 

Lowe 2006). The cause of improved productivity of hypothermic cultures may be a highly 

complex interaction between cell cycle phase, cellular metabolism, changes in apoptotic 

behaviour, and changes in cellular mechanisms. Further study is needed to uncover and exploit 

potential connections and interactions between these aspects of cell growth and death that 

combine to increase productivity under hypothermic conditions. 

 Implications 5.5

As was previously described, the sub-optimal convergence of cell growth and specific 

productivity is the likely cause of the reduced final protein concentrations achieved by a pre-24 

hour temperature shift and post-48 hour temperature shift (Figure 15). With a 0 hour temperature 

shift, specific productivity was high, and was comparable to that of the 24 and 48 hour 
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temperature shifted cultures; however, cell densities were low, yielding a reduced final protein 

concentration.  

Interestingly, the 0 hour temperature shifted culture outperformed the control culture in terms of 

both final protein concentration and specific productivity, a result that is particularly noteworthy. 

This indicates that, with productivity as the focus, 37°C is likely not the optimal operating 

temperature without incorporating any shifts in temperature. Although 37°C has been the 

established standard temperature at which to grow cells for several decades, these results, along 

with many reported results in literature, indicate that it is sub-optimal in all areas (with the 

exception of cell growth rates). This is a commonly observed trend in literature, and although 

there is some variation between cell lines, the standard temperature at which cells are cultured 

should be adjusted at the research, process development, and industrial production level to reflect 

these results.  

Since the goal in industry is the production and sale of protein, metrics reflecting total protein, 

such as final or maximum protein concentration, are the focus. In these experiments, the final 

protein concentration achieved was increased through the induction of hypothermic conditions, 

therefore increasing the amount of protein available for sale. The production of these proteins, 

however, is a costly process that can be affected by changes in production techniques. The cost 

required to produce a given amount of protein is referred to as the Cost of Goods Sold (COGS), a 

consideration that must be made in order to evaluate the benefits of an industrial MAb 

production process. 

The COGS itself can have substantial effects on the economic viability of MAb production 

through a number of different factors. An industrial production process that is capable of 

producing large quantities of protein but that suffers from very expensive production techniques 

(and therefore a high COGS) may not be economically viable. Similarly, a production process 

that produces less protein, but using a very simple and inexpensive techniques (and therefore a 

low COGS) may still be economically viable. A focus on COGS is required in order to assess the 

benefits of an industrial MAb production process using the temperature shift strategy outlined in 

this chapter, with the end goal of minimizing COGS while maximizing product value (including 

both product quantity and product quality). The factors that must be considered in an industrial 

process using this strategy include, among other things, a focus on  
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 overall productivity,  

 bioreactor occupancy (equipment occupancy, EO),  

 sterilization costs, 

 media costs, and 

 purification costs. 

 Productivity 5.5.1

The onset of hypothermic conditions from 24-48 hours resulted in the highest final protein 

concentration, reaching a concentration of 60mg/L, compared to the culture operating under 

physiological conditions which reached a final protein concentration of 38mg/L; however, it only 

took the culture operating at physiological temperatures 8 days to reach 38mg/L, while it took 

the hypothermic culture 10 days to reach 60mg/L. Although physiological conditions result in 

lower protein concentrations, they achieve these concentrations sooner. This trend can be 

beneficial, since a shorter process can simply be repeated more frequently, but this is highly 

dependent on the productivity of a shorter culture. If, for example, a shorter process takes half 

the amount of time, but also produces half as much product, the total COGS may balance.  

 

Figure 21: The effect of a shorter process with an industrially relevant perspective 

A shorter process can simply be repeated more frequently, though the benefits 

depend on productivity. Hypothermic conditions also result in less bioreactor down 

time, which can affect total yearly production. 

In an industrial setting, a shorter process results in more overall bioreactor turn-around time or 

down time, which is wasted production potential (Figure 21). To demonstrate the effect of down 

time, consider a process that requires a 24 hour turn-around. The control now requires 9 days to 

produce 38mg/L of protein, while the hypothermic culture requires 11 days. The incorporation of 

down time results in 4.75mg/L per day under physiological conditions, or 6mg/L per day under 

hypothermic conditions. At 365 operating days per year in a 2000L working volume (WV) 
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bioreactor, physiological temperatures result in 3.47kg of protein per year, while hypothermic 

conditions result in 4.38kg of protein per year. Therefore, the yearly production possible through 

the hypothermic culture is greater than that of the control. 

 Equipment Occupancy 5.5.2

Equipment occupancy (EO) refers to the total amount of time that a bioprocess occupies a 

bioreactor. Differences in EO are one of the methods by which the COGS can be assessed. This 

can include changes in bioreactor down time, sterilization, and specialized equipment costs. In 

the example described above, a common down time was assumed between both the standard 

temperature culture and the culture experiencing the temperature drop. Since these processes use 

the same medium and cell line, it is reasonable to assume that they will require similar 

preparation steps between each batch (and therefore a similar down time); however, in the event 

that down time is not identical between processes, an analysis of the impact that down time can 

have on yearly output should also be conducted. For example, a common down time between the 

two processes that result in equivalent yearly protein output can be found by solving for 

downtime (tdn): 

       

        
 

      

        
 (4) 

Solving for tdn shows that a down time of less than -87 hours will result in improved productivity 

in a 37°C process, which is impossible. This indicates that, with the amount of bioreactor down 

time as the focus, hypothermic conditions will be more beneficial in an industrial setting. 

Additionally, since down time is wasted production potential, hypothermic conditions will result 

in less overall down time per year. Using the previously described example, at 35.5 batches per 

year and assuming 24 hours of down time, hypothermic conditions will result in 852 hours of 

down time per year, while standard conditions will result in 1092 hours of down time per year. 

These lost 240 hours of down time with standard conditions alone represent one full batch of 

product lost in a year. 

Less down time is further beneficial due to the reduced cost involved in the preparation of a 

bioreactor for the next batch. With only 35.5 batches per year under hypothermic conditions, as 

opposed to 45.5 batches under standard conditions, a bioreactor requires ten fewer sterilization 
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steps between batches. This will result in reducing the cost of sanitation chemicals, equipment, 

and man-hours required between batches, further reducing the COGS. 

Other factors that may complicate the process of inducing hypothermic conditions at the 

industrial scale, which could have an effect on the COGS, include the costs of specialized pump 

systems, heat exchangers, electricity and man-hours required to achieve the drop in temperature. 

Compared to EO, these costs will likely be low and may not result in a standard physiological 

culture achieving greater economic efficiency than a hypothermic culture. This is especially true 

since most of the equipment and man-hours are required regardless of whether or not a drop in 

temperature is incorporated, cancelling out any effect they may have on the economic efficiency 

of the industrial process.  

 Media Cost 5.5.3

One of the drawbacks of a shorter process that yields less protein is the higher cost of media. A 

short process, as observed with cultures operating under standard conditions, will require a 

greater total volume of medium per year. Consider, again, the example described above. In one 

year, extrapolated from the current experimental data, a hypothermic process can result in 35.5 

batches, while a standard process can result in 45.5 batches. In a 2000L WV bioreactor, 35.5 

batches requires 7.1x10
4
L of media, while 45.5 batches requires 9.1x10

4
L of media. Not only 

does the hypothermic culture outperform the standard culture in terms of the total yearly amount 

of protein produced, it achieves this using less medium. Hypothermic cultures achieve 25% 

greater protein output using 30% less total medium, simultaneously reducing the COGS and 

increasing overall product value.  

In this study, the same medium (BIOGRO CHO) was used in all treatments, indicating that the 

volume of medium used is the only source of variation in medium cost. When comparing 

different processes, however, industrial operations will often consider multiple media 

formulations. In this case, both the required media volume and the per unit volume cost of the 

media will affect the total media cost. Further studies comparing the effects of hypothermic 

conditions on different media formulations should consider both the volume requirement and 

varying per volume costs of each different formulation when assessing total media cost. 

In the event that the effects of a temperature shift on different media formulations are 

investigated, it should be noted that the ideal culture temperature transition point will likely vary 
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between growth media. The optimal transition point identified in this experiment occurs during 

the early exponential phase, which was between 24 to 48 hours after inoculation in BIOGRO 

CHO. This allowed for the more rapid establishment of a cell culture (reaching high enough cell 

densities) before hypothermic conditions were induced. It is likely that the optimal transition 

point will not be identical for every medium. For example, some media may exhibit higher or 

lower growth rates, shifting the location of the early exponential phase accordingly. This may 

then require an earlier or later transition to hypothermic conditions, respectively. It is still likely, 

however, that the optimal transition point for any other medium will also be in the early 

exponential phase, given the same cell line. Further investigation will be required into the 

optimal transition point in other growth media and for other cell lines. 

 MAb Purification 5.5.4

The above examples only outline the upstream bioreactor stage of an industrial MAb production 

process, and the benefits associated with hypothermic conditions, but do not take into account 

any downstream processes. As a major component of the industrial production of MAbs, 

downstream or purification costs must also be considered. It is possible that there are 

downstream drawbacks associated with hypothermic conditions. For example, many proteins are 

produced in cells in addition to the desired recombinant protein. These proteins, broadly referred 

to as host cell proteins (HCPs), are a factor that is undesirable in the production of a therapeutic 

protein, as they carry safety risks and therefore must be removed from a product batch (Wang, 

Hunter, and Mozier 2009). Hypothermic conditions have been identified as increasing the 

productivity of desired proteins as well as HCPs (Tait et al. 2013), though the characterisation of 

CHO cell HCP production remains highly variable, and is currently under investigation 

(Hogwood, Bracewell, and Smales 2014). These are additional considerations that must be made 

in a complete evaluation of process optimization and impact on COGS. 

In the event that HCP are produced proportionally in conjunction with the recombinant proteins 

(that is to say the ratio between HCPs and MAbs remains the same between standard and 

hypothermic conditions) it is possible that the removal cost of an increased absolute 

concentration of HCPs also increases. This increase in HCP removal cost, however, is likely not 

linear. A major expense is in the development of techniques, processes, and equipment required 

in the purification of proteins. Since an increased absolute concentration of HCPs will likely 
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require all of the same equipment, processes, and techniques, the cost of removing 5mg of HCPs 

is unlikely to be five times the cost of removing 1mg of HCPs. Even though an increased 

concentration of HCPs may require the more frequent maintenance or replacement of equipment, 

the added cost is still unlikely to be linear. Further studies will need to be conducted examining 

all of the HCPs that may be produced by CHO cells, including the potential presence of any 

other undefined host cell antibodies. In particular, these studies should attempt to determine if 

the specific productivity of HCPs increase proportionally or disproportionally to the specific 

productivity of recombinant proteins. 
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6 The Effects of Media Supplementation on Growth, 

Productivity and Product Quality 

Media supplements provide a culture medium with extra nutrients, growth factors, vitamins and 

other compounds. Serum has been the most commonly employed media supplement in the past, 

but recent years have seen a shift towards serum free media due to increased costs, batch to batch 

variability, and potential contamination.  

Media supplements can play a variety of roles, most commonly promoting cell growth and cell 

productivity. Recent research has shown that the protein glycan profile, a measure of product 

quality, is a consideration that must also be made with any supplement. A potentially 

complicating factor is that it may be possible that a supplement promotes very rapid cell growth 

and productivity while having a negative impact on the glycan profile. Alternatively, it is 

possible that a supplement will have a positive impact on the glycan profile but a negative impact 

on cell growth and productivity. Optimization must then proceed as a balance between product 

quality and product quantity. 

 Methodology and Rationale 6.1

Screening media supplements can be a very time consuming and laborious process. One-factor-

at-a-time approaches, in particular, require numerous runs to screen and optimize, and ignore the 

multiple factor interactions that are not only possible but are common in biological processes 

(Gaertner and Dhurjati 1993). For example, it is possible that the presence of two individual 

supplements will have a small positive effect on growth and productivity, but the combination of 

the two supplements will result in an even greater positive effect on growth and productivity. 

Detecting interactions is a very labour intensive process. Screening supplements at two levels in 

a full factorial experiment, which examines the effect of every combination of supplements 

possible at two levels, requires 2
n
 runs, where n is the number of factors. A full factorial 

experiment with only two or three factors is manageable, requiring only four and nine runs 

respectively, but screening four or more factors at a full factorial becomes inefficient (Sandadi, 
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Ensari, and Kearns 2006); (Murayyan 2013). The problem is compounded if three level factors 

are employed (used to detect curvature in response variables), which at a full factorial requires 

3
K
 experimental runs.  

The resolution of a fractional factorial refers to the capability of the experiment to detect and 

separate main effects and interactions. At the four factor level, the highest resolution possible 

before achieving a full factorial is resolution IV, which is capable of detecting main effects, and 

estimating two-factor interactions. A resolution IV fractional factorial requires 2
n-1

 experimental 

runs (Gaertner and Dhurjati 1993). At the four factor level, this requires eight experimental runs. 

For this reason, a two level fractional factorial statistical design of experiment at resolution IV 

was used to screen the effects that four media supplements had on cell growth, productivity and 

glycosylation (Table 6). 

Table 6: The layout of a resolution IV four factor fractional factorial  experiment 

Experimental 
Mixture 

A B C D 

Mix 1 - - - - 

Mix 2 + - - + 

Mix3 - + - + 

Mix 4 + + - - 

Mix 5 - - + + 

Mix 6 + - + - 

Mix 7 - + + - 

Mix 8 + + + + 

 

 Fractional Factorial Design Layout 6.1.1

The impacts of four media supplements were investigated. The media supplements used in this 

experiment were chosen because each supplement was previously reported in literature to 

support cell growth, productivity or glycosylation (Table 8) 

The first factor, SITE, is a cell culture media supplement that contains growth factors commonly 

added to cell cultures to promote glucose and iron uptake and to stimulate cell growth. It 

contains sodium selenite (S), insulin (I), transferrin (T) and ethanolamine (E). The second factor 

is a cocktail developed specifically to promote galactosylation called UMG, containing uridine 
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(U), manganese (M) and galactose (G) (Gramer et al. 2011). The third factor was a lipid cocktail 

(Lipid Mixture 1, LM1), which contains a defined mixture of various fatty acids, sterols 

(including cholesterol) and vitamins to promote cell membrane synthesis. The final factor was a 

plant hydrolysate mixture HYPEP™ 1510, which is an undefined mixture of various 

enzymatically hydrolyzed soy plant proteins (Sheffield Bio-Science), previously identified as 

being a viable alternative to serum. The compounds and concentrations in SITE, UMG and LM1 

are listed in Table 7. 

Table 7: The compounds and concentrations present in UMG, SITE and LM1 

UMG at 1X 

Compound Concentration (mM) 

Uridine 1 

Manganese 0.002 

Galactose 5 

    

SITE 

Compound Concentration (g/L) 

Insulin 1 

Transferrin 0.55 

Sodium Selenite 0.0005 

Ethanolamine 0.2 

    

LM1 

Compound Concentration (mg/L) 

Arachidonic Acid 2 

Cholesterol 220 

Tocopherol Acetate 70 

Linoleic Acid 10 

Linolenic Acid 10 

Myristic Acid 10 

Oleic Acid 10 

Palitoelic Acid 10 

Palmitic Acid 10 

Pluronic 100g/L 

Stearic Acid 10 

Tween 80 2200 
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Ham‟s F12K was selected as the basal medium to which all of the supplements were added. This 

medium was selected because, even in the basal form, it is capable of supporting cell growth and 

productivity. Ham‟s F12K, unlike BIOGRO CHO, is a defined medium, so the presence and 

concentration of each supplement in Ham‟s F12K is known. This is particularly important for the 

detection of interactions between supplements. A complex or proprietary medium, such as 

BIOGRO CHO, can contain unknown supplements that can interact with the experimental 

factors, which are not detectable and can confound interpretation of experimental results.  

The selection of levels in a two level fractional factorial experiment also requires careful 

consideration. If the high and low levels of each factor are too similar, there may be very little 

difference in the response variables, making the detection of significance difficult. If the factors 

levels are too far apart, the optimal range for the factor may be bypassed completely, perhaps 

resulting in cytotoxicity at high levels, again making the detection of significance difficult. In 

this experiment, in an attempt to find optimal ranges rapidly, high levels of each factor were 

chosen based on optimal concentrations reported in the literature (Table 8). The low levels 

selected were above zero, but low enough to allow sufficient experimental space for the 

inclusion of clear and distinct centre points. 

Levels in the factorial were kept above zero in order to avoid threshold limits. A threshold limit 

is a point below which no observable response is detected. In many physical and chemical 

systems, a level of zero is an assumed threshold, but in biological systems thresholds are not 

necessarily zero. Because cellular activity is often dependent on cytosolic concentrations of 

various compounds and nutrients (as opposed to the concentrations in a medium), differences in 

cross-membrane nutrient concentrations may be required in order to help drive the in-flux of 

nutrients.  

Additionally, since many supplements act as growth factors stimulating trans-membrane 

receptors, certain concentrations of supplements may be required as a minimum in order to have 

any observable effect. This threshold partially acts as a defence mechanism in vivo. If a cell can 

by hyper-stimulated by a very low concentration of any given growth factor, the result may be 

uncontrolled cell proliferation (or cancer). Uncontrolled cell growth is an undesirable attribute in 

vivo, but may in fact be desirable in vitro, depending on the production characteristics of a given 
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cell line. If production is strongly exponential-phase associated, cancerous growth rates may be 

desirable. 

In this factorial experiment, low levels were selected in an attempt to remain above threshold 

limits. Low levels of HYPEP™ 1510, LM1 and UMG selected have been documented in 

literature as having an observable effect on cell growth, productivity and glycosylation.  

Table 8: High and low levels of medium supplements 

 
High 
Level 

Low 
Level 

Source Reference 

Soy Hydrolysate (HYPEP™ 
1510) 

5g/L 1g/L Sheffield Bio-Science (Murayyan 2013) 

SITE Liquid Media Supplement 10ml/L 2ml/L Sigma S4920  

Lipid Mixture 1 (LM1) 7ml/L 1ml/L Sigma L0288 
(Parampalli et al. 

2007) 

UMG (Uridine, Manganese, 
Galactose) 

8X Conc 2X Conc 

Uridine, Sigma U6381 
Manganese, Sigma 

529680 
Galactose, Sigma G5388 

(Gramer et al. 
2011) 

 

The full experimental design is detailed in Table 9. Two identical centre points, as well as a 

positive control (BIOGRO CHO) and a negative control (basal Ham‟s F12K) were also used for 

additional comparison. Experimental trials were conducted at a working volume of 160ml at 

37°C, with a shaker platform speed of 110rpm (VWR Model 3500). 

