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ABSTRACT 

A Chinese Hamster Ovary cell line (CHO l-5500) co-transfected with h-tP A and dhfr was studied 

in batch culture mode. The concept of the cell-hour (the biological capacity for production) was 

develope~ placing evaluation of cell population and protein production on the same cwnulative 

basis, within the epigenetic time domain. The specific productivity of human tissue type 

plasminogen activator (h-tPA) was found to be growth-phase-associated, with maxima in the lag 

(0.065 pg c-h-1) and early decline (0.040 pg c-h-1) growth phases. The product titer was found to 

have a maximwn (10.5 mg L-l) in batch culture under many different conditions. The h-tPA 

production was also evaluated as a function of the physiological state of the cells, by population 

segregation on the basis of cell cycle phase. Appearance of extracellular h-tP A was found to 

directly correlate to the G 1 cell cycle phase (0.080 pg G lc-h-1), while DHFR content per cell was 

greatest during the S cell cycle phase. 

Morphological type (substratum adherent, aggregate suspension, and dispersed suspension) could 

be induced by agitation rate and serum concentration. Aggregates, which were seen to have large 

void volwnes stabilized by cytoplasmic bridging, had a medium growth rate (JJ.max = 0.016 h-1), 

but a short exponential growth phase and low batch averaged specific productivity (QtPA = 0.021 

pg c-h-1). Simple dispersed suspension systems with serum-free medium (DS) attained the same 

product titer as microcarrier-attached systems with I 0% FBS (MS), while the h-tP A concentration 

as a percent of total extracellular protein was greater by a factor of 8. Slow growing DS (~ = 

0.012 h-1), had a higher specific productivity (Qii>A. = 0.045 pg c-h-1) than the MS Ulmax = 0.026 h-1, 

QtPA = 0.037 pg c-h-1
). 
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Three metabolic phases were identified during batch culture. supporting the view that phase I 

gluconeogenesis and DHFR mediated glycine production are used by CHOI-5500 cells. 

Production of h-tP A coincided with the first metabolic phase so that strategies to lengthen this 

phase should extend the productive portion of a batch culture. 

A partially structured model for hybridomas was adapted to the more complex metabolism of 

CHOI-5500. The model. which contained 15 equations and 24 parameters. provided a good fit to 

the three metabolic phases. Metabolic switches were assumed to coincide with depletion of 

glucose and glutamine to constant levels of 0.5 mmol L-1
. 
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1. INTRODUCTION 

1.1 Animal Cell Culture: History and Current Status 

Animal cell culture had its beginnings more than 100 years ago (1885). when Roux maintained embryonic chick cells 

in a saline solution (Butler, 199 l ). Over the next half century. the techniques necessary for the culturing of animal cells 

in i'itro were developed. but animal cell culture was not widely used. primarily because of the high probability of 

bacterial contamination. The discovery and production development of antt"biotics such as penicillin and streptomycin 

in the I 940s resulted in the widespread use of animal cell culture as a laboratory technique. Long term animal cell 

culture was still hampered by the mortality of normal cells. until continuous cell lines began to be available such as the 

chemically transformed mouse L cells and the tumor-derived HeLa (human carcinoma) cell line. In the 1950s Earle 

and Eagle developed chemically defined basal media to replace the undefined biological extracts previously used 

(Butler. 1996). This had the advantage of consistency between batches, ease of sterilization and reduced risk of 

contamination. 

The basis for the development of commercial products from animal cell cultures was established by the work of 

Enders' group. when they reported in I 949 that the poliomyelitis virus could be grown in cultures of human 

embryonic cells (Butler, 1996). The polio vaccine was produced for mass vaccination in the 1950s. becoming one of 

the first major commercial products from cultured animal cells. From that time on. until the mid- I 970s. the 

biologicals that were developed were primarily human and veterinary vaccines (Butler, 1996). In 1975, Kohler and 

Milstein established monoclonal antibody production from hybridomas, while the first recombinant cell line was 

developed in 1979. Human tissue plasminogen activator became the first recombinant protein therapeutic to be 

produced commercially by mammalian cell culture (Watson et al, 1992). Over the past 20 years. an ever increasing 

range of products from animal cell culture have found. and continue to find. commercial application. Hence, the 

study of the optimization of animal cell culture to maintain consistently high specific productivities and product titers 

is of increasing importance. 

I 
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1.1.1 Cell Lines 

Animal cell cultures can be divided into three main categories: primary cell cultures, finite cell lines, and continuous 

cell lines (Schaeffer. 1990}. 

Cells taken directly from an animal are used to form a primary culture in vitro. The cells of primary culture can be 

detached from the culture vessel by serine proteases such as trypsin, or by chelating agents such as EDT A These 

cells can then be used to initiate a secondary culttire. by reseeding them into fresh medium at high density. Cells 

originating from a primary culture can often be transferred serially several times, as a secondary culture. 

Primary animal cuhures are usually prepared from relatively large tissue masses, and so will contain a variety of more 

and less differentiated cells. The cells from a primary culture can be manipulated so as to isolate a single cell type. 