 Analysis of Variance 6.1.2

A major component of a fractional factorial experimental design and analysis involves the 

analysis of variance (ANOVA) between experimental runs (or treatments) (Murayyan 2013). 

This allows for the detection of any statistically significant responses that a given factor in the 

study may have. Minitab 16, as provided by the University of Guelph, was used to analyse 

experimental results from the fractional factorial experiment (www.minitab.com). 
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Table 9: Medium supplements fractional factorial design of experiment 

Experimental 
Mixture # 

Hydrolysate 
(g/L) 

Lipid Cocktail 
(ml/L) 

SITE 
(ml/L) 

UGM  
(x conc) 

1 1 1 2 2 

2 5 1 2 8 

3 1 7 2 8 

4 5 7 2 2 

5 1 1 10 8 

6 5 1 10 2 

7 1 7 10 2 

8 5 7 10 8 

          

9 (Center) 3 4 6 5 

10 (Center) 3 4 6 5 

11 BIOGRO CHO N/A N/A N/A N/A 

12 Hams F12K AA+ N/A N/A N/A N/A 

 

The 8 experimental mixtures as part of the fractional factorial experiment are 

augmented by two centre points as well as BIOGRO CHO acting a positive control 

and the Ham‟s F12K basal medium acting as a negative control. 

 

 Cell Growth and Productivity 6.2

Cells grown in the positive control BIOGRO CHO reached the highest maximum cell density, 

and reached this maximum cell density quickly before entering a very rapid decline phase (as 

was observed with previous cultures grown in BIOGRO CHO). Amongst the experimental 

treatments, supplement mixture #6 had the best cell growth, reaching nearly the same maximum 

cell density as BIOGRO CHO (Figure 22). This experimental mixture contained high levels of 

SITE and HYPEP™ 1510, and low levels of LM1 and UMG.  

Cells grown in the negative control basal Ham‟s F12K reached a maximum cell density roughly 

half that of BIOGRO CHO before entering a lengthened stationary and decline phase. 

Interestingly, several experimental mixtures performed worse than the basal Ham‟s F12K (which 

was acting as a negative control), indicating that one or more supplements have an inhibitory or 

cytotoxic effect on cell growth. The two experimental centre points, mixture #9 and #10, had 

average performance, being outperformed by three of the mixtures but outperforming five. In the 
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event that some supplements have a positive effect on cell growth while others have a negative 

effect on cell growth, this would be expected.  

 

Figure 22: The viable cell density profile is a function of medium composition and 

supplementation 

Medium formulation #6 (solid orange line), containing high SITE, high HYPEP™ 

1510, low LM1 and low UMG, reached a similar max cell density as BIOGRO CHO 

(dashed blue), but remained in stationary phase for an extended period of time. The 

negative control basal Ham‟s F12K (dashed orange line) outperformed several 

experimental mixtures, indicating an inhibitory effect due to one or more 

supplements. 
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Figure 23: The cumulative volumetric cell hours of selected experimental treatments 

As characterized by cumulative volumetric cell hours, medium supplementation with 

high levels of HYPEP™ 1510, high levels of SITE, low levels of LM1 and low levels 

of UMG (mixture #6; orange line) significantly outperform the positive control 

BIOGRO CHO (purple line). This results from maintenance of population viability 

through a lengthened stationary and decline phase. 

Another interesting behaviour noted with mixture #6 was the increased length of time spent in 

stationary phase and a long decline phase, especially when compared to BIOGRO CHO. Cells 

grown in BIOGRO CHO reach maximum cell density very rapidly then enter a very abrupt 

decline phase after a fleetingly short residency in the stationary phase. This behaviour is 

characterized by a rapid rise in CHVol before reaching an early final CHVol. The extended 

residency in stationary phase and the lengthened decline phase, in contrast to an abrupt decline 

phase, resulted in mixture formulation #6 achieving a CHVol of nearly double that of BIOGRO 

CHO (Figure 23). That is, the population viability is maintained for an extended period of time 

as compared to the positive control. 

The slightly slowed growth rate resulted in a delayed increase in CHVol for mixture #6, reaching 

and bypassing the CHVol achieved by cells grown in BIOGRO CHO 160 hours into the duration 

of the culture. At this point, cells grown in BIOGRO CHO were in the decline phase, while cells 
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grown in mixture #6 were still in the stationary phase. The CHVol of mixture #6 continued to 

increase for another 200 hours. The main reason for this behaviour is the maintenance of 

viability through the substantially lengthened duration of the stationary and decline phases 

observed by mixture #6.  

 

Figure 24: The specific productivity of mixture #6 compared to the positive and negative control 

The specific productivity of mixture #6 remained low, and was similar to the specific 

productivity of the negative control. The specific productivity of the negative control 

was greater than that of all other experimental mixtures (not shown). Specific 

productivity of BIOGRO CHO was initially very high, but dropped during the 

stationary phase to become similar to the negative control. 

Although the final CHVol of mixture #6 outperformed BIOGRO CHO, the productivity and 

specific productivity of mixture #6 remained low (see Figure 24 for the specific productivity). 

One of the potential reasons for the lack of improvement in productivity, regardless of 

improvements in cell growth, may be related to the hyper-osmolar conditions in the culture 

medium (Table 10).  

Osmolality expresses the number of solutes per kg of solvent, expressed in Osm/kg. Ham‟s F12K 

is a very nutrient rich basal medium containing a variety of soluble compounds, each of which 

adds to the overall osmolality of the medium. Typically, an osmolality of 290-320mOsm/kg is 
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ideal for mammalian cell cultures, with both hypo and hyperosmolar conditions potentially 

resulting in reduced cell growth and productivity. In this fractional factorial experiment, every 

culture media mixture, including the basal medium, exhibited a high initial osmolality, outside of 

the optimal range. The only medium that was within the optimal osmolality range was the 

positive control BIOGRO CHO, which also yielded the highest productivity 

Table 10: A comparison between the final protein concentration and the initial osmolality of 

each experimental trial 

Mixture # 
Final Protein 

Concentration (mg/L) 

Initial 
Osmolality 
(mOsm/kg) 

BIOGRO CHO 38.51 309 

Ham's F12K 20.10 327 

1 18.72 360 

7 16.78 371 

6 23.90 379 

9 (Center) 16.12 386 

10 (Center) 16.23 389 

4 17.42 390 

5 14.47 396 

3 12.81 405 

2 14.82 406 

8 14.92 422 

 

An inverse trend is seen between the initial osmolality of each experimental trial and 

the final protein concentration reached by each trial. 

It is important to consider that although a trend was seen in this experiment, there are still many 

other factors that can affect productivity. Some media supplements may simultaneously promote 

productivity but increase osmolality, yielding an overall negative impact on productivity. Some 

evidence of this balance exists when examining the osmolality of the treatments in this 

experiment, as seen in Table 10. Mixture #1, containing low levels of all supplements, showed 

improved growth over the basal Ham‟s F12K (Figure 23); however, low levels of all 

supplements also increased the osmolality by 37mOsm/kg above the basal medium. Under 

otherwise identical conditions, an improvement in cell growth should result in an improvement 

in the final protein concentration; but here, the final protein concentration was lower than that of 
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the basal medium, indicating the presence of an interaction between the benefits associated with 

a supplement and the changes in medium osmolality as a result of the addition of supplements. 

These results also further highlight the difference between Ham‟s F12K and BIOGRO CHO. 

Ham‟s F12K is a very nutrient rich basal medium, meaning it contains many compounds 

intended to support cell growth. Even in the basal form, it is capable of supporting cell growth 

and productivity. The substantially lower osmolality found in BIOGRO CHO as compared to 

Ham‟s F12K indicates that, even as a complete medium, the proprietary BIOGRO CHO has 

fewer compounds present. Therefore, rather than the addition of compounds, improving Ham‟s 

F12K may be possible through  

 the removal of compounds, 

 the decrease of concentrations of compounds, or 

 the exchange of compounds currently present in Ham‟s F12K with other supplements. 

A major point of note is that BIOGRO CHO is not necessarily a fully optimized medium. Cells 

grown in BIOGRO CHO achieve high initial growth rates and yield high concentrations of 

protein, but the culture collapses shortly after the stationary phase begins. Cells grown in 

BIOGRO CHO exhibit a very short to non-existent residency in stationary phase (under standard 

temperature conditions) before a complete collapse of the culture results in a very sudden and 

rapid decline in viable cell concentrations. Specific productivity is very high during the 

exponential phase of the culture (as seen in Figure 24), but productivity drops immediately 

following the termination of the exponential phase.  

This behaviour is not seen in Ham‟s F12K. Cells do not grow to the same maximum cell density, 

but they remain in stationary phase for much longer (72-96 hours) before entering a more drawn 

out decline phase. Unlike BIOGRO CHO, cells grown in Ham‟s F12K continue to produce 

protein at roughly the same specific rate through the exponential, stationary, and decline phases 

(the specific productivity does not change). Although the specific productivity does not change, 

it never reaches the levels observed in BIOGRO CHO. 

There are several possible reasons for this phenomenon. It is possible that there is a component 

present in greater quantities in Ham‟s F12K that is being fully depleted in BIOGRO CHO, 

resulting in the premature collapse of BIOGRO CHO cultures (as hypothesized in Chapter 4). 
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Hypothermic conditions may slow the rate of consumption of this unknown compound, which 

could be another potential reason for the improved productivity of BIOGRO CHO cultures 

grown under hypothermic conditions (Chapter 5). Another possibility is that a specific 

compound that promotes cell growth in BIOGRO CHO is not present in Ham‟s F12K. Cells 

grown in Ham‟s F12K may rely on another less efficient component for growth (which would 

explain reduced maximum cell densities and growth rates). In either case, it appears that both 

Ham‟s F12K and BIOGRO CHO have room for improvement:  

 BIOGRO CHO through the addition of supplements present in Ham‟s F12K in an attempt 

to improve culture longevity (maintenance of viability) and productivity through the 

stationary and decline phases  

 Ham‟s F12K through the removal or concentration reduction of medium constituents 

absent from or decreased in BIOGRO CHO in an attempt to control osmolality. 

 Glycan Analysis 6.3

The analysis of the glycan profile of a glycoprotein is a critical step in the production of 

therapeutic proteins, as the glycan profile can have a substantial effect on the overall efficacy of 

a MAb in several ways, affecting ACDD, CDC, inflammatory responses, etc. Recent years have 

seen a shift in focus away from strictly cell growth and productivity towards focusing on product 

quality, where one of the main metrics is the glycan profile. That said, product quality cannot 

become the only focus in the production of therapeutic proteins. The goal is both high 

productivity and high product quality.  

 Quality Index and Titer Quality 6.3.1

Currently, there are no metrics to quantify the overall quality and quantity of MAb production. 

Various metrics do, however, exist focusing on analyzing the galactosylation, sialylation and 

fucosylation processes. The most common method currently used in research is a glycan index 

(Majid, Butler, and Al-Rubeai 2007; Kaveh et al. 2013; Aghamohseni et al. 2014; Liu et al. 

2014), expressed as a galactosylation index (GI), sialylation index (SI), or fucosylation index 

(FI), all  of which are used to compare the degree of terminal galactosylation, sialylation, or 

afucosylation, respectively, and are calculated by the following formulas: 
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Observe that each of these is a normalized value (they are between zero and one). This 

normalized index expresses the glycosylation quality of a specific glycan species. GI focuses on 

the fucosylated, galactosylated form (G2F), SI focuses on the fucosylated disialylated glycan 

(G2S2F) and FI focuses on the galactosylated but afucosylated glycan (G2). Each individual 

glycosylation index is calculated as a value between zero and one, where a higher value indicates 

a high percentage of the completed biantennary diglycosylated form (G2 or S2), and a low 

percentage of the monoglycosylated (G1 or S1) and aglycosylated (G0 or S0) forms. This 

provides a metric describing the success of the enzymatic glycosylation process, where a higher 

index indicates a greater progression to the completed biantennary form. 

The process of normalizing the index has the effect of skewing data to potentially misrepresent 

the overall glycan profile of the proteins produced. For example, if only 5% of the glycans are 

digalactosylated, 0.1% are monogalactosylated and 0% are agalactosylated, the resulting 

galactosylation index would be nearly 1, indicating a near perfect galactosylation process and 

implying a nearly perfect galactose profile; however, only 5% of the overall glycans were 

galactosylated, which is not ideal in the event that galactose is the most desired glycan.  

The previously defined glycosylation indices are normalized according a specific glycan species, 

making these indices subjectively normalized. A more representative index, and one with more 

industrial relevance, would measure the overall quality of the various glycan patterns in a metric 

that normalizes according to the overall quantity of glycans present in a batch (rather than a 

subjective subset). This objective normalization, which is bounded by one, can be achieved 

through the modification of GI, SI or FI. This work introduces a set of objectively normalized 

modifications of GI, SI and FI, hereby termed galactosylation, sialylation and fucosylation 

quality indices, QIGal, QINeuAc, and QIFuc, respectively, which are defined through the following 

formulas: 
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where QIGal, QIFuc and QINeuAc will each be a number between zero and one, with a higher 

number indicating a higher percentage of that glycan being present.  

QIGal, QIFuc and QINeuAc are each individually bounded by one, while the sum of these indices is 

also bounded by one. To illustrate this property of these metrics, consider the following example. 

If 100% of the glycans are of the G2F form, all of the remaining glycans (G2, G2S2F etc) would 

make up 0% of the glycans. Therefore, QIGal would equal one, while QIFuc and QINeuAc would 

equal zero. As another example, if 50% of the glycans are of the G2 form, while the other 50% 

are of the G2F form, QIGal and QIFuc would each equal 0.5. In all cases, the sum of these indices 

cannot exceed one, a property of these metrics achieved through the objective, rather than 

subjective, normalization. This differs from GI, SI and FI, where each index can independently 

equal one, and the sum of the three indices can potentially equal three.  

A total quality index, QI, is now introduced, calculated as the sum of each individual glycan 

quality index:  

 
   

                         

          
                    (11) 

Observe that this general form of the quality index contains weight factors α, β, and γ. These 

factors represent the respective desirability of each glycoform. Glycan conformation has been 

shown to have an effect on MAb efficacy, but the relative desirability of each glycan form likely 

varies, and requires further research. In particular, the desirability will likely change between 

each given MAb and/or its therapeutic indication, since the specific therapeutic function of a 

given MAb may require greater ADCC activity (hence a greater QIFuc) or greater CDC activity 

(hence a greater QIGal). For example, in the event that ADCC activity is 10 times more desirable 

than CDC activity, β would be set to 10 while α would be set to 1.  



76 

 

To ensure that QI remains bounded by one, the quality index must be adjusted according to the 

weight factors by dividing by the maximum selected weight factor. This ensures that QI will 

always express the glycosylation quality of a MAb according to the desirability assigned to each 

glycoform as a fraction of the total glycan profile. 

Assigning values to the weight factors requires substantial research, and requires a very strong 

understanding of the exact therapeutic goal of a given MAb. To demonstrate the utility of total 

QI as a metric, each weight factor was given a value of one in the analysis of the current 

experiment. Although this is not necessarily the true desired ratio of glycoforms, and is based on 

an assumption of equal desirability, it still serves to illustrate the utility of QI as a metric. 

One of the major advantages of an objectively normalized quality metric is that the overall 

protein quality of an entire batch can be assessed, rather than a limited view of protein quality 

through a focus on the glycosylation process. Recall that, in the example described above (5% 

G2F, 0.1% G1F, 0% G0F), a calculated GI would be relatively high (approximately 0.95), but a 

calculated QIGal would be relatively low (approximately 0.05). Of the two metrics, QIGal is more 

representative because it is not limited to the galactosylation of a specific glycan species, but 

instead focuses on the overall glycan profile of the entire final product batch. This is an 

important consideration because, from an industrially relevant perspective, the focus is the 

overall protein quality of the entire final product batch. 

Additionally, the objectively normalized nature of the QI, which allows a focus on the entire 

final protein concentration (or titer), allows the expansion of the QI into a metric that can assess 

both the protein quality and protein quantity. This metric is newly defined in this work as titer 

quality (TQ). This metric can focus on any individual glycan type (such as the galactosylation 

titer quality TQGal, sialylation titer quality, TQNeuAc, or fucosylation titer quality, TQFuc) and is 

defined as the product of the quality index and the protein concentration at the point of glycan 

analysis, [P]: 

                  (12) 

                  (13) 

                      (14) 
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Much like the total QI expresses the sum of each separate QI (in this case with an equal weight, 

or        ), the total TQ expresses the sum of each individual TQ with an equal weight: 

                         (15) 

The calculated TQ value expresses the equivalent concentration of protein that exhibits the ideal 

glycan pattern as calculated by the QI, and is measured in units of concentration (mg/L). 

It is critical to recognize that the quality index is a highly modular metric. In the above examples, 

quality index was defined through a modification of previously employed glycosylation metrics. 

This does not, however, indicate that the previously defined metrics (and therefore quality index) 

are ideal. As an example, assigning 0.5 to the monoglycosylated forms (G1, G1F, G2S1F) 

implies that these glycan forms are half as desirable as the diglycosylated forms. This may not be 

the case. It is possible that, for example, the monoglycosylated forms are without any value and 

only the diglycosylated forms are desirable. Alternatively, it is possible that monoglycosylated 

forms are more desirable than diglycosylated forms. Furthermore, alternative glycans such as a 

tri or tetraantennary forms may be the most desired glycans. Assuming a similar pattern as the 

biantennary form, a quality index for a tetraantennary galactosylated glycan could be calculated 

as: 

 

           
     

 
      

 
      

 
     

   
  (16) 

A further complicating factor is whether the absence of a specific glycan form is less effective 

(as is assumed with the 0.5 weight assigned to monoglycosylated glycans), or is detrimental 

(such as eliciting an immune response against the therapeutic MAb). This would require a further 

modification of the quality index, potentially assigning a negative weight of desirability to a 

specific form. In this case, the quality index could act as a threshold, where a QI above zero 

indicates an overall beneficial MAb, while a QI below zero indicates an overall harmful MAb, 

potentially without any therapeutic value. 