Cells that divide best in culture are of embryonic origin, or have the spindle shape and growth rate of fibroblasts. both 

of which are relatively non-differentiated. These cells can outgrow other cell types in a primary culture. Cell types 

can be separated on the basis of size or density. A single cell type isolated from a primary or secondary culture can be 

used to form a cell line. Primary and secondary cultures are known as diploid or normal cell cultures, while cultures 

of a single cell type are known as 'finite' cell lines, because normal cells are characterized by a finite life span. Cells 

derived from human embryonic tissue have been shown to have a growth capacity of approximately 50 generations 

(Hayflick and Moorhead. 196 l }. while cells derived from an adult animal have a proportionately lesser growth 

capacity. Normal cells can be stored in liquid nitrogen. arresting the natural aging of the cell population. and thus 

allowing finite cell lines to be available for culture indefinitely. 

Normal cells can become transformed to 'immortality', which is defined as a capacity for infinite m.unber of divisions. 

Such a population of cells is termed a 'continuous' cell line. Transformation causes the cells to lose their sensitivity to 

one or more of the stinruli normally associated with growth control. Transformation is sometimes associated with 

altered chromosomal patterns such as aneuploid chromosomal complements of the individual cells, resulting in a 

heteroploid culture. Transformation can occur spontaneously. especially as a normal cell line ages, or it can be 

brought about by the fusion of normal cells with immortal cells, or by the use of oncogenic chemicals or viruses. 

Continuous cell lines offer obvious advantages over normal cell lines for the large-scale formation of commercially 

valuable bioproducts. which are termed biologicals. The origins of these cells has been the cause of concern over the 

poSSibility of contamination of their products with tumorogenic agents., particularly with respect to biologicals for 

human consumption. However, stringent monitoring. control of the recogniz.ed dangers, and improved analysis of the 

final product have led to a relaxation of the restrictions on the use of these cells in the last decade. 



Chapter I: lntrodMdion page J 

Well-characterized animal cell lines are usually chosen in the development of production processes for biologicals. 

Known growth characteristics can be used to monitor and control reprodua"bility between batches, while known 

genetic characteristics can be used to monitor genetic drift. Biologicals produced from well-characterized animal cell 

lines are generally more readily acceptable to regulatory and licensing bodies. Some commonly used cell lines are 

listed in Table l. I. 

Table l.l: Some pharmaceuticals produced from cultured animal ceDs (Genetic Engineering News, 1997) 

Product Oinical Use Animal Cell Production System 

Alpha-lnterferon cancer, viral infection Namalwa stirred tank 

Beta-Interferon cancer, viral infection CHO various 

Erythropoietin anemia CHO roller bottles 

tPA thrombolysis CHO stirred tank 

FactorVIIl hemophilia CHO various 

Hepatitis B surface vaccine CHO ?? 
antigen 

Human growth honnone dwarfism Cl27 ?? 

Granulocyte colony chemotherapy rescue CHO stirred tank 
stimulating factor 

Monoclonal Antibodies: 
various diagnostics Hybridomas various 

Orthoclone OKTJ kidney transplant Hybridomas stirred tank 

Centoxin septic shock Hybridomas perfused suspension 
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1.2 Biopharmaceuticals from Genetically Engineered Mammalian Cells 

Animal cell lines. particularly mammalian cell lines. are an important source of protein products, especially protein 

therapeutics and (medical) diagnostics. Extreme selectivity is frequently a requirement of proteins used for diagnostic 

purposes. Therapeutic proteins must be not only highly specific. but also essentially free of undesirable side effects, 

such as the elicitation of an immune response. For these reasons, the protein product must be identical or nearly 

identical to the naturally occurring protein. That is., the protein must be produced, purified and formulated with high 

fidelity. 

Genetically engineered proteins represent a new generation of drugs. Such drugs must be precise copies of the 

proteins in the human body that they are intended to replace. Because of their complexity, these molecules can only 

be made by biotechnological methods, and the only systems able to produce completely accurate copies of the most 

complex proteins are cultures of animal cells (Cartwright, 1994). The source cell producing the natural protein may 

not be a good candidate for cell line development and culture (eg. the native cell may be difficult and/or dangerous to 

culture in vitro). The advent of recombinant DNA technology has enabled the production of mammalian protein 

products, which are virtually identical to the natural proteins, in well-established mammalian cell lines. 

In the late l 970's, when production of heterologous protein in bacteria was demonstrated, it was confidently predicted 

that cell culture methods would eventually be completely superseded by recombinant DNA technology using 

microbial host systems (Cartwright, 1994). By the early 1990s, however, animal cell culture for recombinant proteins 

represents over half of the revenue generated by the new biotechnology (Spier, 1992). The higher absolute protein 

yield in yeast or bacteria is offset by product losses in purification and lack of fidelity in the protein product. In 

contrast, the lower absolute yield from mammalian cells is more than offset by the relative ease of downstream 

processing and the fidelity of protein synthesis. In fact, the main reason why bacterial and yeast systems have not 

proved satisfactory for the production of all proteins is their incapacity to reproduce mammalian proteins with 

complete fidelity. Even after accurate translation of the relevant mRNA, many proteins produced in animal cells 

undergo a number of post-translational chemical modifications or processing steps before the mature protein is 

secreted (Table l.2). These modifications, including the secretion itsel( cannot all be accurately reproduced by 

microbial systems (Cartwright, 1994). 
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Table 1.2: The post-translational modifications most frequently encountered in mammalian proteins. 

(Cartwright. 1994) 

Post-Translational Modifkatioos 

glycosylation 

y-carboxylation of glutamic acid 

j3-hydroxylation of aspartic acid 

phosphocylation and sulphatations 

proteolytic processing 

amidations 

The relaxation of the previous regulations which limited production to strictly diploid cells opened the way to the use 

of cells of unlimited life span which can be cultivated on a large scale using new bioreactor configurations that are not 

well adapted to the growth of diploid cells. It also opened the way to the use in production of newly created types of 

cells such as hybridomas and cells transfected with exogenous genes placed under the control of powerful promoters 

and enhancers capable of driving levels of protein expression unobtainable m normal diploid cells. For example, the 

maximum level of beta interferon obtainable in diploid fibroblasts was of the order of 4 X 104 U/mL compared with 

levels of 107 U/mL obtained in recombinant CHO cells. Also, the yield oftPA was 0.2 mg/Lin the highest producing 

naturally occurring cells (Bowes melanoma) compared with SO mg/L and higher in engineered myeloma or CHO cells 

(Cartwright. 1994). In practice, several high-performance cell types now have an established trade record in 

biopharmaceutical production, including CHO cells, BHI< 21 cells, and various hybridomas. myelomas, and 

lympboblastoid cells. 
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1.2.1 Research and Development 

Animal cell biotechnology as a means of producing pure protein products can be roughly divided into six key areas, 

which are all actively evolving (Table 1.3). Cartwright ( 1994) summarizes the status of some aspects of these areas: 

1. Expression ofbeterologous proteins in animal cells 

Many systems exist which successfully obtain high levels of transcription of heterologous genes in animal cells. A 

need remains for the development of more efficient transfection procedures. better amplification methods and methods 

for directing the required gene to the regions of the genome which are most efficiently transctibed. The influence of 

post-translational events on the eventual secretion of recombinant proteins is being actively studied. While this work 

is still in its infancy, investigation indicates that the processing and secretory mechanisms may be limiting in cells which 

produce very high levels of heterologous mRNA Overall, knowledge of processing pathways and how they can be 

manipulated are topics which require in depth investigation in the future. 

2. Medium design 

Medium design has advanced greatly over the last few years. Defined media are now available for most cell types, 

and it is not usually necessary to supplement cultures with animal serum. It is clear that any new processes should be 

designed to operate using serum-free or (even) protein-free medium. One phenomenon which requires further 

investigation is that of programmed cell death or apoptosis. It appears that continuous stimulation by specific growth 

factors via cell-surface receptors may be essential to prevent activation of a preprogrammed 'suicide' sequence. 

3. Large-scale growth of animal cells Cbioreactor design) 

Advances in this area have been considerable. A wide range of different types ofbioreactors have now been operated 

successfully and the previously held dogmas of the fragility of animal cells and their nonsuitability for the application 

of mass-culture techniques have been largely laid to rest. Much attention is currently focused on how to deliver 

adequate oxygen supply without damage to the cells caused by their contact with gas bubbles. 

Diagnostic and therapeutic proteins are low volume, high value products. For example, microgram quantities per test 

or per dose are frequently sufficient. Manunalian cell bioreactor volumes of 100 litters or less are commonly sufficient 

for commercial production of protein products. Therefore, scalCHlp constraints and/or strategies of bioreactor designs 

are not a crucial issue of commercial mammalian cell culture in comparison to commercial microbial culture such as 

the production of antibiotics. 
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Table 1.3: CWTeDt progress in key areas in the production of animal cell based biopbarmaceuticals. 

(Cartwright. 1994) 

Technical Area 

Expression of 
heterologous protein 

Medium Design 

Bioreactor Design 

Cell physiology 

Resolved Issues 

- High transcription levels are achieved in 
several systems. 

- Serum-free media exist for many cell 
types 
- Completely protein-free media exist for 
some cells 

- A wide variety ofbioreactor 
configurations are established permitting 
large scaJe culture of most cell types 

Downstream processing - Very effective purification procedures 
exist 
- Very effective characteriz.ation 
procedures exist 

Regulatory - Approval framework for the use of high 
yield contimJous cell lines 
- Adaptation of the batch concept to 
incorporate production from fed batch 
a.dture systems 

Unresolved Issues 

- Control of transcription 
- Adequate and correct post-translational 
processing and secretion 
- Better knowledge of insect cells 

-Optimizationofmediaforspecificcell 
types in specific production systems 

- More efficient oxygenation without cell 
damage 
- Improved monitoring 
- Control of cell cultures based on the 
physiological state of the cells 
- Better homogeneity in high density systems 

- Control of differentiation and of switches in 
physiological state 
- Limitation of toxic product production 
- Ideal nutrient feed programs 
- Role of physiological state in protein 
production 

- Development of more and better specific 
synthetic ligands 
- Improved stability of membranes and 
column support material for better CIP 
- Higher capacity. higher flux systems 

- Rationalization of some aspects of the 
required procedures 
- Development of simp1'!r validated tests for 
DNA. virus, etc. 
- Integration of continuous cell culture 
processes into the regulatory framework. 
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The control and monitoring of cell growth, viability and product generation is one of the key areas requiring further 

study. No satisfactory way exists at present of following many of the important culture parameters in real time. This 

is important both for the reproducibility of production runs and for early detection of deviations occurring from the 

established process norms. Recent studies have shown that post-translational modifications of protein may be very 

sensitive to changes in the culture environment and therefore accurate p~ control can have a direct effect on 

product authenticity as well as on product yield. Process controlis being approached both by the design of new. near 

on-line monitoring instrumentation and by the development and validation of appropriate mathematical models. 