Again, this highly depends on the desired therapeutic properties of the given MAb and how 

closely these therapeutic properties can be linked to the glycan profile. Substantial further 

research is required into the therapeutic properties associated with the glycosylation profile of a 

given MAb.  
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It should be noted that since the therapeutic uses of MAbs vary, the desired glycan profiles will 

also vary. Any MAb that can be specifically identified as significantly benefiting from the 

presence of a given glycan form (or group of glycan forms) would benefit from an objectively 

normalized quality index metric, as described here. This is primarily due to the metric‟s 

capability to be expanded into titer quality, a metric that has many potential uses in optimization 

due to its ability to express both MAb quantity and (glycan) quality.  

The general form of the total quality index and titer quality as calculated by the fraction of any 

given glycoform present (  ) and the weight factor assigned to the given glycoform (  ), is 

expressed through the following equations: 

 
   ∑ 

     

   
     

    

 

   

       ∑         

 

   

            (17) 

          . (18) 

For the remainder of this study, QIGal, QIFuc and QINeuAc (and their associated titer quality 

metrics) with an equal weight of desirability will remain the focus (i.e.        ). Future 

research should aim to update these weight factors, re-evaluate the suitability of 

monoglycosylated glycans, include other glycan forms, and address potential negative glycan 

forms. 

  



79 

 

 Experimental Results 6.3.2

The QIGal, QINeuAc and QIFuc were calculated for each experimental treatment (Figure 25). The 

overall quality index was observed to be inversely proportional to the success of the culture 

(Figure 26). The worst performing mixtures in terms of final protein concentration (Mixtures 2, 

3, 5, 7, 8, 9, 10) have the highest total QI, reaching a total QI of 0.7. The increase in total QI was 

primarily associated with an increase in QIGal, where the cultures exhibiting the best productivity 

(1, 4, 6, BIOGRO CHO, Ham‟s F12K) tended to have a lower QIGal and therefore a lower total 

QI. The culture with the highest final protein concentration was BIOGRO CHO, which also had 

the lowest QIGal (as well as the lowest overall QI). Together, these results indicate that there 

exists a trade-off between quality and quantity that must be quantified in order to assess 

optimization. This reveals the importance of incorporating a metric that illustrates the success of 

both product quality and product quantity.  

 

Figure 25: The quality index of each experimental mixture 

Galactose is the most dominant glycan form observed, resulting in a comparatively 

high QIGal. 
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Figure 26: The quality index and protein concentration 

There appears to be an inverse relationship between QI and final protein 

concentration, where a higher protein concentration results in a lower QI. This 

demonstrates the need for a metric to assess the balance between protein quality and 

quantity. 

The galactose, sialic acid and fucose TQ was calculated for each trial (Figure 27). When the final 

protein titer is the only focus, the success of BIOGRO CHO (at a final titer of 38mg/L) is 

evident, surpassing the next best mixture (mixture #6 at 23mg/L) by 65%. However, the success 

of BIOGRO CHO is diminished substantially due to the drop in QI, resulting in a total TQ of 

17.6mg/L. Although the TQ of BIOGRO CHO is still greater than that of the other mixtures, it 

now exceeds the TQ of mixture #6 (which reached a final TQ of 14mg/L) by only 25%. The 

TQGal of mixture #6 in fact exceeds the TQGal of BIOGRO CHO, though the TQNeuAc and TQFuc 

of BIOGRO CHO both exceed that of mixture #6. In general, the substantially improved QI 

values for each of the supplement mixtures (mixtures 1 through 10), regardless of the substantial 

drop in productivity, had the effect of levelling the total TQ when compared to BIOGRO CHO. 

This further demonstrates the utility of TQ in assessing the performance of a culture with regards 

to both product quality and quantity. 
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Figure 27: The titer quality of each experimental mixture 

When quantified using the titer quality, the inverse relationship between final protein 

concentration and the quality index has the effect of „levelling the playing field‟. 

Although the titer quality remains greatest with BIOGRO CHO, its success is no 

longer as substantial. 

Interestingly, although the QIGal of the negative control was surpassed by all experimental 

treatments (except for BIOGRO CHO), the total QI of the negative control did not exhibit the 

worst performance. This may indicate that the basal Ham‟s F12K medium is capable of 

supporting not only cell growth and productivity, but also glycosylation. Since the QIGal of the 

basal medium is proportionally lower than the QIFuc and QINeuAc when compared to that of the 

other treatments, this demonstrates the effect that media formulation can have on the specific 

glycan conformation exhibited by the produced proteins. The various experimental mixtures, 

therefore, do have an effect on the glycan profile by shifting the dominant glycoform towards 

galactosylation and away from sialylation. Similarly, TQGal of the negative control was among 

0

2

4

6

8

10

12

14

16

18

20
Ti

te
r 

Q
u

al
it

y 
(m

g/
L)

 

Mixture # 

TQfuc

TQneu

TQgal



82 

 

the lowest observed, though the total TQ was in fact third highest (being outperformed by only 

mixture #6 and BIOGRO CHO). 

It is also critical to examine the differences between the methods used to calculate each glycan 

quality metric. Although QI is more representative of overall quality, it is important to consider 

that the relative desirability of each mixture can still be gauged through GI, SI and FI. Table 11 

demonstrates that the relative desirability of each mixture can vary depending on which metric is 

used. For example, the calculated GI for mixture #1 is greater than the calculated GI of mixture 

#4, but QIGal shows that mixture #4 outperforms mixture #1. The variability between the two 

metrics further demonstrates the use of QIGal over GI, since this variation can have the effect of 

further misrepresenting the achieved glycosylation pattern of the MAb titer. 

Table 11: Relative desirability based on GI and QIGal 

 GI 
 

QIGal 

Worst BIOGRO 0.569 
 

BIOGRO 0.276 

˅ HF12K 0.690 
 

HF12K 0.393 

˅ Mix 6 0.697 
 

Mix 6 0.462 

˅ Mix 1 0.771 
 

Mix 4 0.495 

˅ Mix 4 0.804 
 

Mix 7 0.499 

˅ Mix 3 0.822 
 

Mix 1 0.528 

˅ Mix 7 0.832 
 

Mix 2 0.557 

˅ Mix 10 0.835 
 

Mix 5 0.574 

˅ Mix 5 0.836 
 

Mix 10 0.575 

˅ Mix 9 0.836 
 

Mix 9 0.575 

˅ Mix 8 0.837 
 

Mix 3 0.576 

Best Mix 2 0.841 
 

Mix 8 0.599 

 

The relative desirability of each experimental mixture varies depending on the metric 

used. Of the two, the non-normalized QIGal is more representative of the overall 

glycan profile, so it is the most relevant. 
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 Statistical Analysis 6.4

Main effects and two level interactions were analysed for their significance on several response 

variables, including CHVol, final protein concentration, max cell density, initial osmolality, QI 

and TQ. A summary of the experiment and a selection of the response variables analysed is 

presented in Table 12. 

Table 12: Fractional factorial response variables 

Experimental 

Mixture # 

HYPEP™ 

1510 
LM1 SITE UMG 

Max cell 

density 

(1E6 

cells/ml) 

Final 

CHVol 

(1E8 

cell*hr/ml) 

Final MAb 

concentration 

(mg/L) 

Initial 

Osmolality 

(mOsm/kg) 

1 - - - - 2.720 4.776 18.72 360 

2 + - - + 2.015 3.128 14.82 406 

3 - + - + 1.690 2.181 12.81 405 

4 + + - - 2.705 4.643 17.42 390 

5 - - + + 1.920 2.837 14.47 396 

6 + - + - 3.575 6.796 23.90 379 

7 - + + - 2.120 2.882 16.78 371 

8 + + + + 1.800 2.404 14.92 422 

9 0 0 0 0 2.415 3.522 16.12 386 

10 0 0 0 0 2.465 3.506 16.23 389 

 

This table summarizes the fractional factorial experiment as well as the response 

variables analyzed. „+‟ indicates a high level, „-„ indicates a low level, and „0‟ 

indicates a center point. Statistical analysis was performed using Minitab 16. 

 Cell Growth, Productivity and Osmolality 6.4.1

The first response variable analyzed was the final CHVol achieved under each treatment. The 

results indicate that HYPEP™ 1510 had a significant positive effect on the final CHVol, while 

both the UMG and LM1 cocktails had significant negative effects on the final CHVol achieved 

(see Figure 28 for the plot of standardized effects). 

These results are comparable to experimental results. Three of the mixtures with high levels of 

HYPEP™ 1510 (mixture #2, #4, #6) all achieved a high final CHVol. The fourth mixture with 

high HYPEP™ 1510 (mixture #8) did not achieve a high final CHVol, but this mixture also 

contained high levels of LM1 and UMG, both of which were shown to have significant negative 

effects on the CHVol. High levels of LM1 and UMG could have negated any positive effects 
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achieved through the addition of HYPEP™ 1510 to the media. The significant negative response 

due to LM1 and UMG can be clearly observed with mixture #3, containing high levels of LM1 

and UMG but low levels of HYPEP™ 1510 and SITE, which exhibited the worst performance 

with respect to all response variables. 

 

Figure 28: The normal plot of the standardized effects of each factor (treatment) with the final 

CHVol as a response variable 

The positive and negative effects of each factor (experimental treatment) can be 

visually demonstrated using the normal plot, where a negative standardized effect 

indicates a negative impact, and a positive standardized effect indicates a positive 

impact. The strength of the effect is expressed by the magnitude of the standardized 

effect, where a higher value indicates a stronger effect. Significant results at a 95% 

confidence level are shown in red.  

Another interesting observation is the significant positive interaction between SITE and 

HYPEP™ 1510. This result indicates that while the inclusion of SITE alone in a culture medium 

may not have a significant impact on the final CHVol achieved, the inclusion of both SITE and 

HYPEP™ 1510 does. It is possible that the growth factors in SITE and some potential undefined 

growth factors in HYPEP™ 1510 are combining to promote cell growth.  
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Another interaction found relates to the significant negative interaction observed between the 

UMG and HYPEP™ 1510 cocktails. It is difficult to say why this negative interaction exists, but 

it is likely as a result of the substantial negative effect UMG has on the CHVol. A confounder is 

the large increase in the initial osmolality, which can be observed through mixture #2 containing 

high levels of both HYPEP™ 1510 and UMG. This mixture had the second highest initial 

osmolality (at 406mOsm/kg); however, a statistical analysis of the results show that only high 

levels of UMG, and not high levels of HYPEP™ 1510, significantly increased initial osmolality. 

Further experiments with greater resolution may need to be conducted to see if HYPEP™ 1510 

has a significant effect on osmolality. 

In some media, it is important to consider the maximum cell density reached in a cell culture in 

addition to the final CHVol. This is particularly true of media such as BIOGRO CHO that exhibit 

very high productivity during the exponential phase. Since maximum cell density is generally 

linked to end of the exponential phase, increasing maximum cell density may therefore increase 

productivity during the exponential phase. Additionally, maximum cell density can have an 

impact on the cell-hour performance of a cell culture. For example, the maximum cell density 

reached by cells grown in BIOGRO CHO is consistently high, reaching a maximum cell density 

over 4 million cells/ml. However, due to the relatively short stationary phase and rapid decline 

phase, the cells do not reach a high final CHVol.  

The results found using CHVol as a response variable are similar to the results found using max 

cell density as a response variable. HYPEP™ 1510 was shown to have a significant positive 

impact on the maximum cell density achieved, while both LM1 and UMG had a significant 

negative impact on the maximum cell density achieved. Unlike results for final CHVol, SITE was 

not found to have any significant impact or interaction on the maximum cell density reached. 

These results, however, may not have much merit since productivity is not closely related to the 

exponential phase in any experimental mixtures besides BIOGRO CHO.  

Although only HYPEP™ 1510 (and the interaction between SITE and HYPEP™ 1510) was 

found to have a significant positive impact on the final CHVol, SITE and HYPEP™ 1510 were 

each found to have a significant positive impact on the final protein concentration achieved by 

the culture. Additionally, a significant positive interaction was detected between SITE and 

HYPEP™ 1510. This indicates that the inclusion of either SITE or HYPEP™ 1510 has a 
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positive impact on the final protein concentration reached by the cell culture but the inclusion of 

both SITE and HYPEP™ 1510 yields additional benefits. UMG and LM1, like previously 

observed with CHVol as a response variable, had a significant negative impact on productivity. 

Again, mixture #3, which had high levels of UMG and LM1 but low levels of HYPEP™ 1510 

and SITE, yielded the lowest final protein concentration (12.81mg/L). 

 Quality Index and Titer Quality 6.4.2

An analysis of the effect each factor has on the QI and TQ was also conducted to determine the 

benefits of each supplement with regards to product quality. The results reveal that no factors 

had a significant impact on the sialylation and fucosylation of the final products. There were, 

however, significant results detected with respect to galactosylation.  

HYPEP™ 1510 and SITE were both shown to have a significant negative impact on the QIGal. 

This is likely as a result of the trend observed where a more successful culture overall exhibits a 

lower total QI. The LM1 and UMG cocktails, however, were both shown to have a significant 

positive impact on the QIGal. The effect was strongest with the UMG cocktail, which was 

specifically designed to achieve this goal.  

The final, and most critical, response variable is TQ, which quantifies both product quality and 

product quantity. Again, no significant effects were detected with a focus on TQFuc and TQNeuAc, 

but significant results were found with TQGal (Figure 29). The results indicate the HYPEP™ 

1510 and SITE have a significant positive impact on the final TQGal (and TQ), regardless of the 

negative impact they have on QIGal. This is likely due to the strong significant positive impact 

both of these variables had on the final protein concentration, yielding a net benefit.  

The LM1 and UMG cocktails were shown to have a negative impact on the TQGal, likely as a 

direct result of their significant negative impact on the final protein concentration achieved 

However, a significant positive interaction was detected between the UMG and LM1 cocktails, 

indicating that although the presence of either cocktail separately has a negative impact on TQGal 

through the reduction of protein titers, their combined presence has enough of a positive impact 

on the QIGal to overcome this negative trend, improving the TQGal.  
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Figure 29: The normal plot of the standardized effects of each factor with TQGal as a response 

variable 

Although LM1 and UMG were shown to have a significant positive impact on the 

QIGal, the significant negative effect these factors have on productivity results in a 

significant negative impact on TQGal. However, a significant positive interaction was 

detected between UMG and LM1, indicating that their combined presence in a 

medium does significantly improve TQGal and TQ. 

 Implications 6.5

High levels of SITE and HYPEP™ 1510 were both shown to have a significant positive impact 

on cell growth, and productivity when added to this recombinant CHO cell culture system 

through both main effects and through interactions. Although they had a negative impact on the 

QIGal, they are of net benefit to the final TQGal. This indicates that future culture medium 

formulations would likely benefit from high levels of these two supplements. See Table 13 for a 

summary of the significant results.  

In particular, HYPEP™ 1510 consistently shows improvements with respect to all response 

variables, as opposed to SITE which only had a significant positive effect on a selection of 
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response variables. Furthermore, HYPEP™ 1510 consistently exhibits a stronger standardized 

effect than SITE. This indicates that there are more benefits associated with the inclusion 

HYPEP™ 1510 in a medium than through the inclusion of SITE. This is industrially relevant 

because HYPEP™ 1510 is both the better supplement and, much like many other hydrolysates, 

is cheaper than chemically defined growth factor supplements such as SITE. Therefore, with a 

focus on COGS, an industrial process would benefit more from media supplemented with 

HYPEP™ 1510 than SITE. If only one supplement could be selected, HYPEP™ 1510 would be 

the better choice. 

Table 13: Summary of significant results 

 

High levels of SITE and HYPEP™ 1510 are overall beneficial (G, good), with 

HYPEP™ 1510 being more beneficial than SITE. High levels of UMG and LM1 are 

ultimately detrimental (B, bad). However, they do exhibit some benefits with regard 

to QI and TQ. Therefore, their inclusion is still likely beneficial, but at lower levels. 

This requires further optimization. 

The selection of only HYPEP™ 1510 would, however, have the effect of eliminating any 

benefits associated with the interactions detected between SITE and HYPEP™ 1510. Since these 

interactions were found to be significant, the inclusion of both supplements is desirable. The 

main issue with the inclusion of high levels of SITE then becomes a matter of COGS. Since 

SITE is likely more expensive than HYPEP™ 1510, the increased titer may not be optimized 

based on the increased cost of the medium. This could potentially be resolved by including both 

HYPEP™ 1510 and SITE, but including SITE at lower levels. This would require further 

optimization, focusing on media cost and composition, and would likely benefit from a full 

factorial study of more than two supplement levels. 

Maximum 

Cell Density

Final 

CHvol

Final Mab 

Concentration

Initial 

Osmolality
QIgal TQgal

SITE - - G G B G

HYPEP 1510 G G G G B G

SITE/HYPEP 

Interaction
- G G G - -

UMG B B B B G B

LM1 B B B G G B

UMG/LM1 

Interaction
- - - G - G
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One of the drawbacks associated with the inclusion of HYPEP™ 1510 is that it is not chemically 

defined. This is a drawback that HYPEP™ 1510 shares with other hydrolysates as well as serum. 

Although undefined, hydrolysates are still beneficial over serum in that they are less expensive, 

and are less likely to harbour adventitious agents. However, like serum, hydrolysates exhibit 

batch-to-batch variability. Although it has been reported that this variability is much more 

manageable than the variability attributed to serum (Babcock and Antosh 2012), a claim backed 

by hydrolysate suppliers, a chemically undefined complex mixture derived from natural sources, 

like HYPEP™ 1510, will always possess some degree of variability. 

The undefined nature of HYPEP™ 1510, along with other hydrolysates, may pose a challenge to 

the approval process of a given therapeutic MAb. Since MAbs can be used as a therapeutic, 

consistency between batches is absolutely critical. Any variations in the qualities of the MAb, 

such as the glycan profile, can potentially have detrimental effects as a therapeutic. Therefore, 

the approval process requires very strict adherence to a specific production method, yielding a 

specific product. As an undefined compound, HYPEP™ 1510 may be too variable as a medium 

supplement for the therapeutic approval process, shifting the advantages back in favour of SITE. 

If the undefined nature of HYPEP™ 1510 proves to be a non-issue for the therapeutic approval 

process, the advantages of its use are very clear. 

An attempt to identify the beneficial compounds in HYPEP™ 1510 could lead to the 

development of a synthetic HYPEP™ 1510 cocktail containing a defined concentration of only 

those compounds within the cocktail deemed beneficial. This could potentially act as a work-

around in the event that the undefined nature of HYPEP™ 1510 is problematic for the 

therapeutic approval process. This would likely be substantially more expensive than the original 

undefined form, thus diminishing the advantages associated with the inclusion of HYPEP™ 

1510 by increasing the COGS.  

It should also be noted that the use of animal cell cultures for the production of MAbs does not 

necessarily have therapeutic purposes as the end goal. Some MAbs are produced strictly for 

diagnostic purposes, such as in the development of enzyme-linked immunosorbent assays 

(ELISA). Although the accurate production of MAbs is still desirable for a highly specific and 

accurate assay, the stringent therapeutic approval process does not apply. In this case, the use of 

HYPEP™ 1510 may be particularly advantageous. 
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The benefits associated with UMG and LM1 are more difficult to interpret. High levels of the 

UMG and LM1 cocktails were both shown to have a significant negative impact on cell growth 

and productivity, but were both shown to have a significant positive impact on the QIGal. 

Although these cocktails resulted in increased QIGal, their negative impact on cell growth and 

productivity at high levels resulted in a reduced TQGal. Therefore, their presence at high levels is 

of a net detriment, but their significant positive impact on QIGal indicates that lower levels of 

these two supplements are likely still beneficial to TQGal. Evidence of a positive interaction 

between these two supplements at high levels adds further support that these supplements are 

beneficial and should still be included. 

These results are, however, based on the assumptions previously outlined pertaining to the 

method by which QIGal and TQGal are calculated. Although high levels of terminal galactose have 

been identified as improving CDC, this may not necessarily be the most desired attribute of the 

EG2 MAb. The EG2 MAb is an anti-cancer MAb (targeting EGF receptors overexpressed in 

various forms of cancer), and may therefore benefit from increased CDC activity. However, 

other glycan forms may be even more beneficial, such as the afucosylated form, indicating that 

QIFuc may be the main response variable of interest. If this is the case, UMG and LM1 are both 

detrimental, since neither of these two supplements had any effect on afucosylation, but did have 

a significant negative effect on final protein concentration and therefore TQFuc (and TQ). That 

being said, an improvement in galactosylation, and therefore CDC, does represent an 

improvement. It is the value of this improvement that requires further research.  

Assuming CDC, and therefore TQGal, is desirable, UMG and LM1 have shown benefits. The 

issue then becomes the determination of optimal levels of UMG and LM1. It is unlikely that they 

should be excluded from a medium completely due to the effect they have been shown to have 

on glycosylation (evidence can be seen when compared to the negative control, which contains 

no supplements and had a low TQGal); however, high levels of these two supplements are also 

not ideal due to the negative effects they have on final protein concentration (as expressed 

through TQGal). Therefore, low levels of these two supplements, above zero but below the high 

levels defined in the factorial experiment, are likely where the optimal levels reside. Further 

experiments should be conducted to identify optimal levels of these two supplements, and should 

use TQ as the optimizing variable; however, before this optimization takes place, more research 
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should be conducted as to the true desired glycan pattern. Specifically, relative weights of 

desirability should be assigned to each individual glycoform. The development of an accurate QI 

is a critical step that should take place before optimization based on TQ can proceed. Without a 

clearly defined and accurate optimization metric, a true optimum cannot be found. 

Further experiments should be conducted to find lower levels of the UMG and LM1 cocktails 

that optimize the final TQGal. This exemplifies the utility of TQ as a metric. Since high levels of 

LM1 and UMG increase QI but decrease titer, there is evidence of an optimization problem. 

Furthermore, other supplements should be explored. Specifically, supplements that improve the 

quality index of other glycan profiles including afucosylation and sialylation and any other 

glycoforms that have not been identified should be explored. 
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7 The Combined Effect of Hypothermic Conditions and 

Media Supplements 

The combination of medium supplementation and hypothermic temperature shift was 

investigated for interactive effects that might result in further improvements. The most 

successful medium formulation from the previous study, mixture #6 (M6), was used in this 

study.  

Table 14: The composition of mixture #6 (M6) 

Ham’s F12K (Sigma N-3520) 
(with added amino acids, see 

Chapter 3) 

SITE liquid media supplement (Sigma S4920) 

10mg/L insulin 

5.5mg/L transferrin 

5µg/L sodium selenite 

2mg/L ethanolamine 

HYPEP™ 1510 (Sheffield Bio-Science) 5g/L 

Lipid Mixture 1 (LM1, Sigma L0288) 

10µg/L each of: 

Linoleic acid 

Linolenic acid 

Myristic acid 

Oleic acid 

Palitoelic acid 

Palmitic acid 

Stearic acid 

2µg/L arachidonic acid 

220µg/L cholesterol 

70µg/L tocopherol acetate 

2.2mg/L Tween 80 

UMG 

2mM uridine 

10mM galactose 

0.004mM manganese 
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 Methodology and Rationale 7.1

As described in Chapter 6, at 37°C the cell growth (as measured by CHVol) and QI exhibited by 

cells grown in M6 outperformed that of the control medium, BIOGRO CHO. However, the 

productivity of cells in M6 was lower than that achieved using BIOGRO CHO. The result of 

reduced protein output, in spite of the higher QI, was a lower TQ. In an attempt to improve the 

productivity of the M6 culture, and therefore improve TQ, the temperature shift strategy 

previously outlined in Chapter 5 was employed. 

A temperature shift may affect the glycan profile as well as the growth and productivity of the 

culture. The impact of a temperature shift on protein glycosylation was not explored in the 

previous study of hypothermic conditions (Chapter 5). Excluding impact on glycosylation, the 

optimal transition point from 37°C to 33°C was identified in previous experiments as occurring 

during the early exponential phase of cells grown in BIOGRO CHO, occurring between 24-48 

hours post-inoculation. The mid-point of this range, 36 hours post-inoculation, was selected for 

culture propagated in BIOGRO CHO in this study. The transition point to hypothermic 

conditions for cultures propagated in the M6 medium formulation was set at a later culture time, 

48 hours post-inoculation, because of the delayed cell growth observed in M6 when compared to 

BIOGRO CHO. This places the transition point within the optimal window identified using 

BIOGRO CHO, but accommodates the observed delayed growth associated with the M6 medium 

formulation. 

Four experimental trials were conducted: 

1. BIOGRO CHO at 37°C 

2. M6 at 37°C 

3. BIOGRO CHO with a transition from 37°C to 33°C at 36 hours of culture time 

4. M6 with a transition from 37°C to 33°C at 48 hours of culture time 

The temperature drop was achieved using the same method described in Chapter 5: two 

incubators were used, one set to 37°C, one set to 33°C. All other culture conditions were 

identical between incubators: 

 Shaker platform speed of 110rpm (VWR Model 3500) 

 5% CO2 
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 90% humidity 

A working volume of 80ml was used for all four treatments. Cell growth, viability, productivity 

and glycosylation were all measured as indicators of culture success. 

 Protein Titer and Specific Productivity 7.2

Previous experiments (Chapter 5) showed that a 60% improvement in the final protein titer could 

be achieved by incorporating a temperature shift from 37°C to 33°C at 24-48 hours of culture 

time in BIOGRO CHO (an increase from 38mg/l to 60mg/l). If this same proportional increase in 

productivity exists for other media, the productivity of M6 could increase from 23mg/l to 

35mg/l. However, in this study the final protein concentration achieved by cells in a temperature 

shifted M6 culture increased from 23mg/l to 60mg/l, an increase of 160% (Figure 30).  

The specific productivity of cells grown in M6 at 37°C is lower than the specific productivity of 

cells grown in BIOGRO CHO at 37°C. When the temperature shift is incorporated, both cultures 

see an increase in the specific productivity, but the rate increase is greater in M6 than in 

BIOGRO CHO, such that both cultures achieve a similar specific productivity rate (Figure 31). 

These experimental results show that the relative increase in productivity through the 

incorporation of a temperature shift is dependent on the culture media. That is, there is 

apparently an interactive effect between hypothermic conditions and one or more of the 

components in the medium. 

A trend noted with the specific productivity of BIOGRO CHO under both standard and 

hypothermic conditions is that specific productivity shifts through the course of the culture. 

Specific productivity is initially high in BIOGRO CHO; however, productivity drops through the 

stationary and decline phase, resulting in a stationary/decline phase specific productivity of less 

than half that of the exponential phase (qp1 vs qp2, Figure 31). By comparison, the specific 

productivity of the M6 culture remains relatively constant under both standard and hypothermic 

conditions.  



95 

 

 

Figure 30: The cumulative protein concentration of BIOGRO CHO and M6 under standard and 

hypothermic conditions 

The increase in productivity under hypothermic conditions is not proportional, 

indicating that the onset of hypothermic conditions is interacting with one or more 

supplements to further improve productivity. 

Examining the specific productivity of both hypothermic cultures reveals further differences 

between BIOGRO CHO and M6. In particular, the specific productivity at the very end of the 

BIOGRO CHO culture continues to drop, reaching zero (if not a negative rate) while the specific 

productivity at the end of the M6 culture begins to rise. The slow, controlled decline of M6 

cultures may result in the more controlled degradation of apoptotic bodies, allowing cells to 

continue to secrete MAbs while controlling the release of other HCPs, like proteases (enzymes 

that degrade proteins such as MAbs). The result of the abrupt drop in specific productivity during 

the decline phase of BIOGRO CHO cultures may be a result of the uncontrolled rupturing of 

cells, releasing a greater quantity of proteases and other HCPs into the culture medium.  

Controlling the release of enzymes that degrade MAbs is critical to a successful culture. This 

includes not only proteases, but also potentially glycosydases (enzymes that degrade glycan 

chains). 
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Figure 31: The specific productivity of hypothermic BIOGRO and M6 cultures 

The specific productivity of both hypothermic cultures increases. M6 exhibits a 

relatively constant specific productivity through the duration of the culture, while 

BIOGRO CHO exhibits two distinct phases of productivity (qp1 and qp2). 

As was described in Chapter 5, reducing the number of intracellular proteins released into the 

culture medium during the decline phase is of particular importance to the industry because all of 

the HCPs must be removed from each batch of MAb produced. This includes, but is not limited 

to, proteases that may degrade MAbs after the termination of a culture (but before the 

purification steps can proceed). The added level of proteins likely released by a BIOGRO CHO 

culture would result in a more complex purification process, highlighting the advantages of M6. 

As was previously described, these results indicate that improvements in productivity are 

dependent on both media formulation and environmental conditions. There are several possible 

reasons for a media formulation dependent temperature shift mediated variable improvement in 

productivity. M6 has a high osmolality, exceeding the physiological osmolar range considered to 

be optimal (Chapter 6). This might be the reason for the poor productivity observed in the M6 
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medium formulation at 37°C, regardless of high cell growth. It is possible that the optimal 

osmolality range is not consistent between different temperatures and temperature shift 

strategies. For example, the optimal osmolality range for a culture grown at 37°C is between 

290-320 mOsm/kg (the natural physiological range), but it may be possible that the optimal 

osmolality range for culture grown at 33°C is higher (or wider), and that this optimal range was 

reached with the M6 culture. This concept has been investigated in past research showing that 

simultaneously increasing osmolality to levels between 350-470mOsm/L and decreasing 

temperatures to 30-33°C can improve specific productivity (Zhu et al. 2005; Han, Koo, and Lee 

2009; Rodriguez et al. 2010; Konno et al. 2012) .  

These studies demonstrated that specific productivity can be increased under hyperosmotic 

conditions; however, this increase in specific productivity does not always have industrial 

relevance due to a trend observed where cell growth is reduced but volumetric productivity 

remains constant. Since volumetric productivity and final protein concentration remain similar to 

control groups but cell growth is delayed, the observed result is an increase in specific 

productivity, making the increase in specific productivity artifactual. Furthermore, a common 

drawback to this technique that has been reported is an increase in product aggregation. Since 

aggregation is related to mis-folded and therefore potentially non-functional proteins, this 

technique may not be industrially relevant. Some research indicates that the increase in 

aggregation is due to the drop in temperature (Rodriguez et al. 2010), while other research 

indicates that the increase in aggregation is due to the increase in osmolality (Han, Koo, and Lee 

2009). However, it is possible that aggregation is related to both factors, and may also be 

affected by the overall media formulation. Although this technique has shown some degree of 

success, an interaction between osmolality and temperature has not been specifically identified. 

The impact of osmolality on growth and productivity has been primarily studied using sodium 

chloride to artificially increase osmolality. This, however, could potentially be confounded by 

the impact that sodium chloride has on cell growth and productivity independently of its effect 

on osmolality. Further studies focusing on osmolality should attempt to manipulate osmolality 

using an osmolar-adjusting compound that has been shown to have no effect on cell culture 

performance independent of its effect on osmolality. 
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Another possible reason for the non-proportional improvement in productivity may be related to 

a positive interaction occurring between one or more supplements and the hypothermic shift, 

resulting in a medium formulation dependent metabolic shift. For example, HYPEP™ 1510 was 

identified as having a significant positive impact on productivity, as was a temperature shift. 

Individually, HYPEP™ 1510 and a temperature drop can improve productivity, but it is possible 

that their combination is capable of activating specific metabolic pathways that can improve 

productivity further. This possible interaction could be investigated using a similar fractional 

factorial design of experiment used in Chapter 6 where temperature and/or temperature shift is 

included as a factor. 

 Human MAb analysis 7.3

The method used though this study to detect protein levels, Protein A chromatography, is capable 

of detecting all IgGs, and does not differentiate between different IgG subclasses (IgG 1-4). The 

technique is able to distinguish between IgGs and other proteins, but is not capable of 

differentiating between classes and types of IgGs. If the CHO cells are producing host cell IgGs 

in conjunction with the recombinant MAb, this would have an effect on the protein levels in the 

medium detected by Protein A chromatography. Additionally, the Protein A method does not 

discriminate between active and inactive MAb, as it is not specific to the epitope binding site of 

the protein. 

To check for the presence of human IgGs (the human Fc region of the chimeric EG2 antibody), 

an enzyme-linked immunosorbant assay (ELISA) was used. This ELISA contains two goat-anti-

human antibodies that bind to the Fc region of a human antibody. It is therefore capable of 

differentiating between host cell IgGs and the recombinant MAb produced by the CHO-EG2 cell 

line. 

Two sample points were chosen for each of the four trials conducted in this experiment, one low 

and one high. The high point was selected as the maximum measured protein concentration using 

Protein A chromatography, while the low point was selected at roughly half the concentration of 

the high point. In addition, two separate trials were conducted on the standard BIOGRO CHO 

culture in order to gauge the consistency of the ELISA, and how well the ELISA method 

compares to the chromatography method. For a detailed methodology on the ELISA, see 

Appendix A, section 11.6.  
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The results indicate that, in all cases, Protein A chromatography captures slightly more protein 

than the ELISA (Figure 32). This could indicate that the remainder (the difference between the 

protein captured by the two methods) are in fact HCP IgGs. The average difference measured is 

3.49mg/L, indicating that the host Protein A chromatography may be capturing 3.49 grams of 

CHO antibodies. However, it is also possible that this difference is simply due to differences in 

methodology, since different analytical techniques are likely to yield different results. 

Regardless, further investigation into the various HCPs produced by this CHO cell line should 

still be conducted. 

 

Figure 32: Comparison between Protein A chromatography and ELISA 

Protein production as measured by Protein A chromatography and ELISA is 

comparable, with the ELISA generally detecting slightly less protein. 

In either case, the ELISA and Protein A method are consistent with one another. In all cases, the 

ELISA and Protein A method both captured similar protein concentrations, showed similar 

trends, while the differences between the low level measurement and high level measurement 

using each method was proportional (the measured low level was approximately half that of the 
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measured high level), indicating that most, if not all, IgGs produced by the CHO-EG2 cell line 

are human.  

 Metabolic Analysis 7.4

One of the unavoidable by-products of glucose consumption is the production of lactate, a by-

product that can have detrimental effects on cell growth and productivity. As was previously 

found in Chapter 5, there was little difference in the specific lactate production profile of cells 

grown in BIOGRO CHO at 37°C and experiencing a temperature shift (Figure 33). Both cultures 

reach a maximum lactate concentration followed by lactate consumption, a phenomenon 

observed in previous research (Gagnon et al. 2011). This maximum lactate concentration 

coincides with the complete depletion of glutamine, the complete depletion of which has been 

hypothesized as affecting lactate production in previous research (DeBerardinis et al. 2007;  

Wilkens, Altamirano, and Gerdtzen 2011; Zagari et al. 2013). 

 

Figure 33: Lactate production and glucose consumption in BIOGRO CHO 

The yield of lactate on glucose is near the theoretical maximum until lactate reaches 

its maximum concentration, indicating that another metabolite is likely contributing 

to lactate production, and the depletion of this metabolite slows lactate production. 

Although the consumption of galactose is small compared to glucose, it must still be considered 

in both M6 cultures since the consumption of galactose can also contribute to the yield of lactate. 
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The yield of lactate would be measured through both hexoses, being calculated through the 

specific production of lactate (qLAC) over the sum of the specific consumption of glucose (qGLC) 

and galactose (qGAL): 

              
    

         
 (19) 

When considered together, the yield of lactate on hexoses of both M6 treatments exceeded the 

yield of lactate on glucose in BIOGRO CHO cultures, reaching a yield of 2.12 (Figure 34). As 

previously described, this yield is above the maximum theoretical yield of lactate on 

glucose/galactose, indicating that other metabolites are likely contributing to the production of 

lactate, and that the production of lactate is a very difficult process to control using variations in 

the culture environment. 

 

Figure 34: Lactate production and glucose/galactose consumption in M6 

Although galactose is minimally consumed through the duration of the culture, it can 

contribute to the production of lactate. 

In M6, the maximum achieved lactate concentration was slightly lower than that achieved by 

BIOGRO CHO. Upon reaching the maximum lactate concentration, cells then begin to consume 

lactate under both standard and hypothermic conditions.  
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The lactate consumption profiles for both M6 cultures differ from those of the BIOGRO CHO 

cultures. The specific consumption of lactate in the hypothermic M6 culture increased 

throughout the course of the culture. The final lactate concentration observed by the end of the 

hypothermic M6 culture was 5.3mM, down from 26.4mM. This 21.1mM drop in lactate 

concentration was greater than the drop in lactate concentration measured in both BIOGRO CHO 

cultures and the standard M6 culture, which exhibited no more than a 5mM drop in lactate levels. 

The likely cause of the drop in lactate is the re-metabolism of lactate. This is noteworthy because 

the consumption of lactate in the hypothermic M6 culture may be partially responsible for the 

disproportionally large increase in productivity. 

The standard M6 culture also exhibits a unique lactate profile when compared to BIOGRO CHO. 