However, much remains to be accomplished in both of these areas. 

4. Physiology of cultured cells 

Although it is known that many external factors and reagents influence the productivity of cells, little is known 

regarding the mechanisms by which this occurs and optimiz.ation of such factors is still essentially empirical. Recently. 

· cell cycle theory is beginning to be applied to observed population dynamics. However. for the most part, the cell 

remains a 'black box' with few inputs being monitored and their effects on the outputs being poorly understood. Thus, 

cellular physiology is also an area where substantial research is required. The relationship between the study of 

cellular physiology and the ability to monitor and model cell responses is clear. as is the relationship between these 

elements and the design of a fully optimized and defined medium. Integrated studies in these areas are likely to be 

particularly fruitful in tuning the cells for maximum production of authentic product. 

5. Product purification and characterization (Downstream processing) 

Advances in efficient protein purification methods and in the analytical procedures required to demonstrate the purity 

of the product and the absence of proscnbed contaminants have been central in permitting exploitation of the animal 

cell production systems now available. Effective. validated purification is one of the main struts supporting the 

regulatory position which permits the use of continuous cell lines. Protein chemistry techniques are partiauarly 

important for the verification of product authenticity, such as the identification of the correct glycofonn of the protein. 

Successful downstream processing is directly dependent on the upstream processes. 

6. Regulatory considerations 

Each phase of the production process has to satisfy the relevant regulatory requirements. The parallel existent between 

the successive marwfacturing steps and associated regulatory concerns is illustrated in Figure 1.1. 
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1.3 Scope and Objectives 

The overall objective of this work was to further the understanding of the metabolism of rCHO cel1s, and to apply the 

resulting information to the optimimion of the rulture system for the production of a recombinant protein. The study 

involved two key areas for comparison: 

i) morphological type; and ii) major substrate concentrations. 

All studies were carried out on a relatively small scale, ranging from IO mL to I 000 mL working volumes. Bioreactor 

configurations were restricted to static T-flasks and Spinner Flasks. The spinner flasks fall within the stirred tank 

category ofbioreactors, which is the most commonly employed bioreactor configuration. The batch mode was utilized 

in these studies. as this mode is used almost exclusively in the production of therapeutic proteins. 

The growth and productivity of the cells were compared in three different morphological types: 

a) substratum attached (on T-flask surface or on microcarriers); b) aggregated suspension; and c) dispersed (single 

cell) suspension. 

The effects on growth and productivity of the initial concentrations of serum. glucose, glutamine, and lactate were 

evaluated. 

Finally, mathematical modeling was attempted in order to predict recombinant protein productivity as a function of 

major substrate initial concentrations, and of the biological capacity for production. A partially structured, non­

segregated metabolic model which was developed in this laboratory (Phillips, 1991) for a hybridoma cell line, was 

modified for this recombinant Chinese Hamster Ovary cell line. Population growth phase association of production 

was evaluated, and assessed as a function of the physiological state of the cells (cell cycle phase). 

This study focused on the second and fourth key areas of animal cell biopharmaceutical technology for the production 

of pure (secretory) protein products, as descnbed above. Specifically, the work centered on cellular physiology and 

metabolism in batch culture and the impact ofinitial substrate concentrations. 

As mentioned above, Chinese Hamster Ovary (CHO) cells, are one of the cell types with established records in 

biopharmaceutical production. As such. serum-free media are comrnercially available that will support many CHO 

cell lines. A number of CHO cell lines expressing recombinant secretory proteins are available to the researcher, 
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through (for example) the American Type Cuhure Collection (ATCC). In choosing a representative cell line, it is of 

primary importance that the secretory protein product can be assayed accurately and (relatively) easily. Wrth these 

constraints in mind. a CHO cell line expressing recombinant lruman tissue plasminogen activator (h-tP A) was chosen 

from ATCC (accession# CRL 9606). A body of knowledge exists with respect to the culturing of Chinese Hamster 

Ovary cell lines. Human tissue plasminogen activator is a secretory glycoprotein. and is therefore representative of this 

class ofbiophannaceuticals. Human tmue plasminogen activator has been purified and produced for at least the last 

15 years (Section 2). Therefore, a mnnber of assay procedures have been developed (Table l.4). 

Table 1.4: Commercially available tP A assays ( e-tP A = extracellular tP A; i-tP A = intracellular tP A) 

Detection Format Assay Type Reference/Manufacturer 

e-tP A concentration spectrophotometric: cleavage reaction Boehringer Mannheim 

e-tP A activity spectrophotometric: cleavage reaction Boehringer Mannheim 

t>-tP A concentration sandwich ELISA COELIZA, KabiVrtrum 

e-tP A activity spectrophotometric: fibrinolysis Verheijen et al, 1982 

i-tP A concentration enhanced sonication/chemiluminescent Linetal, 1993 
blot 
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In summary, the specific goals of the research were: 

• to more fully characterize growth and productivity of a commercially important recombinant manunalian 

contimJous cell line in batch mode, with the aid of improved analytical techniques such as those cwrently 

available with flow cytometry. 