In particular, it exhibits a second period of lactate production, a trend that is not observed with 

other cultures. After this second period of lactate production, the 37°C M6 culture then began to 

exhibit a second period of lactate consumption, coinciding with the complete depletion of 

glucose. This second period of lactate production may be another potential cause (or possibly 

symptom) of reduced productivity in the 37°C M6 culture. 

Interestingly, galactose undergoes very little consumption through the course of the two M6 

cultures. As a hexose, galactose can be metabolised through the glycolytic pathway, though is 

less efficient than glucose due to added enzymatic steps. Therefore, in the presence of a more 

efficient metabolite (glucose), it is likely that cells would minimally consume galactose. Under 

both standard and hypothermic conditions, M6 cultures consume only 6mM of galactose (from 

12mM down to 6mM), while the specific consumption of galactose, like glucose, did not change 

significantly between treatments. 

The lactate consumption profile that is unique to the hypothermic M6 culture may have both 

direct effects (the consumption of lactate as an energy source) and indirect effects on the 

observed increase in productivity. Studies have shown that the sole use of lactate as a carbon and 

energy source is insufficient to support cell growth (Wilkens, Altamirano, and Gerdtzen 2011), 

while the use of galactose as a sole carbon source is capable of supporting cell growth, though to 

detrimental effects on growth and productivity when compared to cultures containing only 

glucose (possibly due to a reduced yield of lactate on galactose). However, other studies have 

demonstrated that cell cultures that are capable of consuming both lactate and galactose can 
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support cell growth and productivity on similar levels as cultures consuming only glucose 

(Altamirano et al. 2006; Wilkens, Altamirano, and Gerdtzen 2011).  

Lactate consumption in CHO cells has been identified as being partially dependent on the CHO 

cell line. One study observed lactate consumption profiles in two different CHO cell cultures 

with an identical consumption pattern as observed with the two M6 treatments in this study 

(Zagari et al. 2013). In this previous study, however, the difference between the two cultures was 

a different CHO cell line rather than a change in environmental conditions (as was the case in 

this study). This may indicate that lactate consumption in CHO cells is dependent not only on the 

CHO cell line, but also on cell culture medium and environmental conditions. This possible 

three-way interaction between a lactate-consuming CHO cell line, in the optimal medium, and 

under hypothermic conditions (in this study, the CHO-EG2 cell line, in M6, at 33°C) may be the 

cause of improved culture performance. 

One of the other metabolites regularly identified as critical to a cell culture medium is glutamine. 

The starvation of glutamine has been identified as negatively affecting cell growth and 

productivity in CHO cell cultures. Glutamine acts as one of the precursors to the TCA cycle, first 

being metabolised to glutamate, then from glutamate to α-ketoglutarate (α-KG). Each of these 

metabolic steps also releases a molecule of ammonia into the culture medium. Therefore, the full 

metabolism of glutamine to the TCA cycle has a theoretical yield of two ammonia molecules per 

molecule of glutamine. A factor that further complicates the use of glutamine in a culture 

medium is its tendency to spontaneously decompose, releasing ammonia into the medium 

without being metabolised.  

An analysis of the glutamine consumption and ammonia production was performed by 

calculating the rate of spontaneous glutamine decomposition and ammonia production and 

subtracting the spontaneous rate from the observed concentrations, thus correcting for glutamine 

decomposition. The spontaneous rates were found through a non-inoculated trial of both 

BIOGRO CHO and M6 at 37°C and under the temperature shift conditions outlined in the 

methodology.  

In the early phase of the cell cultures, specific glutamine consumption in BIOGRO CHO (Figure 

35) was greater than specific glutamine consumption in M6 (Figure 36). Increased glutamine 

uptake in BIOGRO CHO may be stimulated by a compound present in BIOGRO CHO and may 
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have the effect of improving the exponential phase productivity of BIOGRO CHO cultures when 

compared to M6 cultures at standard temperatures. 

 

Figure 35: Glutamine consumption and ammonia production in BIOGRO CHO 

In BIOGRO CHO, ammonia production continues after glutamine has being 

depleted, indicating that the consumption of another compound may be resulting in 

the release of ammonia 

Although the specific consumption of glutamine differs between growth media, the specific 

consumption of glutamine under standard and hypothermic conditions does not vary. These 

results reflect the previous findings relating to the lack of variability in specific consumption of 

glucose and specific production of lactate under hypothermic conditions (Chapter 5). This 

indicates that, like glucose, glutamine metabolism is unaffected by temperature. The factor that is 

varying glutamine consumption is the type of medium rather than the environmental conditions. 

Ammonia production, however, does vary between temperature conditions. In both BIOGRO 

CHO and M6, the specific production of ammonia drops upon the depletion of glutamine. In 

both BIOGRO CHO cultures, ammonia production continues, indicating that the consumption of 

other metabolites may be contributing to the production of ammonia. In the hypothermic M6 

culture, ammonia production ceases shortly after glutamine depletion. This may indicate that the 

hypothermic M6 culture is producing ammonia primarily through the consumption of glutamine. 
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Under standard conditions, however, the M6 culture continues to produce ammonia after the 

depletion of glutamine, reaching a final ammonia concentration of 6.5mM (Figure 36). 

 

Figure 36: Glutamine consumption and ammonia production in M6 

Ammonia levels are generally higher in M6 than in BIOGRO CHO, reaching a max 

of 3.5mM in BIOGRO CHO but a max of 6.5mM in M6. The increased ammonia in 

M6 may be due to both increased glutamine levels in M6 and one of the supplements 

in M6. 

The differences in ammonia production between the treatments may indicate that the production 

of ammonia is partially dependent on other factors, including temperature and media 

composition (outside of glutamine levels). Generally, M6 cultures produced more ammonia than 

BIOGRO CHO cultures. This may be partially due to the differences in the measured initial 

glutamine levels (5mM in M6 and 4mM in BIOGRO CHO). However, ammonia production in 

M6 reached levels higher than the initial glutamine levels (5mM of glutamine yielded more than 

5mM of ammonia), while ammonia production in BIOGRO CHO remained lower than the initial 

glutamine levels (4mM of glutamine yielded less than 4mM of ammonia). Differences in 

ammonia levels may therefore also be due to one of the supplements present in M6. For example, 

one study found that increased levels of HYPEP™ 1510 increase the production of ammonia 

(Murayyan 2013). It is possible that undefined peptides present in HYPEP™ 1510 can be 
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catabolized to glutamine (or another amino acid) and consumed, thus releasing ammonia into the 

medium without the detection of the source amino acid. 

Previous studies have identified high ammonia levels as having a detrimental effect on cell 

growth, productivity, and the glycan profile (Ozturk, Riley, and Palsson 1992; Schneider, 

Marison, and Stockar 1996; Kim et al. 2012; Fan et al. 2014). This may be the cause of 

decreased cell growth and productivity in M6 cultures at 37°C; however, the performance of 

cells in M6 was still comparable to BIOGRO CHO when a temperature shift was incorporated, 

potentially as a result of decreased ammonia levels (the hypothermic M6 culture reached 5.2mM 

while the standard M6 culture reached 6.5mM). This indicates that if the high ammonia levels 

found in M6 can be reduced by means other than through a temperature shift, it is possible that 

further gains in cell growth, productivity, and the glycan profile can be found. 

The lactate consumption of the hypothermic M6 culture may be affecting other branches of 

primary cell metabolism. Several other metabolic trends are unique to the hypothermic M6 

culture, which may be a further cause of improved productivity. Previous studies have found that 

reduced lactate concentrations increase the expression of the malate-aspartate shuttle (MAS) and 

the aspartate-glutamate carrier Aralar1 (Zagari 2012; Zagari, Stettler, and Baldi 2013). These 

two transporters are responsible for the cellular and mitochondrial uptake of aspartate and 

glutamate.  

Of the four experimental treatments in this study, only the standard M6 culture did not exhibit 

aspartate consumption (Figure 37). This was also the only culture that exhibited a second period 

of lactate production. This may indicate that the second period of lactate production is 

suppressing the expression of Aralar1 (a malate-aspartate shuttle), reducing the uptake of 

aspartate and negatively impacting cell growth and productivity. Since aspartate can be 

metabolised into the TCA cycle, the starvation of this metabolite through its inability to be 

transported into the cytosol and mitochondrial matrix may have detrimental effects on cell 

growth and productivity. Interestingly, the standard M6 culture is also the only culture that 

exhibits a period of aspartate production, which coincides with a second period of lactate 

production. This may have resulted in further reduced productivity of the standard M6 culture 

under elevated lactate conditions. 
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Glutamate consumption is also unique to the hypothermic M6 culture (Figure 37). Under reduced 

lactate conditions (or during lactate consumption, as exhibited by the hypothermic M6 culture), 

MAS expression is increased (Zagari 2012). This may increase glutamate uptake, improving the 

productivity of the hypothermic M6 culture. Glutamate, like aspartate, can be consumed as a 

precursor to the TCA cycle, potentially increasing cellular respiration and productivity.  

 

Figure 37: The specific consumption of aspartate and glutamate 

The lack of aspartic acid consumption is unique to the standard M6 culture, while 

the presence of glutamate consumption is unique to the hypothermic M6 culture.  

Alanine production also differs between experimental treatments (Figure 38). In general, alanine 

production was much greater in BIOGRO CHO than it was in M6, reaching concentrations 

above 3.5mM in BIOGRO CHO but not exceeding 1.7mM in M6. As one of the potential 

products of pyruvate, alanine production represents another potential loss of cellular efficiency. 

These results indicate that alanine production and the redirection of glycolysis (and possibly 

glutaminolysis) towards alanine production is partially media-dependent. These results are 

contradictory, however, since increased alanine production in BIOGRO CHO implies reduced 

metabolic efficiency, but both BIOGRO CHO cultures exhibit good productivity. 
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It is also critical to note that the metabolic redirection of glucose and galactose towards the 

production of glycan chains is not accounted for. Although this redirection of monosaccharides is 

likely low compared to the metabolic requirements of cellular respiration, it requires further 

investigation. In particular, this redirection of hexoses may be the cause of the inverse 

relationship between productivity and glycosylation outlined in Chapter 6. If a cell culture directs 

more metabolites towards the production of glycan chains, fewer metabolites will be directed 

towards cellular respiration, potentially resulting in a high QI, but low cell growth and 

productivity as was observed with M6 (Chapter 6). Similarly, if a cell culture directs more 

metabolites towards cellular respiration but fewer metabolites towards the production of glycan 

chains, the potential result will be high cell growth and productivity, but a low QI as was 

observed with BIOGRO CHO (Chapter 6). As was previously described (Chapter 6), this 

relationship can be quantified using the titer quality metric. Further research is required to 

investigate how and at what point in cell metabolism the hexose pool is directed towards glycan 

chain production. 

 

Figure 38: Alanine production in each experimental treatment 

Alanine production is significantly greater in BIOGRO CHO cultures, more than 

doubling the alanine concentration reached by M6 cultures. 
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 Glycan Analysis 7.5

An analysis of the non-normalized total Quality Index (QI) and the total Titer Quality (TQ) of 

each experimental treatment was conducted to examine the effects of hypothermic conditions on 

the glycan profile, giving an equal weight of desirability to each glycan form (as in Chapter 6). 

The results indicate that the type of media used had a more substantial effect than the 

temperature on QI: i.e. while BIOGRO CHO exhibited a slight increase in QI under hypothermic 

conditions and M6 exhibited a slight decrease in QI under hypothermic conditions, the greatest 

observed differences between treatments was due to the difference in medium composition 

(Figure 39). This result is consistent with some previous research (Spearman et al. 2007) that 

showed that temperature has little effect on the glycan profile, but is inconsistent with other 

research (Ahn et al. 2008; Nam et al. 2008). This may indicate that the effect of temperature on 

the glycan profile may be dependent on the cell line, media, and recombinant protein product. 

 

Figure 39: Quality Index (QI) under standard and hypothermic conditions 

The type of media used had more of an effect on the QI than did hypothermic 

conditions, with M6 again exhibiting higher overall QI through a higher QIGal. 
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As was previously observed, the QIGal of BIOGRO CHO is lower than that of M6, which also 

results in a lower total QI. At 37°C, the final protein concentration achieved in BIOGRO CHO 

was greater than that in M6. Although the QI in M6 was greater than that of BIOGRO CHO, the 

lower final protein concentration results in a lower TQ. When a temperature shift strategy is 

employed the final protein concentration achieved in both media reaches the same level 

(60mg/L). Since there was little change in the QI between hypothermic and standard temperature 

cultures, a greater TQ results from increased protein concentrations.  Similar final protein 

concentration between BIOGRO CHO and M6, combined with greater QI in M6 yields a higher 

TQ in M6. The M6 TQ reaches 43.5mg/L as compared with a TQ in BIOGRO CHO of 35mg/L 

(Figure 40). 

 

Figure 40: Titer Quality (TQ) under standard and hypothermic conditions 

M6 under hypothermic conditions achieves the highest TQ, outperforming the TQ of 

BIOGRO CHO under both standard and hypothermic conditions. 
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One of the concerns associated with elevated by-product levels is a potential decrease in product 

quality (Yang and Butler 2000). However, in this experiment, although the M6 culture grown at 

37°C produced the highest amount of ammonia (6.5mM) and achieved the lowest final protein 

concentration, it achieved the highest QI, which is contrary to some research indicating that high 

levels of ammonia will negatively impact glycosylation (Gillmeister et al. 2009; Hong, Cho, and 

Yoon 2010). Furthermore, the ammonia and lactate production in the temperature shifted M6 

culture was lower, as was the QI. If ammonia and lactate levels are inversely proportional to 

glycosylation (as calculated by QI), the opposite trend would have been observed. In both 

BIOGRO CHO cultures, ammonia levels were substantially lower, as was the QI. This indicates 

that the relationship between by-products, protein productivity, and the glycan profile may not be 

as simple as previously outlined. In particular, this relationship may be strongly dependent on a 

combination of the cell line, media, and recombinant protein.  

Although the differences in the glycan profile between standard and hypothermic conditions are 

small and may even be attributed to experimental error, the differences in the glycan profile 

between BIOGRO CHO and M6 are consistent. In general, both M6 cultures exhibit higher 

ammonia levels than both BIOGRO CHO cultures, while both M6 cultures still outperform 

BIOGRO CHO in terms of QI. Further research will be required to investigate the relationship 

between ammonia and QI. 

 Implications 7.6

 Quality Index, Titer Quality and Productivity 7.6.1

As a metric, titer quality can be extended to calculate productivity on an industrially relevant 

scale, much like final protein concentration. These calculations are similar to those outlined in 

Chapter 5, but focus on titer quality rather than final protein concentration. Under standard 

physiological conditions, BIOGRO CHO outperforms M6 with regards to productivity and TQ, 

and achieves a high TQ at the same point in time (160 hours). Therefore, the total yearly product 

possible, regardless of the length of down time, is greater with BIOGRO CHO under standard 

conditions.  

Under hypothermic conditions, BIOGRO CHO achieves a lower TQ than M6, but at an earlier 

point in time. BIOGRO CHO achieves a TQ of 35mg/L at 10 days, while M6 achieves a TQ of 

43.5mg/L at 14 days. With a 24 hour down time, 365 production days per year, and a 2000L WV 
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bioreactor, BIOGRO CHO is capable of producing 2.32kg of quality product per year, while M6 

is capable of only 2.11 kg of quality product per year. 

These results would, upon first inspection, indicate that BIOGRO CHO outperforms M6 using 

TQ as the performance metric. With a focus strictly on product quantity (protein titer), BIOGRO 

CHO outperforms M6 by a wide margin, achieving the same final protein concentration 4 days 

sooner. However, with TQ as the main relevant metric, the margins are much narrower. With a 

difference in yearly production of only 200 grams of quality protein (or a 10% margin), other 

factors in the industrial production process are likely to have a much greater impact on economic 

efficiency, particularly the cost of the medium. If BIOGRO CHO is more expensive per volume 

than M6 (as is often the case with proprietary media), the COGS will likely shift in favour of 

M6.  

A culture medium that is capable from the outset of achieving a high QI is very beneficial 

because of the difficulties associated with the isolation or modification of only the highest 

quality proteins at the industrial scale. This added cost of incorporating industrial processes that 

can isolate the highest quality MAbs from either BIOGRO CHO or M6 will likely have the effect 

of further favouring M6 in terms of COGS.  

The economically efficient production of high fidelity MAbs benefits greatly from a strong focus 

on product quality from the outset, conforming to the concept of Quality by Design (QbD). With 

QbD as the focus, M6 shows even greater performance than BIOGRO CHO. M6 is capable of a 

higher quality index, regardless of the temperature conditions. Because of the reported 

importance of the glycan profile on the efficacy of the MAb, quality index must be considered in 

addition to the titer quality. For example, a pharmacological study may find that a QIGal of at 

least 0.5 is required for a given MAb. This result would favour the use of M6 as the growth 

medium, even though the production potential using TQ alone may favour BIOGRO CHO.  

Further studies with a focus on the industrial production of MAbs should make use of both 

quality index and titer quality metrics, rather than a focus on one or the other. A focus on QI will 

allow the improvement of the functionality of a MAb, while a focus on TQ will provide an 

industrially relevant method of optimization. 
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 Lactate Production 7.6.2

In both Chapter 4 and Chapter 5, one of the metabolites investigated was lactate. The 

experiments conducted showed that lactate production may be a largely unavoidable aspect of 

CHO cell cultures. In all experiments conducted, lactate is produced to a concentration of 25-

30mM, with environmental conditions having no impact on the specific production of lactate. 

Since maximum lactate levels coincide with the depletion of glutamine, it may be possible to 

prevent lactate production by limiting glutamine levels, but this is likely to have detrimental 

effects on culture performance as well. Therefore, the most likely method to improve 

productivity of CHO cell cultures, with respect to lactate build-up, is through methods that allow 

cells to re-metabolise lactate. Although CHO cell cultures cannot survive using exclusively 

lactate as an energy source, research has shown that they are still capable of metabolising lactate. 

This is especially true when other hexoses, such as galactose, are present in the medium 

(Altamirano et al. 2006). 

The re-metabolism of lactate has been identified as being partially cell-line specific. That is, only 

certain CHO cell lines are capable of re-metabolising lactate (Zagari et al. 2013). In Chapter 7, 

lactate reabsorption was observed in hypothermic M6 cultures, indicating that the CHO-EG2 cell 

line is capable of lactate re-metabolism; however, this trend was not observed in all experiments. 

In all cultures grown in BIOGRO CHO, lactate levels reach a maximum concentration then drop 

no more than 5mM from the maximum achieved lactate concentration (from 27-30mM at 85 

hours down to 22-27mM by the end of culture). 

This indicates that the capability for a cell to re-metabolise lactate is dependent not only on the 

specific cell line, but on many more aspects of a culture including media formulation and 

environmental temperature. The hypothermic M6 culture, containing SITE, HYPEP™ 1510, 

LM1 and UMG, and grown under hypothermic conditions, was the only culture that contained all 

of the necessary factors for lactate re-metabolism, indicating that there may be higher than two 

level interactions required in order to consume lactate effectively (for example, a cell 

line/supplement/temperature three-way interaction). 

The techniques that have successfully demonstrated that lactate production can be controlled 

come with disadvantages. Studies that genetically modify cells to down-regulate LDH 

production have been successful at limiting lactate production. These cells, however, will require 
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more cell line development, a very costly and time consuming process. In an industrial 

environment, these cells will need to very clearly prove that the added effort required to down-

regulate LDH in order to limit lactate production (in addition to the already costly process of 

transfecting MAb-producing genes) will be economically viable. That is to say, the added cost of 

further genetically modifying cells will need to balance the added production potential of these 

genetically modified cells. If this cannot be proven to be true, this method is unlikely to be 

industrially relevant. 

Another method that may be capable of controlling lactate levels is through the control of 

glucose levels. One study showed that feed strategies maintaining glucose levels in continuous 

cultures at 0.7mM are capable of limiting the production of lactate and improve productivity 

(Chee Furng Wong et al. 2005). Another study, in contradiction to the results found in Chapter 4, 

found that maintaining glucose levels at 5mM can limit lactate production (Khattak et al. 2009). 

These studies, however, also report less glycosylation, both on the macro scale (less N-site 

occupancy) and micro scale (affecting galactosylation, sialylation, etc). These contradictions are 

likely due to differences in the cell line. Nonetheless, if improving MAb productivity through the 

reduction of lactate production comes at the cost of also reducing protein quality (as measured 

through the various quality index metrics), this may not be beneficial.  

Any effort to limit lactate production (with the objective of improving MAb production) through 

glucose limiting feed strategies while simultaneously having a negative impact on glycosylation 

would be quantifiable with the titer quality metric. If limiting glucose levels are shown to 

improve MAb production through the reduction of lactate levels to minimal impact on QI, the net 

benefit would be clearly observed through an increased TQ. If an improvement in productivity 

coincides with a disproportionally large decrease in QI, TQ would again be capable of 

quantifying this net loss. 

Overall, these results show that the production of lactate may not always be a clearly negative 

trend. These results show that a significant improvement in the hypothermic M6 culture may be 

related to the capability of this culture to metabolise lactate more efficiently than other cultures, 

potentially with both direct and indirect results on other areas of primary metabolism. This 

indicates that further improvements in culture performance, particularly improvements with 

industrial relevance, may be found through conditions that favour the re-metabolism of lactate, 
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rather than methods that prevent the production of lactate. Since lactate has been shown to be 

capable of consumption as an energy source, the substantial efforts put forth to prevent the 

production of lactate may in fact be misplaced. Instead of devoting resources to overcoming the 

problem of lactate production, future research should focus on methods of using lactate 

effectively.  
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8 Summary and Conclusions 

Protein glycan profiles are Critical Quality Attributes that have become the focus of recent 

research in the production of MAbs. Glycan profiles have been shown to have a number of 

effects on the efficacy of a therapeutic MAb. Previously defined metrics, such as the 

galactosylation, fucosylation and sialylation indices, are normalized to represent the success of 

the glycosylation of a specific glycan species, but are not capable of representing an overall 

glycan profile of a full product batch. For this reason, a new non-normalized metric has been 

defined: the Quality Index, or QI. 

The general form of the total quality index and titer quality as calculated by the fraction of any 

given glycoform present (  ) and the weight factor assigned to the given glycoform (  ), is 

expressed through the following equation: 

 
   ∑ 

     

   
     

    

 

   

       ∑         

 

   

             

The Quality Index can be subdivided to express the glycosylation quality of any number of 

glycan species. In this study, three common species of glycans were incorporated into the 

Quality Index:  

 Fucosylated and terminally galactosylated, QIGal. 

 Fucosylated and terminally sialylated, QINeuAc. 

 Afucosylated and terminally galactosylated, QIFuc. 

In this study, QI was defined as the sum of the three individual Quality Indices with identical 

weight factors:  

                       

Because the Quality Index is not normalized to a specific subset of the glycan profile, it is 

capable of representing the overall glycan profile of an entire protein titer. This allows the 

Quality Index to be used in combination with protein concentration to express another newly 
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defined performance metric: Titer Quality, TQ. Titer Quality is defined as the product of the QI 

and the MAb concentration, [P]: 

           

This metric expresses the equivalent concentration of protein that exhibits the ideal glycan 

profile of interest. 

In this work, the effects of inducing a temperature shift on a culture from 37°C to 33°C at 

varying points in time was explored using BIOGRO CHO as the control medium. It was found 

that a temperature shift occurring during the early exponential phase, identified in BIOGRO 

CHO as occurring between a culture time of 24-48 hours, optimizes the balance between cell 

growth and specific productivity, resulting in the highest volumetric productivity and highest 

final protein concentration. The final protein concentration increased from 38mg/L under 

standard conditions to 60mg/L under hypothermic conditions, an increase of about 60%. In an 

industrially relevant process, this improvement in protein output, even with the observed delay in 

the achievement of the final protein concentration, will result in improved production potential. 

Although productivity was improved, specific lactate production was unchanged, indicating that 

the degree of lactate production may have less relevancy than previously thought. 

Cell cycle analysis was performed on standard and hypothermic cultures. Hypothermic 

conditions were found to increase the residency in the G1 phase, but productivity was not 

preferentially associated with the G1 phase. The cause of increased productivity of hypothermic 

cultures is therefore not strongly associated with the G1 phase. Increases in metabolic efficiency 

or changes in other cell mechanisms associated with the increased residency in the G1 phase may 

instead be the cause of increased productivity. These changes may be acting as the intermediate 

variables between increased G1 residency and increased productivity. 

A fractional factorial Design of Experiment (DoE) was employed to identify cell culture 

supplements that promote cell growth, productivity, and product quality. A selenium, insulin, 

transferrin and ethanolamine supplement (SITE) liquid media supplement and a soy hydrolysate 

supplement (HYPEP™ 1510) were found to have a significant positive impact on cell growth 

and productivity. A significant positive interaction between the two supplements was also 
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identified, indicating that the combined presence of these two supplements at relatively high 

levels results in further benefits. These high levels were: 

 5g/L HYPEP™ 1510 

 10ml/L SITE 

o 10mg/L insulin 

o 5.5mg/L transferrin 

o 5µg/L sodium selenite 

o 2mg/L ethanolamine 

Unfortunately, high levels of SITE and HYPEP™ 1510 were both found to have a negative 

impact on galactosylation, as measured by QIGal. 

A uridine, manganese, and galactose cocktail, (UMG), and a defined mixture of various lipids 

(Lipid Mixture 1, LM1), both yielded a significant positive impact on QIGal and total QI, 

indicating that their presence in a medium positively affects product quality. 

The use of Titer Quality (TQ) as a response variable allowed for an examination of the effect 

each variable had on the combined product quality and product quantity. It was found that 

although LM1 and UMG had a significant positive impact on QIGal, their significant negative 

impact on productivity resulted in a significant negative impact on TQ. In contrast, SITE and 

HYPEP™ 1510 were found to have a significant positive impact on TQ, regardless of the 

negative impact they exhibited on QIGal.  

The culture that exhibited the best cell growth performance and highest TQ (excluding BIOGRO 

CHO) contained 5g/L of HYPEP™ 1510, 10ml/L of SITE, a 2X concentration of UMG, and 

2ml/L of LM1. Although the QI of M6 outperformed that of BIOGRO CHO, the significantly 

greater final protein concentration achieved by BIOGRO CHO (23mg/L in M6 vs. 38mg/L in 

BIOGRO CHO) resulted in BIOGRO CHO outperforming M6, as measured by TQ. 

In an effort to improve the productivity of M6, and therefore TQ, the temperature shift strategy 

from 37°C to 33°C was applied. The growth and productivity of cells in BIOGRO CHO and M6 

were explored under standard conditions and temperature shift conditions. Under standard 

conditions, BIOGRO CHO still outperformed M6 with regards to TQ; however, changes in the 

metabolic behaviour of a hypothermic M6 culture resulted in M6 and BIOGRO CHO achieving 
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the same final protein concentration of 60mg/L. The final protein concentration in M6 increased 

160% under hypothermic conditions (from 23mg/L to 60mg/L), indicating that the benefits of 

inducing hypothermic conditions on a culture are not proportional and will likely vary between 

media. This suggests that there is an interaction taking place between media supplements and the 

temperature shift. 

A glucose feed strategy and hypothermic conditions were both shown to have no impact on the 

glycolytic efficiency of CHO cells. In all cases, lactate production was unavoidable. Of all 

experiments conducted, only the hypothermic M6 culture exhibited any notable degree of lactate 

consumption, indicating that the significant improvement of the hypothermic M6 culture over the 

standard M6 culture may be attributed directly and indirectly to lactate consumption. Since this 

culture was the only one capable of lactate consumption, a three way interaction between 

environmental conditions, cell line, and medium formulation may exist for lactate consumption. 
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9 Future Work 

The interaction observed in this study between media supplements and hypothermic conditions 

requires further exploration. Although the fractional factorial Design of Experiment was used to 

screen varying levels of supplements in this study, the inclusion of temperature shift from 37°C 

to 33°C as a factor should be explored, where a high factor level of 37°C throughout the culture 

period and a low factor level of a 33°C shift at time zero could be selected. This would uncover 

any potential interactions between changes in culture temperature and media supplements. In 

order to fully resolve these interactions and to eliminate the possibility of aliasing, a full factorial 

may be required. 

The M6 medium formulation explored in this study is not a fully optimized medium. M6 exhibits 

good cell growth and a good quality index (exceeding BIOGRO CHO in both aspects) but 

suffers from poor productivity relative to BIOGRO CHO. Although productivity was improved 

through the use of a temperature shift strategy, it is possible that more benefits could be found 

through the further optimization of this medium. High levels of LM1 and UMG were shown to 

have a significant negative impact on culture performance, but their inclusion at low levels is not 

fully resolved. It may be possible that higher or lower levels than those explored in this fractional 

factorial experiment are more beneficial. It is also possible that these two supplements should be 

excluded from M6 altogether. Furthermore, since media optimization is cell line dependent, the 

effects of the supplement levels on cell growth and productivity in other basal media 

formulations should be explored for this and other cell systems. 

The capability of the hypothermic M6 to consume lactate requires further exploration. In 

particular, lactate consumption may a viable method to improve the productivity of CHO cell 

cultures, and may be the cause of improved productivity in the hypothermic M6 culture over the 

standard M6 culture. Future research should therefore aim to improve the lactate consumption 

potential of CHO cultures instead of or in addition to reducing lactate production. 

Further study into the effects of the glycan profile on MAb efficacy should be conducted. 

Specific glycan chains have been linked to various responses in this study, but these studies 
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require further depth. The effects of some glycans, including sialic acid, are not well resolved, 

while the effects of other glycans are unknown. Furthermore, the relative desirability of each 

glycan chain is subjective and highly controversial in literature. In the event that a „good, better, 

best‟ scenario exists, it may be possible to assign a weight of desirability to each glycan chain, 

which would then be applied to the QI metric.  

Quality index and the related metric titer quality, both introduced for the first time in this work, 

are both very valuable for use in culture optimization due to their modular nature. Further 

research is required into the full effects of the glycan profile on MAb efficacy, which can then be 

used to modify the weightings of each individual quality index term. Weighting may vary 

according to one or more end points, including host cell, recombinant protein product, 

therapeutic target, medium formulation, etc. Further optimization of culture medium should 

employ TQ as the main response variable, utilizing the simplex experimental method (Ghazali 

and Hayward 2009) and should focus on a number of factors including temperature, osmolality, 

supplement levels and combinations, optimization of supplements, and other media supplements. 

Currently, quality index assumes a direct linear relationship between the percentage of glycans 

present and the therapeutic response. Future work should investigate the validity of this 

assumption, and should modify QI according to the outcome. Furthermore, research may find 

that rather than a desired concentration of glycans, the most ideal glycoform represents a ratio 

between two glycans. If this is found to be true, a new QI should be developed to represent 

deviations from an optimal ratio. Additionally, in the event that a harmful glycan is identified 

and a negative weight factor must be applied, QI may not be bounded by zero and one, but rather 

negative infinity and one. This would only apply if the absolute magnitude of the negative 

weight factor is found to be greater than the magnitude of the greatest positive weight factor. If 

this is found to be true, QI may require further refinement to remain bounded by negative one 

and one. 

Finally, quality index is a metric that has a very wide range of potential uses. In this study, 

quality index was developed and applied specifically to the production of MAbs. This metric, 

however, is not necessarily restricted to use in MAb production since it can be easily expanded 

to measure the glycosylation quality of any glycoprotein, both therapeutic and non-therapeutic. 

Furthermore, quality index is not restricted to uses in the optimization of the glycan profile. Any 
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other quality attribute of a MAb (or other protein) that can be quantified in an objectively 

normalized, titer-focused metric, can make use of both QI and TQ as optimizing variables. 

Future work should explore other quantifiable quality attributes of MAbs that can be 

manipulated and optimized through the adjustment of culture environmental conditions, media 

supplements, or other culture manipulation techniques. 
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11 Appendix A: SOPs 

 Amino Acid Analysis 11.1

Prepared by: Keyvan Nowruzi Date: December, 2011 

Approved by:______________________ Date: _______________________________ 

  

1.0 PURPOSE 

To measure amino acids concentration in culture media  

2.0 REFERENCES 

Waters AccQ*Tag chemistry package: Instruction manual (Waters, Cat #: WAT052874) 

3.0 ASSOCIATED SOPs 

4.0 PROCEDURE 

4.1 Materials:  

1. AccQ-Fluor reagent kit (Waters, Cat #: WAT052880) 

2. AccQ*Tag Eluent A concentrate for hydrolysate amino acid analysis (Waters, Cat #: 

WAT052890) 

3. Milli-Q water 

4. HPLC grade acetonitrile (Fisher, Cat #: CAS75058) 

5. Pipettes. You will need one in the range of 2-10 μl, and one in the range of 10-100 μl. 

6. Oven at 55
o
C 

7. Vortex mixer 

8. Microfuge tubes 

9. Waters autosampler vials 

10. Low volume insert (Chromatographic Specialties INC., Cat #: C221020) 

11. HPLC 

 

4.2 Preparation of reagents: 

1. Preheat an oven to 55
o
C.  

2. Tap vial 2A lightly before opening to ensure all AccQ*Fluor reagent powder is at the 

bottom of the vial. 

3. Rinse a clean micropipettor by drawing and discarding 1 mL AccQ*Fluor reagent diluent 

from vial 2B. Acetonitrile is flammable and toxic. Refer to MSDS for further 
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information. 

4. Transfer 1 mL of AccQ*Fluor reagent diluent 2B to the AccQ*Fluor reagent powder in 

vial 2A. Cap the vial tightly. 

5. Vortex for 10 sec. 

6. Heat vial 2A in oven until the AccQ*Fluor reagent powder is dissolved. Do not heat the 

reagent for longer than 10 min. 

7. Store reconstituted AccQ*Fluor reagent in a desiccator at room temperature for up to 1 

week.  

 

4.3 Preparation of eluents: 

1. Eluent A: Aqueous buffer, Waters AccQ*Tag eluent A. Add 100 ml of the concentrate to 

1 L of Milli-Q water. 

2. Eluent B: HPLC-grade acetonitrile 

3. Milli-Q water 

 

4.4 Derivatization method: 

1. Preheat an oven to 55
o
C.  

2. Deliver 5 μL of calibration standard/sample to the bottom of a clean microfuge tube. 

3. Add 35 μL of AccQ*Fluor borate buffer (Reagent 1) to the sample tube. Vortex briefly. 

4. Add 10 μL of reconstituted AccQ*Fluor reagent to the sample tube. Vortex immediately 

for several seconds. 

5. Let stand for 1 min in room temperature. 

6. Heat the microfuge tube in an oven for 10 min at 55
o
C. 

7. Transfer the contents of the tube to an autosampler vial low volume insert and cap with 

silicon-lined septum. 

 

4.4 Derivatization method: 

1. Login to Empower 3 workstation. 

2. Analyze your samples using AccQ-Tag method. 

  

 5.0 Safety information: 

1. Gloves and lab coat are required when handling equipment for this assay. 

2. Consult MSDS for all chemicals used in this protocol. 

3. Vortex mixing will be done with closed vials. 

4. Dispose of all liquid components into to the organic waste safety can. Solid components 

may be tossed in standard trash bin. 
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 Cell Cycle Analysis 11.2

Prepared by: Keyvan Nowruzi Date: December, 2011 

Approved by:______________________ Date: _______________________________ 

1.0 PURPOSE 

To identify the cell distribution during the various phases of the cell cycle 

2.0 REFERENCES 

T. S. Hawley, and R. G. Hawley. 2004.  Flow Cytometry Protocols. Humana Press. 

3.0 ASSOCIATED SOPs 

4.0 PROCEDURE 

4.1 Materials:  

8. Propidium iodide (PI) solution (1 mg/mL in water) (Sigma, Cat # P4864). Store at 2
o
C - 

8
o
C. 

9. Ribonuclease A (RNase A) (Sigma, Cat # R6513). Store at –20
o
C. 

10. Dulbecco‟s phosphate buffered saline (DPBS) (Sigma, Cat #: D8662) 

11. Absolute ethanol 

12. Centrifuge 

13. Vortex mixer 

14. Pipettes. You will need one in the range of 2-10 μl, one in the range of 10-100 μl, and 

another ranging from 100-1000 μl. 

15. 15 ml polystyrene centrifuge tubes 

16. 96 well plate 

17. Flow cytometer 

18. Incubator at 37
o
C, 5% CO2 

 

4.2 Preparation of reagents: 

19. Dilute PI solution to a concentration of 50μg/ml with 1X DPBS. Store the solution at 2
o
C 

- 8
o
C. 