• to compare growth and productivity of this cell line in static and stirred tank bioreactor configurations; 

adherent on reactor surface or suspended microcarriers. as an aggregated suspension, or as a single cell 

suspension. 

• to adapt an existing partially structured model for simulating batch growth and productivity of this cell line, 

by utilizing metabolic infonnation obtained experimentally. 



2. LITERATURE REVIEW 

2.1 Mammalian Cell Culture 

The growth characteristics of mammalian cells differ considerably from those of bacteria and fungi, the traditional 

workhorses of biotechnology. All three cell types exlubit similar growth profiles, the classical lag, exponential, 

stationary, and decline phases of batch cell culture. Mammalian cells are distinct among these cell types in that the 

growth phases are longer (days) relative to those ofbacteria and fungi. which are on the order ofhours. Also, relative 

to the entire mammalian cell growth curve, its stationary phase is short. Typically, data collected on a daily or twice 

daily basis suggests a disappearingly short or non-eicistent stationary phase. Secretory proteins, which may be thought 

of as secondary metabolites, are typically produced over the entire span of the growth curve in mammalian culture, 

and are therefore not completely growth-phase-associated. Again, this is not typical of secondary metaboJite 

productivity in microbial systems, which tends towards a strong growth-phase-association. 

Population Growth Dynamics 

Parameters commonly used in descnbing batch mammalian cell culture are summarized in Table 2.1. Population 

growth ( cell proliferation) is conventionally assessed in terms of the concentration of cells per unit volume of medium 

(X), frequently termed the cell density (Xie and Wang, 1996; Merten, 1988; Takahashi et al., 1994; Suzuki and Ollis, 

l 990). In addition, the maximum viable cell concentration attained (Xv.,.J, the specific growth rate (µ), the percent 

viability (% V), and the average viable cell concentration (Xv .. ~ are all employed as measures of the state of the 

population (Xie and Wang, 1996; Merten, 1988; Takahashi et al., 1994; Suzuki and Ollis, 1990). 

Production of secreted (extracellular) proteins is commonly measured as the concentration of protein in the medium 

(Xie and Wang, 1996; Merten, 1988). Hence, production is the end point of synthesis, post-translational 

modifications, intracellular transport, and secretion (Suzuki and Ollis, 1990). Productivity may be represented by one 

or more of three parameters: 1) the specific productivity (qp) (Xie and Wang, 1996; Merten, 1988, Suzuki and Ollis, 

1990; Luan et al, 1987) which is the amount of protein product produced per cell per unit time; 2) the protein 

product accumulation rate (dP/dt) (Xie and Wang, 1996; Merten, 1988), also termed the volumetric productivity 

(Pvot); and 3) the maximum protein product concentration (Pmax) (Xie and Wang, 1996; Merten, 1988). The latter 

two are often expressed as functions of the specific growth rate (Takahashi et al., 1994; Gaertner and Dhurjati, 

JJ 
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1993a.b) or the viable cell concentration (Xie and Wang, 1996; Takahashi et al. 1994; Suzuki and Ollis, 1990). 

respectively. 

The specific productivity. qp, has been calculated in at least three different ways. For example. a method for 

evaluating the specific productivity was developed by Luan and co-workers ( 1987). In their technique. the 

volumetric cumulative product concentration measurements over the course of a batch culture were linearly 

regressed against the integral of the cell density measurements (which the authors called the .. Viability Index") 

over the same time interval. 

Employing apparent kinetic parameters. the kinetics of mammalian cell population growth and secretory protein 

productivity have been investigated in batch and continuous operating modes for the dispersed suspension 

morphological type. Similarities to the growth kinetics of microbial suspension systems have enabled the fitting of 

primary data (total cell concentrations and viable cell fraction) in simple, unstructured models to descnbe growth 

kinetics (Plullips. I 99 I): 

where 

and 

and where: 

where 

and 

XT is the measured total cell concentration (cells/mL) 

fv is the measured fractional viability 

~ is the apparent specific growth rate (h"1
) 

µ = µ-kd app 

µ is the specific growth rate (h"1
) 

k.i is the specific death rate 

(2.1) 

(2.2) 
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Descriptive parameters, such as the population doubling time (t.t = ln'l1Jl,,pp). have been Jerived from these simple 

expressions. The apparent growth rate has been assumed to be approximately constant within a growth phase. so that 

doubling times can be calculated which are characteristic of each growth phase. 

Not all of the viable cells in a population of manunalian cells are actively dividing. Descriptions of mammalian cell 

population growth kinetics can be modified to include variables for growth fraction and for cell cycle length (Dutton. 

1992): 

d.Xr 
-=(µf -kd)Xv 
dt g 

where Xv is the viable cell concentration (cells/mL) 

µ is the average cell cycle rate (h"1
) 

~ is the growth ( actively dividing) fraction 

and k.t is the specific death rate (h"1
) 

The apparent population growth rate then becomes: 

where each of the variables is a function of culture time. 

(2.3) 

(2.4) 

Similarly, productivity has been fitted to a simple unstructured kinetic model from primary data consisting of total cell 

concentration, viable cell fraction and extracellular secretory protein concentration in the bulk medium (Dalili and 

Ollis. I 989): 

dPvot 
--=q Xv dt , 

where qp is the apparent specific production rate (m!ifmillion cells/h) 

(2.5) 
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This model assumes that none of the secretory protein is cell-associated (cytosolic and/or membrane bound). and that 

productivity is non-growth-associated. If the apparent specific production rate is assumed to be constant over the 

course of a culture. then it can be calculated as the slope of the measured cumulative secretory protein concentration 

against the integral of the viable cell concentration. Several researchers have found CL, to be a function of 1,1.pp- It has 

been suggested that this growth association is complete such that (Merten et al. 1985): 

(2.6) 

where a is the proportionality constant (mg/million cells) 

Other researchers have found evidence that secretory protein production is partially-growth-associated. and have 

modified the descriptive unstructured model for secretory protein production to include a term for growth association 

and a tenn for non-growth association (Miller et al. 1988), generally referred to as the Luedeking-Piret model in 

microbial systems (Bailey and Ollis, 1986): 

(2.7) 

where 13 is the constant portion of ctp which is independent ofµ {mg/million cells'h) 

Mammalian cells have been shown to utilize two main substrates. glucose and glutamine, as a carbon and energy 

source {Phillips. 1991 ) (Figure 2.1 ). Substrate consumption includes a growth rate dependent term and a population 

dependent term. Therefore. the rate expression for the consumption of each substrate is (Phillips. 1991 ): 

where 

ds µXv 
-=----mXv 
dt Ys (2.8) 

s is the substrate concentration (g/L) 

Y. is the cell yield on substrate (number cells produced / gram substrate consumed) 

m is the maintenance coefficient (g substrate/d/cell) 

µ is the specific growth rate (h"1) 
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Adenosine triphosphate, ATP, is the energy carrier of the cell. and is produced by the catabolic processes of 

metabolism, including glycolysis and the TCA cycle. It is consumed in the anabolic processes of metabolism. 

including biosynthesis and maintenance processes. The specific rate of ATP utilization may be expressed as (Pirt. 

1975): 

q µ . 
.-tTP = -f ~ m.-tTP 

ATP 

where YATP is the yield of cells from ATP ( cells' mol ATP) 

and mATP is the maintenance energy requirement (mol ATP/cell/h) 

(2.9) 

Mammalian cells have a substantial maintenance energy requirement, which may even exceed utilization of energy for 

biosynthesis (Miller et al., 1989). Thus, even non-dividing viable cells consume significant quantities of substrate. In 

contrast, microoial cells have a very low maintenance energy requirement. 

Expressions for yield have been based on primary data consisting of the two major substrates, glucose and glutamine, 

and their associated major waste metabolites, lactate and ammonia Glucose, which is normally provided in excess, is 

catabolized via glycolysis to lactate, with a molar lactate yield on glucose ranging from 1.0: 1.0 to 1.8: 1.0. Lactate 

concentrations as high as 33 mmol/L have been shown not to affect growth or secretory protein production 

(Adamsonetal, 1987). 

Glutamine is utilized as a carbon source, a nitrogen source, an energy source and is also incorporated directly into 

proteins (Ozturk and Palsson, 1990a). Glutamine is subject to chemical decomposition, with a half-life, in culture 

medium at 37 °C, of6.7 days (Ozturk and Palsson, 1990). This decomposition also occurs at lower temperatures, 

such as when basal medium is stored at 8 °C, although at a slower rate. Accumulation of 3 to 4 mmol/L of 

ammonium, which is an end product of glutamine catabolism and chemical decomposition, has been shown to have no 

effect on cell growth (McQueen and Bailey, 1990; Glacken et al, 1986). Both glucose depletion and glutamine 

depletion are sufficient, but not necessary to cause hybridoma cell death (Phillips, I 99 I). Glutamine depletion can 

also end secretory protein production by hybridomas. The acannulation of ammonium and lactate yield a net 

decrease in pH which can also trigger cell death, once the buffering capacity of the medium has been exceeded. 

Phillips (1991) and Luan eta/. ( 1987) have shown that the glucose to glutamine mole ratio affects cell growth and 

secretory protein production. 
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Mammalian cells also require essential amino acids and trace mrtrients such as vitamins and minerals. A group of 

apparently essential components, required by most mammalian cell lines, includes insulin. transferrin, ethanolamine, 

and selenium (referred to as ITES). Some cell lines apparently require phospholipids in addition to ITES. Serum 

albumin is normally included in medium formulations, both as a protein and for its 'protective' properties. Many cell 

lines exhibit impaired growth and productivity in defined medium (serum-free medium). which is overcome at high 

cell densities. This suggests that 'growth factors' may be autocrine factors. This theory is the basis for utilization of 

'conditioned medium' (Dutton et al .. 1998) and offeeder cells in cloning. 

In addition, of course. mammalian cells require approximately 0.06 to 0.6 mmol of oxygen per billion cells per hour 

(1.9 to 19.2 mg-10-9 cells-h-1
) (Butler. 1996). and (an as yet undetermined concentration of) carbon dioxide. 