20. Reconstitute RNase A with 1X DPBS to a concentration of 100μg/ml. Store the solution 

at –20
o
C. 
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4.3 Method: 

8. Culture ~1e6 cell/ml for cell cycle analysis. 

9. Centrifuge the cells at 500*g for 5 min at room temperature. 

10. Carefully remove and discard supernatant. 

11. Gently vortex the cell pellet to disrupt any cell-to-cell clumping. 

12. Resuspend the cell pellet in 1mL DPBS. 

13. Centrifuge the cells at 500*g for 5 min at room temperature. 

14. Carefully remove and discard supernatant. 

15. Gently vortex the cell pellet to disrupt any cell-to-cell clumping. 

16. Resuspend the cell pellet in 300μL DPBS. Add 700 μL of ice-cold absolute ethanol to the 

suspension to fix cells. This should ensure fixation of all cells and minimize clumping. 

17. Fix for at least 30 minutes on ice. Specimens can be left at this stage for several weeks. 

18. Pellet cells at higher speed compared to live cells for 5 minutes, aspirate the supernatants 

being careful not to lose the pellet. Note that ethanol-fixed cells require higher centrifugal 

speeds to pellet compared to unfixed cells since they become more buoyant upon 

fixation. 

19. Wash twice with PBS. 

20. To ensure that only DNA is stained (PI stains all nucleic acids), treat cell pellet with 

Ribonuclease A to get rid of RNA. Add 50μl of RNase A solution directly to pellet. 

21. Add 400μl PI solution per million cells directly to cells in RNase A solution. Mix well. 

22. Incubate cells for 5 to 10 minutes at room temperature.  

23. Keep the cells at RT covered until your scheduled time on the flow cytometer. 

24. When analyzing samples, be sure to collect PI in a linear scale.  

 

 5.0 Safety information: 

5. Gloves and lab coat are required when handling equipment for this assay. 

6. Consult MSDS for all chemicals used in this protocol. 

7. All tissue samples will be prepared and handled in a biosafety cabinet. 

8. Vortex mixing will be done with closed vials. 

9. Dispose of all liquid components down the sink and flush with copious amount of water. 

Solid components may be tossed in standard trash bin. 
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 FCS Express Analysis 11.3

 

The first peak represents the G1 (and G0) phase, the second peak represents the G2 phase, while 

the trough between the two peaks represents the S phase. Note the „noise‟ preceding the G1 peak 

and after the G2 peak. Note also the model (shown in red) and the inclusion of noise affecting 

the model (shown in green), both of which are determined by the software package FCS Express 

by De Novo software (http://www.denovosoftware.com/).  
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 IgG Concentration Analysis 11.4

Prepared by: Dr Yves Durocher – NRC/BRI 

 Column: pA Immuno Detection Sensor Cartridge (Applied BioSystems) cat# 2-1001-00 

(a 0.45μm in-line filter is installed right before the column). Alternatively a 1ml GE 

HiTrapTM Protein-A column linked to an AKTATM system will do it as well. 

 Detection: A280 

 Flow rate: 2 mL/min (room temperature) 

 Standard Curve: We typically inject 200μg, 100, 50, 25 and 12.5μg of Ab (typical R2 of 

0.999) 

 Equilibration: 100% A for 2.5 minutes 

 Sample injection volume: 100 μL 

 After injection: 

• 100% A for 2.5 min. (Buffer A is Phosphate Buffered Saline, PBS) 

• 100% B for 1.5 min. (0.15M NaCl, pH 2.0) 

• 100% A for 2.5 min. 

 Important: Buffers A & B should be 0.22μm-filtered and degassed 
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 Glucose Assay 11.5

Prepared by: Keyvan Nowruzi Date: December, 2011 

Approved by:______________________ Date: _______________________________ 

  

1.0 PURPOSE 

To measure glucose concentration in cell culture medium. 

2.0 REFERENCES 

D-Glucose assay procedure (GOPOD-Format) Booklet (http://www.megazyme.com) 

3.0 ASSOCIATED SOPs 

4.0 PROCEDURE 

4.1 Materials:  

21. Megazyme D-Glucose Assay kit (Cedarlane Laboratories, Cat #: K-GLUC). Store at 2
o
C 

- 8
o
C. 

22. Distilled water. 

23. Pipettes. You will need one in the range of 2-10 μL and one multichannel in the range of 

30-300 μL.  

24. Disposable 96 well clear microplate 

25. Microplate reader set at 510 nm 

 

4.2 Preparation of reagents: 

1. Dilute the contents of bottle 1 (GOPOD Reagent Buffer) to 1 L with distilled water 

(solution 1).  

2. Dissolve the contents of bottle 2 in approximately 20 mL of solution 1 and quantitatively 

transfer this to the bottle containing the reminder of solution 1. Protect from light. This is 

Glucose Determination Reagent (GOPOD Reagent). Stable for ~3 months at 2-5
o
 or > 12 

months at -20
o
C. 

3. If this reagent is to be stored in the frozen state, preferably it should be divided into 

aliquots that should be freeze/thawed only once during use. When the reagent is freshly 

prepared it may be light yellow or light pink in color. It will develop a stronger pink color 

over 2-3 months at 4 °C. The absorbance of this solution should be less than 0.05 when 

read against distilled water. 

 

http://www.megazyme.com/
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4.3 Method: 

Pipette into wells Reagent blank Standard Sample 

Distilled water 

D-Glucose standard 

Sample 

GOPOD reagent 

20 μL 

- 

- 

300 μL 

10 μL 

10 μL 

- 

300 μL 

10 μL 

- 

10 μL 

300 μL 

 

Incubate the microplate at 40
o
C for 20 min. 

Read the absorbance at 510 nm. Calculate glucose concentration using the following equation: 

                                    

                                    Glucose (g/L) = 
DASample

DAStandars

 

 

5.0 Safety information: 

10. Gloves and lab coat are required when handling equipment for this assay. 

11. Consult MSDS for all chemicals used in this protocol. 

12. Dispose of all liquid components down the sink and flush with copious amount of water. 

Solid components may be tossed in standard trash bin. 
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 ELISA SOP 11.6
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12 Appendix B: Experimental Data 

 Chapter 5: Cell Growth and Productivity 12.1

0 hour temperature shift 

Sample hours 
Cell Conc (1E6 

cells/ml) 
Viability 

(%) 
Chvol (1E8 

cell*hrs/ml) 

Mab 
Concentration 

(mg/L) 
 

Volumetric 
Productivity 

(mg/L/hr) 

Culture 
Time (h) 

t0 0.00 0.14 100.00 0.00 8.08 
 

-0.09 16.00 

t1 21.50 0.22 99.00 0.03 6.71 
 

0.01 40.50 

t2 46.00 0.42 98.00 0.10 7.00 
 

0.08 65.50 

t3 71.00 0.86 98.00 0.26 8.96 
 

0.21 88.50 

t4 94.00 1.10 98.00 0.48 13.72 
 

0.40 112.00 

t5 117.50 2.61 99.00 0.89 23.02 
 

0.36 136.00 

t6 141.50 3.80 99.00 1.65 31.76 
 

0.57 159.50 

t7 165.00 3.57 94.70 2.51 45.09 
 

0.29 183.00 

t8 188.50 2.81 88.10 3.26 51.82 
   

t9 213.50 3.66 78.50 4.07 
    

t10 238.50 2.25 67.60 4.79 58.38 
   

t11 261.50 1.71 50.20 5.24 54.87 
   

t12 284.00 0.61 40.00 5.48 58.65 
   

24 hour temperature shift 

Sample hours 
Cell Conc (1E6 

cells/ml) 
Viability 

(%) 
Chvol (1E8 

cell*hrs/ml) 

Mab 
Concentration 

(mg/L) 
 

Volumetric 
Productivity 

(mg/L/hr) 

Culture 
Time (h) 

t0 0.00 0.14 100.00 0.00 7.36 
 

-0.05 16.00 

t1 21.50 0.22 99.00 0.03 6.56 
 

0.04 40.50 

t2 46.00 0.49 98.00 0.11 7.64 
 

0.10 65.50 

t3 71.00 0.97 98.00 0.29 10.02 
 

0.39 88.50 

t4 94.00 1.96 98.00 0.61 18.93 
 

0.27 112.00 

t5 117.50 3.11 99.00 1.19 25.28 
 

0.56 136.00 

t6 141.50 3.79 98.00 2.02 38.72 
 

0.31 159.50 

t7 165.00 3.54 93.70 2.88 45.94 
 

0.38 183.00 

t8 188.50 3.45 84.80 3.70 54.80 
 

0.10 208.00 

t9 213.50 2.93 77.90 4.50 57.22 
   

t10 238.50 1.78 58.40 5.07 63.10 
   

t11 261.50 1.26 42.00 5.42 59.94 
   

t12 284.00 0.50 20.00 5.61 60.20 
   

 



149 

 

48 hour temperature shift 

Sample hours 
Cell Conc (1E6 

cells/ml) 
Viability 

(%) 
Chvol (1E8 

cell*hrs/ml) 

Mab 
Concentration 

(mg/L) 
 

Volumetric 
Productivity 

(mg/L/hr) 

Culture 
Time (h) 

t0 0.00 0.14 100.00 0.00 6.67 
  

0.00 

t1 21.50 0.21 99.00 0.03 6.75 
 

0.01 16.00 

t2 46.00 0.82 98.00 0.14 8.21 
 

0.06 40.50 

t3 71.00 1.55 98.00 0.42 11.41 
 

0.13 65.50 

t4 94.00 2.26 98.00 0.85 18.02 
 

0.29 88.50 

t5 117.50 3.22 98.00 1.49 28.10 
 

0.43 112.00 

t6 141.50 3.47 98.00 2.29 37.11 
 

0.38 136.00 

t7 165.00 3.31 93.80 3.09 48.32 
 

0.48 159.50 

t8 188.50 2.98 78.60 3.83 55.05 
 

0.29 183.00 

t9 213.50 1.98 56.40 4.44 58.19 
 

0.13 208.00 

t10 238.50 1.26 47.20 4.84 55.71 
   

t11 261.50 0.59 35.00 5.04 60.46 
   

t12 284.00 0.17 10.00 5.12 59.38 
   

72 hour temperature shift 

Sample hours 
Cell Conc 

(1E6 
cells/ml) 

Viability 
(%) 

Chvol (1E8 
cell*hrs/ml) 

Mab 
Concentration 

(mg/L) 
 

Volumetric 
Productivity 

(mg/L/hr) 

Culture 
Time (h) 

t0 0.00 0.15 100.00 0.00 6.05 
  

0.00 

t1 21.50 0.21 99.00 0.03 6.37 
 

0.02 16.00 

t2 46.00 0.89 98.00 0.14 7.84 
 

0.06 40.50 

t3 71.00 2.09 98.00 0.49 10.50 
 

0.11 65.50 

t4 94.00 3.38 98.00 1.11 18.57 
 

0.35 88.50 

t5 117.50 2.66 98.00 1.82 28.72 
 

0.43 112.00 

t6 141.50 3.27 98.00 2.53 36.90 
 

0.34 136.00 

t7 165.00 3.37 95.20 3.31 45.83 
 

0.38 159.50 

t8 188.50 2.78 80.10 4.03 50.50 
 

0.20 183.00 

t9 213.50 1.87 59.00 4.60 51.48 
   

t10 238.50 1.01 40.40 4.95 50.37 
   

t11 261.50 0.63 18.00 5.14 51.62 
   

t12 284.00 0.18 9.00 5.22 51.19 
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96 hour temperature shift 

Sample hours 
Cell Conc 

(1E6 
cells/ml) 

Viability 
(%) 

Chvol (1E8 
cell*hrs/ml) 

Mab 
Concentration 

(mg/L) 
 

Volumetric 
Productivity 

(mg/L/hr) 

Culture 
Time (h) 

t0 0.00 0.17 100.00 0.00 7.15 
  

0.00 

t1 21.50 0.27 99.00 0.03 6.78 
 

-0.02 16.00 

t2 46.00 0.80 98.00 0.15 8.05 
 

0.05 40.50 

t3 71.00 2.13 98.00 0.49 11.80 
 

0.15 65.50 

t4 94.00 3.54 98.00 1.13 21.38 
 

0.42 88.50 

t5 117.50 4.47 98.00 2.07 30.23 
 

0.38 112.00 

t6 141.50 4.44 98.00 3.14 35.75 
 

0.23 136.00 

t7 165.00 2.92 93.30 3.99 39.69 
 

0.17 159.50 

t8 188.50 2.69 81.00 4.65 41.66 
 

0.08 183.00 

t9 213.50 1.79 60.10 5.20 44.58 
   

t10 238.50 0.95 38.90 5.53 43.12 
   

t11 261.50 0.38 18.00 5.67 44.59 
   

t12 284.00 0.12 7.00 5.72 
    

 

37°C Control 

Sample hours 
Cell Conc 

(1E6 cells/ml) 
Viability 

(%) 
Chvol (1E8 

cell*hrs/ml) 

Mab 
Concentration 

(mg/L) 
 

Volumetric 
Productivity 

(mg/L/hr) 

Culture 
Time (h) 

t0 5.50 0.11 100.00 0.00 4.79 
  

0.00 

t1 21.50 0.24 99.00 0.03 6.13 
 

0.08 16.00 

t2 46.00 0.83 98.00 0.14 8.08 
 

0.08 40.50 

t3 71.00 2.24 98.00 0.50 12.62 
 

0.18 65.50 

t4 94.00 3.51 98.00 1.15 22.41 
 

0.43 88.50 

t5 117.50 4.00 98.00 2.03 30.04 
 

0.32 112.00 

t6 141.50 3.53 98.00 2.93 34.91 
 

0.20 136.00 

t7 165.00 3.60 92.80 3.77 36.56 
 

0.07 159.50 

t8 188.50 2.49 79.80 4.48 38.43 
 

0.08 183.00 

t9 213.50 1.81 50.30 5.01 38.23 
   

t10 238.50 0.63 25.00 5.29 37.68 
   

t11 261.50 0.30 11.20 5.39 35.92 
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 Chapter 5: Cell Cycle 12.2

0 hours 

Sample 
Culture Time 

(hours) 

Viable Cell 
Density 

(cells/ml) 

Total Cell 
Density 

(cells/ml) 

Volumetric Cell 
Hours 

(Cell*hours/ml) 
%G1 %S %G2 

Mab 
Concentration 

(mg/L) 

t0 0.00 2.00E+05 2.00E+05 0.00E+00 
   

5.99 

t1 13.00 2.85E+05 2.85E+05 3.12E+06 
   

8.02 

t2 36.50 5.55E+05 5.55E+05 1.26E+07 
   

10.35 

t3 58.50 1.20E+06 1.20E+06 3.10E+07 
   

15.69 

t4 84.00 2.53E+06 2.57E+06 7.64E+07 44.43 39.37 16.21 27.07 

t5 108.00 3.93E+06 3.94E+06 1.53E+08 59.93 27.97 12.11 38.46 

t6 134.00 3.93E+06 3.93E+06 2.55E+08 76.87 8.62 14.51 51.44 

t7 158.00 4.10E+06 4.43E+06 3.51E+08 81.29 2.79 15.93 55.12 

t8 182.00 2.08E+06 3.75E+06 4.23E+08 84.66 0.00 15.34 53.22 

t9 206.00 1.16E+06 3.86E+06 4.60E+08 78.14 14.35 7.52 52.66 

 

36 hours 

Sample 
Culture 

Time 
(hours) 

Viable Cell 
Density 

(cells/ml) 

Total Cell 
Density 

(cells/ml) 

Volumetric Cell 
Hours 

(Cell*hours/ml) 
%G1 %S %G2 

Mab 
Concentration 

(mg/L) 

t0 0.00 2.00E+05 2.00E+05 0.00E+00 
   

5.99 

t1 13.00 3.30E+05 3.30E+05 3.37E+06 
   

8.67 

t2 36.50 1.04E+06 1.05E+06 1.79E+07 
   

12.94 

t3 58.50 2.11E+06 2.11E+06 5.11E+07 50.31 17.85 31.84 19.97 

t4 84.00 3.93E+06 3.93E+06 1.26E+08 59.81 28.22 11.96 31.57 

t5 108.00 4.00E+06 4.09E+06 2.21E+08 75.01 12.56 12.44 43.17 

t6 134.00 3.66E+06 3.73E+06 3.20E+08 83.47 1.85 14.68 52.44 

t7 158.00 2.24E+06 3.39E+06 3.89E+08 
   

56.40 

t8 182.00 1.19E+06 3.64E+06 4.29E+08 
   

60.23 

t9 206.00 7.50E+05 3.16E+06 4.52E+08 
   

60.35 
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37°C Control 

Sample 
Culture 

Time 
(hours) 

Viable Cell 
Density 

(cells/ml) 

Total Cell 
Density 

(cells/ml) 

Volumetric Cell 
Hours 

(Cell*hours/ml) 
%G1 %S %G2 

Mab 
Concentration 

(mg/L) 

t0 0.00 2.00E+05 2.00E+05 0.00E+00 
   

5.99 

t1 13.00 2.50E+05 2.50E+05 2.91E+06 
   

8.62 

t2 36.50 1.22E+06 1.22E+06 1.73E+07 
   

12.78 

t3 58.50 2.45E+06 2.45E+06 5.60E+07 45.35 40.05 14.60 14.96 

t4 84.00 3.96E+06 3.96E+06 1.36E+08 70.62 21.34 8.05 25.58 

t5 108.00 3.75E+06 3.93E+06 2.29E+08 78.64 6.11 15.26 36.20 

t6 134.00 3.17E+06 3.60E+06 3.18E+08 
   

37.50 

t7 158.00 1.75E+06 3.59E+06 3.76E+08 
   

37.40 

t8 182.00 9.60E+05 3.41E+06 4.07E+08 
   

36.30 

t9 206.00 4.95E+05 2.86E+06 4.24E+08 
   

37.10 
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 Chapter 6: Cell Growth and Productivity 12.3

Mixture 1 

Sample 
Culture 

Time 
(hours) 

Viable Cell 
Density 

(cells/ml) 

Total Cell 
Density 

(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 

(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 2.10E+05 2.10E+05 0.00 7.57 360 

d1 17.50 2.95E+05 2.95E+05 0.04 8.02 356 

d2 44.00 9.55E+05 9.55E+05 0.19 9.52 
 

d3 67.00 2.11E+06 2.11E+06 0.53 12.30 349 

d4 92.50 2.51E+06 2.51E+06 1.12 14.24 348 

d5 116.00 2.72E+06 2.72E+06 1.73 15.83 337 

d6 140.00 2.50E+06 2.54E+06 2.35 16.66 345 

d7 162.50 2.21E+06 2.25E+06 2.88 18.08 339 

d8 186.00 1.75E+06 2.35E+06 3.35 18.12 341 

d9 210.00 1.50E+06 2.61E+06 3.74 17.83 341 

d10 239.00 6.45E+05 2.28E+06 4.03 18.21 339 

d11 259.00 6.95E+05 2.29E+06 4.16 18.44 341 

d12 282.50 5.65E+05 1.80E+06 4.31 16.94 
 

d13 307.50 5.35E+05 1.53E+06 4.45 18.20 343 

d 14 335.50 4.00E+05 1.53E+06 4.58 18.08 340 

d15 354.50 4.70E+05 1.53E+06 4.66 18.72 341 

d16 378.50 4.95E+05 1.53E+06 4.78 17.52 339 
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Mixture 2 

Sample 
Culture 

Time 
(hours) 

Viable 
Cell 

Density 
(cells/ml) 

Total Cell 
Density 

(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 

(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 1.50E+05 1.50E+05 0.00 7.51 406 

d1 17.50 2.50E+05 2.50E+05 0.03 7.70 395 

d2 44.00 6.45E+05 6.45E+05 0.14 8.37 
 

d3 67.00 1.28E+06 1.28E+06 0.36 10.11 405 

d4 92.50 2.02E+06 2.02E+06 0.77 11.40 
 

d5 116.00 1.77E+06 1.79E+06 1.21 12.98 396 

d6 140.00 2.02E+06 2.03E+06 1.67 12.90 402 

d7 162.50 1.84E+06 1.88E+06 2.10 14.30 394 

d8 186.00 1.49E+06 1.71E+06 2.49 14.72 392 

d9 210.00 1.10E+06 1.99E+06 2.80 14.30 365 

d10 239.00 5.70E+05 1.99E+06 3.03 14.28 371 

d11 259.00 3.95E+05 2.24E+06 3.13 14.82 398 

Mixture 3 

Sample 
Culture 

Time 
(hours) 

Viable Cell 
Density 

(cells/ml) 

Total Cell 
Density 

(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 

(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 2.15E+05 2.15E+05 0.00 7.58 405 

d1 17.50 2.35E+05 2.35E+05 0.04 7.85 402 

d2 44.00 7.80E+05 7.80E+05 0.16 8.70 403 

d3 67.00 1.50E+06 1.50E+06 0.41 10.09 405 

d4 92.50 1.38E+06 1.38E+06 0.78 10.71 
 

d5 116.00 1.69E+06 1.71E+06 1.14 11.80 400 

d6 140.00 1.27E+06 1.30E+06 1.49 12.09 399 

d7 162.50 9.75E+05 1.08E+06 1.74 12.81 401 

d8 186.00 8.00E+05 1.23E+06 1.95 12.69 399 

d9 210.00 4.15E+05 1.23E+06 2.09 12.78 394 

d10 239.00 2.35E+05 1.29E+06 2.18 12.22 385 
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Mixture 4 

Sample 
Culture 

Time 
(hours) 

Viable 
Cell 

Density 
(cells/ml) 

Total Cell 
Density 

(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 

(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 1.95E+05 1.95E+05 0.00 7.42 390 

d1 17.50 3.00E+05 3.05E+05 0.04 7.74 390 

d2 44.00 8.50E+05 8.50E+05 0.18 8.94 385 

d3 67.00 2.07E+06 2.07E+06 0.50 11.32 383 

d4 92.50 2.71E+06 2.71E+06 1.10 13.86 377 

d5 116.00 2.70E+06 2.71E+06 1.74 15.34 373 

d6 140.00 2.38E+06 2.39E+06 2.35 16.29 375 

d7 162.50 2.55E+06 2.58E+06 2.90 17.26 372 

d8 186.00 1.97E+06 2.25E+06 3.43 17.42 375 

d9 210.00 1.51E+06 2.23E+06 3.84 16.97 367 

d10 239.00 1.05E+06 2.26E+06 4.21 16.74 373 

d11 259.00 7.00E+05 2.09E+06 4.38 16.56 352 

d12 282.50 4.65E+05 1.82E+06 4.52 16.79 367 

d13 307.50 5.55E+05 1.76E+06 4.64 16.36 361 

Mixture 5 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 2.05E+05 2.05E+05 0.00 7.50 396 

d1 17.50 2.50E+05 2.55E+05 0.04 7.79   

d2 44.00 7.75E+05 7.75E+05 0.16 8.88 396 

d3 67.00 1.45E+06 1.45E+06 0.41 10.31 393 

d4 92.50 1.92E+06 1.92E+06 0.84 11.52 392 

d5 116.00 1.76E+06 1.76E+06 1.27 12.26   

d6 140.00 1.60E+06 1.64E+06 1.67 13.50 391 

d7 162.50 1.69E+06 1.83E+06 2.04 14.05 393 

d8 186.00 1.26E+06 1.60E+06 2.38 13.85 386 

d9 210.00 5.85E+05 1.43E+06 2.59 14.47 389 

d10 239.00 5.75E+05 1.79E+06 2.76 13.99 390 

d11 259.00 2.35E+05 1.61E+06 2.84 13.75 391 
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Mixture 6 

Sample 

Culture 
Time 
(hours) 

Viable Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 2.60E+05 2.60E+05 0.00 7.50 379 

d1 17.50 3.00E+05 3.00E+05 0.05 8.06 375 

d2 44.00 7.20E+05 7.20E+05 0.18 10.07 377 

d3 67.00 2.08E+06 2.08E+06 0.47 12.66 376 

d4 92.50 2.84E+06 2.84E+06 1.09 16.07 372 

d5 116.00 3.40E+06 3.41E+06 1.82 18.23 365 

d6 140.00 3.11E+06 3.13E+06 2.60 19.72 363 

d7 162.50 3.58E+06 3.59E+06 3.35 20.11 358 

d8 186.00 2.73E+06 2.80E+06 4.09 21.43 363 

d9 210.00 2.88E+06 3.19E+06 4.76 21.96 360 

d10 239.00 1.82E+06 3.06E+06 5.43 23.27 356 

d11 259.00 1.87E+06 3.52E+06 5.80 22.89 354 

d12 282.50 1.52E+06 3.80E+06 6.20 23.90 362 

d13 307.50 6.90E+05 3.05E+06 6.46 21.41 357 

d 14 335.50 4.60E+05 3.05E+06 6.62 22.15 354 

d15 354.50 4.25E+05 3.05E+06 6.70 21.88 361 

d16 378.50 3.70E+05 3.05E+06 6.80 22.18 358 

Mixture 7 

Sample 

Culture 
Time 
(hours) 

Viable Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 2.35E+05 2.35E+05 0.00 7.68 371 

d1 17.50 2.75E+05 2.75E+05 0.04 8.04 369 

d2 44.00 9.85E+05 9.85E+05 0.19 9.58 371 

d3 67.00 1.85E+06 1.86E+06 0.51 11.85 361 

d4 92.50 1.74E+06 1.75E+06 0.97 13.90 362 

d5 116.00 2.12E+06 2.14E+06 1.42 14.65 363 

d6 140.00 1.70E+06 1.75E+06 1.87 15.35 359 

d7 162.50 1.46E+06 1.61E+06 2.23 16.42 359 

d8 186.00 9.95E+05 1.49E+06 2.51 16.74 353 

d9 210.00 5.50E+05 1.37E+06 2.69 16.75 356 

d10 239.00 3.45E+05 1.49E+06 2.82 16.63 357 

d11 259.00 2.85E+05 1.56E+06 2.88 16.78 356 
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Mixture 8 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0 225000 225000 0 7.661183 422 

d1 17.5 280000 280000 0.044012 8.008667 419 

d2 44 685000 685000 0.163978 9.176683 422 

d3 67 1520000 1515000 0.40493 10.97657 416 

d4 92.5 1755000 1755000 0.821775 12.67801 414 

d5 116 1800000 1835000 1.239465 13.79573 412 

d6 140 1565000 1585000 1.642608 14.25855 414 

d7 162.5 1235000 1405000 1.956144 14.90363 417 

d8 186 825000 1385000 2.194963 14.91732 405 

d9 210 370000 1460000 2.331143 14.83782 412 

d10 239 160000 1665000 2.403788 14.57679 407 

Mixture 9 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 2.85E+05 2.85E+05 0.00 7.53 386 

d1 17.50 3.00E+05 3.05E+05 0.05 7.93   

d2 44.00 8.20E+05 8.20E+05 0.19 9.48 386 

d3 67.00 1.94E+06 1.94E+06 0.49 11.93 377 

d4 92.50 2.42E+06 2.42E+06 1.04 13.47 386 

d5 116.00 2.18E+06 2.19E+06 1.58 14.46 381 

d6 140.00 2.33E+06 2.35E+06 2.12 14.95 384 

d7 162.50 1.97E+06 2.14E+06 2.60 15.55 381 

d8 186.00 1.40E+06 2.24E+06 2.99 15.69 380 

d9 210.00 8.95E+05 2.23E+06 3.26 16.12 383 

d10 239.00 4.65E+05 2.42E+06 3.45 15.86 382 

d11 259.00 2.40E+05 2.05E+06 3.52 14.96 384 
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Mixture 10 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 1.55E+05 1.55E+05 0.00 7.33 389 

d1 17.50 2.60E+05 2.60E+05 0.04 7.86   

d2 44.00 9.55E+05 9.55E+05 0.18 9.33 386 

d3 67.00 1.89E+06 1.89E+06 0.49 11.46 365 

d4 92.50 2.30E+06 2.30E+06 1.02 13.68 381 

d5 116.00 2.47E+06 2.47E+06 1.58 14.78 377 

d6 140.00 2.08E+06 2.11E+06 2.13 15.34 377 

d7 162.50 1.75E+06 1.86E+06 2.56 15.48 378 

d8 186.00 1.58E+06 2.15E+06 2.94 15.95 377 

d9 210.00 8.80E+05 1.95E+06 3.23 16.23 376 

d10 239.00 4.80E+05 2.01E+06 3.42 14.46   

d11 259.00 3.60E+05 2.16E+06 3.51 15.47 375 

BIOGRO CHO 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 1.90E+05 1.90E+05 0.00 7.65 314 

d1 17.50 3.10E+05 3.10E+05 0.04 8.17 314 

d2 44.00 1.40E+06 1.40E+06 0.23 13.52 313 

d3 67.00 2.60E+06 2.60E+06 0.68 21.53 307 

d4 92.50 3.72E+06 3.74E+06 1.48 31.92 307 

d5 116.00 2.95E+06 2.96E+06 2.25 35.80 308 

d6 140.00 2.61E+06 2.91E+06 2.92 36.60   

d7 162.50 1.34E+06 2.69E+06 3.35 38.50 308 

d8 186.00 6.45E+05 2.58E+06 3.57 39.05 309 

d9 210.00 5.50E+04 8.80E+05 3.63 38.35 313 
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Basal Ham‟s F12K 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol 
(cell*hours/ml) 

Mab 
concentration 
(mg/L) 

Osmolality 
(mOsm/kg) 

d0 0.00 1.90E+05 1.90E+05 0.00 7.48 327 

d1 17.50 3.35E+05 3.35E+05 0.04 8.05 328 

d2 44.00 1.08E+06 1.08E+06 0.21 9.93 
 d3 67.00 1.90E+06 1.90E+06 0.55 11.92 321 

d4 92.50 1.95E+06 1.95E+06 1.04 13.98 326 

d5 116.00 1.88E+06 1.90E+06 1.49 15.56 332 

d6 140.00 2.13E+06 2.16E+06 1.96 16.26 330 

d7 162.50 1.82E+06 2.02E+06 2.41 17.14 318 

d8 186.00 1.48E+06 1.82E+06 2.79 18.34 327 

d9 210.00 1.20E+06 1.78E+06 3.11 19.15 327 

d10 239.00 9.70E+05 1.63E+06 3.43 19.82 332 

d11 259.00 9.90E+05 1.68E+06 3.62 19.68 330 

d12 282.50 7.55E+05 1.38E+06 3.83 18.46 312 

d13 307.50 7.55E+05 1.34E+06 4.02 20.14 328 

d14 335.50 7.00E+05 1.34E+06 4.22 19.37 323 

d15 354.50 6.75E+05 1.34E+06 4.35 19.63 322 

d16 378.50 5.95E+05 1.34E+06 4.50 20.30 326 
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 Chapter 6: Glycan Analysis Summary 12.4

  Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 

%G0 0 0 0 0 0 0 

%G1 6.53 4.26 3.77 6.78 4.54 8.69 

%G2 2.41 2.55 4.06 3.85 4.12 1.92 

%G0F 6.58 2.34 2.61 4.29 2.53 10.04 

%G1F 18.28 16.39 19.66 15.57 17.51 20.15 

%G2F 43.69 47.48 47.77 41.69 48.64 36.17 

%G2S1F 9.17 9.48 8.74 11.82 8.77 7.6 

%G2S2F 3.38 3.04 2.18 4.12 2.52 2.39 

Remainder (other 
glycoforms) 9.96 14.46 11.21 11.88 11.37 13.04 

              

  Mix 7 Mix 8 Mix 9 Mix 10 BIOGRO HF12K 

%G0 0 0 0 0 0 0 

%G1 3.66 2.37 3.76 3.73 19.49 7.68 

%G2 3.64 2.26 3.1 3.26 2.3 2.19 

%G0F 2.82 2.42 2.61 2.87 14.91 8.34 

%G1F 14.59 18.41 17.26 16.95 11.92 18.56 

%G2F 42.62 50.65 48.87 49.02 21.6 30.03 

%G2S1F 15.69 9.04 9.94 9.52 7.05 14.66 

%G2S2F 6.66 2.57 3.13 2.81 1.93 8.83 

Remainder (other 
glycoforms) 10.32 12.28 11.33 11.84 20.8 9.71 
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 Chapter 6: Cell Growth and Productivity 12.5

BIOGRO CHO 37°C Control 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol (1E8 
cell*hours/ml) 

Mab 
concentration 
(mg/L) 

t0 0.00 2.00E+05 2.00E+05 0.00   

t1 13.00 2.05E+05 2.05E+05 0.03 6.85 

t2 39.00 1.01E+06 1.01E+06 0.16 8.76 

t3 63.00 2.46E+06 2.46E+06 0.55 13.92 

t4 86.50 3.41E+06 3.41E+06 1.23 20.54 

t5 110.50 3.51E+06 3.56E+06 2.06 27.63 

t6 135.00 2.31E+06 2.69E+06 2.76 32.50 

t7 160.00 1.45E+06 2.56E+06 3.22 36.55 

t8 184.50 6.70E+05 2.29E+06 3.47 37.33 

t9 208.00 1.45E+05 1.49E+06 3.55 37.42 

BIOGRO Temperature Shift 

Sample 

Culture 
Time 
(hours) 

Viable Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol (1E8 
cell*hours/ml) 

Mab 
concentration 
(mg/L) 

t0 0.00 2.00E+05 2.00E+05 0.00   

t1 13.00 2.60E+05 2.60E+05 0.03 6.36 

t2 39.00 9.80E+05 2.48E+06 0.17 8.47 

t3 63.00 1.93E+06 1.93E+06 0.51 12.11 

t4 86.50 2.73E+06 2.74E+06 1.05 21.56 

t5 110.50 3.92E+06 3.92E+06 1.84 31.74 

t6 135.00 4.08E+06 4.09E+06 2.82 41.69 

t7 160.00 5.08E+06 5.08E+06 3.96 49.74 

t8 184.50 3.39E+06 4.74E+06 4.98 55.29 

t9 208.00 2.12E+06 4.56E+06 5.61 58.05 

t10 232.50 1.16E+06 3.11E+06 6.00 60.14 

t11 256.50 9.00E+05 3.70E+06 6.25 61.49 

t12 280.50 5.50E+05 2.83E+06 6.42 60.89 
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M6 37°C Control 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol (1E8 
cell*hours/ml) 

Mab 
concentration 
(mg/L) 

t0 0.00 2.00E+05 2.00E+05 0.00   

t1 13.00 1.85E+05 1.85E+05 0.03 6.54 

t2 39.00 5.50E+05 5.50E+05 0.11 7.73 

t3 63.00 1.23E+06 1.23E+06 0.31 10.44 

t4 86.50 1.96E+06 1.96E+06 0.68 13.14 

t5 110.50 2.95E+06 2.95E+06 1.26 16.11 

t6 135.00 2.79E+06 2.79E+06 1.97 18.86 

t7 160.00 2.46E+06 2.46E+06 2.62 20.50 

t8 184.50 2.26E+06 2.27E+06 3.20 21.94 

t9 208.00 1.72E+06 2.00E+06 3.66 21.87 

t10 232.50 1.41E+06 2.17E+06 4.04 23.40 

t11 256.50 1.00E+06 2.51E+06 4.33 23.10 

t12 280.50 5.20E+05 2.32E+06 4.51 23.40 

M6 Temperature Shift 

Sample 

Culture 
Time 
(hours) 

Viable 
Cell 
Density 
(cells/ml) 

Total Cell 
Density 
(cells/ml) 

Chvol (1E8 
cell*hours/ml) 

Mab 
concentration 
(mg/L) 

t0 0.00 2.00E+05 2.00E+05 0.00   

t1 13.00 2.50E+05 2.50E+05 0.03 6.26 

t2 39.00 6.45E+05 6.45E+05 0.14 7.62 

t3 63.00 1.23E+06 1.23E+06 0.35 10.35 

t4 86.50 1.55E+06 1.55E+06 0.68 13.77 

t5 110.50 1.97E+06 1.98E+06 1.10 20.34 

t6 135.00 2.42E+06 2.42E+06 1.64 27.89 

t7 160.00 2.77E+06 2.78E+06 2.28 32.86 

t8 184.50 2.18E+06 2.18E+06 2.89 40.46 

t9 208.00 2.19E+06 2.19E+06 3.40 45.22 

t10 232.50 2.05E+06 2.06E+06 3.92 50.75 

t11 256.50 1.41E+06 1.44E+06 4.33 52.43 

t12 280.50 1.10E+06 1.20E+06 4.63 55.02 

t13 302.50 1.05E+06 1.22E+06 4.86 56.16 

t14 327.50 5.40E+05 9.75E+05 5.05 57.61 

t15 350.50 5.00E+05 1.31E+06 5.17 60.12 

t16 376.50 3.05E+05 1.53E+06 5.28 61.68 
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That‟s it! 