Mammalian cells require neutral pH, in the range of 6.5 to 7.5 pH units, and a narrow temperature range (eg. 

approximately 37 °C for human cells and most other mammalian cells in vitro). 

The population kinetics may be descnbed in terms of three overall reactions (Figure 2.2) (Dutton, 1992). The second 

reaction, which is unique to viable reaction systems, complicates the catalytic reaction kinetics (see below). 

Productivity may be maximized through optimization of this reaction system. The convergence of maximization of 

the first and second reactions with minimization of the third reaction should maximize secretory protein yield. 

Maximization of the rate of productivity is less clear (Dutton, 1992). 

The Mammalian Cell Cycle 

The cell theory was first proposed by Theodor Schleiden and Jacob Schwann in 1838 (Murray and Hunt, 1993). 

Their proposal had two main tenets: that every living organism is composed of one or more cells and that new cells 

can arise only by the division of pre-existing cells. Cell division is the only path to immortality. Nondividing cells can 

live for as long as a hundred years, but they always eventually die. 

Cell growth and division is a cornerstone ofbiology (Murray and Hunt, 1993), and is critical to the understanding of 

the dynamics of cell populations. Without understanding the checks and balances that direct orderly cell division, we 

cannot devise effective strategies to manipulate the dynamics of a population of cells. 

The cell cycle, a term coined by Howard and Pelc in I 953 (Lloyd et al. 1982). is conceptualized as a clock that 

measures the time it takes for a single cell to replicate (Martin. 1994). The four phases of the cell cycle were initially 

defined by the events in cell replication. The synthesis of DNA and mitosis itself were measurable in the early years of 

cell biology, and these provided the basis for 2 of the cell cycle phases, S (for DNA synthesis). and M (for 



Chapter 2: L.ilerabue Rmov 

NUTRIENTS 
(Reactants) 

NUTRIENTS 
(Reactants) 

NUTRIENTS 
(Reactants) 

CELLS 
(catalyst) 

Kl ('Ip) 

CELLS 

page 22 

PROTEIN (1) 
(Product) 

___ <~ __ ) __ _.,. MORE CELLS 
(more catalyst) (l) 

K2{J1) 

CELLS 
(catalyst) 

K3 

METABOLITES (3) 
(By-products) 

Figure 2.2 Overall reaction system of mammalian 
cell culture. 



CTu,pto 1: LiteraJJue Revkw page 23 

mitosis). Other events between the S and M phases were not easily measured. and were assigned the somewhat 

arbitrary names GI and G2, for the Qaps between Mand S. and Sand M phases. respectively (Martin. 1994). 

The following gives a brief summary of the mammalian cell cycle as descnbed by Baserga ( 1976). The cell cycle of 

continuously dividing cells is represented in Figure 2.3. 

Following cell division. or mitosis (M phase). there is a period (GI phase) during which the cell is 

preparing for DNA synthesis. but no DNA synthesis occurs. The G l phase is followed by the S phase. 

during which DNA is replicated. After completion of DNA replication. the cell enters the G2 phase. in 

which it prepares for mitosis. The average mammalian cell cycle is approximately 24 hours in duration. 

but the length of the cell cycle as a whole and of its component phases vary greatly from one cell 

population to another and even among individual cells within a population. The cell size ( volume and 

mass) alters throughout the cell cycle corresponding to DNA synthetic activity and cellular division. 

The main event during the S phase is the replication of genetic material: DNA, histones. and 

nonhistone chromosomal proteins. Secretion of certain specific proteins occurs during the early part of 

the S phase. The G l phase is characterized by synthesis of various proteins (including microtubular 

proteins) and RNA required for mitosis. In mitosis, the tetraploid DNA splits into the normal diploid 

complement and is pulled apart along with the cell itself (i.e. the cell divides). The M phase is 

characterized by a marked decrease in protein and RNA synthesis. which ceases completely during 

metaphase and anaphase. By virtue of the very specific events of the M phase and the lack of synthetic 

activity, the length of the M phase is relatively short and is non-variable. The bulk of RNA and protein 

synthesis occurs during the G l phase, including the synthesis of specific and secretory proteins. The 

accumulation and/or synthesis of components required for DNA replication occurs in the latter part of 

the G l phase and the S phase. 

Cells which are not actively dividing are either senescent (terminally differentiated. or in the process of dying) or 

quiescent ('resting' with respect to proliferative activity). The life span of a cycling mammalian cell in culture has been 

shown to be typically 2.0 to 2.2 days. at which time the cell drops out of the cell cycle permanently and enters 

senescence ( de la Braise et al., 199 l ). This type of senescence is termed apoptosis, or programmed cell death. Life 

span varies both from cell line to cell line and within cell populations (de la Broise et al., 1991). Populations of 

normal cells (non-transformed) have a finite existence. Human embryonic cells have been shown to undergo a 

maximum of about SO to 60 doublings. after which the final generation enters apoptosis (Butler, 1996). Hence, the 

generation number of the inoculum will impact on the maximum duration of culture propagation. It is likely that 
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environmental conditions may affect the life span of individual cells. Numerous stimuli ( eg. viral infection, slow 

starvation, and deprivation of cell growth fdctors) can induce apoptosis of cells grown in culture (Mastrangelo and 

Betenbaugh. 1995). This natural process of dying is distinct, both in time span and in physiological state, from the 

general degenerative, traumatic cell death termed necrosis (Cartwright, 1994). Necrosis is a catastrophic event which 

is brought about by hostile changes in the culture environment. such as acidic pH levels. Cells enter necrosis from any 

quiescent or proliferative phase, while entry into apoptosis apparently occurs from the early G l phase, before the 

restriction point. 

A few of the characteristics that define apoptotic cells are 1) high levels of transglutaminase activity, 2) high 

cytoplasmic calcium ion concentrations, 3) shrunken cell size and accompanying increased buoyant density and rippled 

or ruffled membrane, 4) nuclear condensation and accompanying double-strand endonuclease cleavage of cellular 

DNA at linker regions between nucleosomes, 5) the formation of pseudopodia-like extensions, or blebs. of the 

membrane, 6) increased membrane permeability, 7) increased RNA and protein syntheses, and 8) increased rigidity 

(decreased membrane fluidity) (Mercille and Massie, 1994; Franek, 1995; Singh et al, 1994). In contrast, necrotic 

cells are characterized by increased cell size; increased membrane fluidity; and a marked decrease or cessation of RNA 

and protein syntheses (Mercille and Massie, 1994; Franek, 1995; Singh et al, 1994). 

Apoptotic and necrotic cells have a number of defining characteristics pertinent to protein production from a cell 

population. In contrast to necrotic cells which exlubit a marked decrease in RNA and protein syntheses (Mercille and 

Massie, 1994; Franek, 1995; Singh et al, 1994), apoptotic cells exlubit increases in the synthesis of some types of 

RN A and protein syntheses. Increases in the specific productivity during the decline phase of batch cultures could be 

explained if the protein product is preferentially synthesized by the increasing number of apoptotic cells. It has also 

been suggested that apoptotic cells exlubit increased secretion of accumulated protein (AI-Rubeai et al., 1992). In 

contrast, where protein productivity is associated with proliferation, it has been assumed that retarding the transition 

of a cell population into apoptosis will increase protein titre (Mercille and Massie, 1994; Mastrangelo and 

Betenbaugh, 1995; Franek, 1995). 

Cells can also exit the proliferative cycle reversibly, by entering a quiescent (with respect to cellular division) state. 

'Resting' cells are arrested in some stage of the cell cycle, but with the correct stimulation, may re-enter the 

proliferative state. Cells can be arrested in the G2 phase, the early part of the GI phase, or the S phase (Figure 2.4). 

Cells arrested in G2 are termed R2 and are characterized by a tetraploid DNA complement. Most commonly, cells 

are arrested in GI, and are termed GO. The GO phase differs from the GI phase in that none of the prerequisite 

material for DNA replication is assembled or synthesized, but synthesis of certain specific proteins continues. Cells 

arrested in GO have as much as a 30% lower complement of RNA (particularly nbosomal RNA) and total cellular 

proteins. when compared to cells in GI phase. Once cycling cells have commenced the assemblage and/or synthesis 
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of materials prerequisite for DNA replication. they are committed to enter the S phase. The point of commitment to 

proceed around the cell cycle is temied the restriction point. R. Cells that have passed the restriction point cannot exit 

the cell cycle to enter a resting phase until after the completion of DNA replication. except when induced to do so 

artificially (S phase arrest). It is controversial as to whether the resting state exists, or is merely a greatly extended GI 

or G2 phase, but this distinction is immaterial to the impact of variable cell cycle length on population kinetics. 

Nearly all cells(» 99%) in the exponential growth phase are maximally proliferative, such that the doubling time (of 

the growth, or cycling, fraction) is equal to the minimum length of the cell cycle (Baserga, 198S), the growth fraction 

is maximal and the death rate is negligible. This is one of the measures of balanced growth. In all other phases of the 

growth curve, the population is a mixture of nondividing cells, dying cells and dividing cells at various cell cycle 

lengths, such that the doubling time is a complex function of cell cycle time, growth fraction and rates of cell death 

and lysis (Baserga, 1985). Cell lysis is included here, as it may in itself affect the apparent growth rate. It is clear that 

conditions which affect any or all of these variables will impact on the apparent growth rate of the population. 

An inoculum taken from an exponential population growth phase will frequently exhibit a lag phase, with 

physiological factors such as amino acid uptake temporarily decreasing upon inoculation into fresh medium (Baserga, 

1976). Cells may exhibit an extended GI phase, or temporarily enter the GO phase. In general, the post-inoculation 

lag phase can be attnbuted to the orders of magnitude reduction in growth factors associated with the medium 

dilution attendant upon inoculation. The growth lag occurs while new enzymes and cofactors (required for nutrient 

assimilation) and growth factors (required for cell division) are synthesized (Baserga, 1985). In contrast, inoculating 

at high cell densities of exponential phase cells can prevent the population entering a lag phase (Dutton et al, 1998a). 

This supports the view that the use of low density inocula dilutes autocrine growth factors below some critical value 

required for continued exponential phase growth. 

While much of the investigative effort continues to be placed on the proliferative events of the cell cycle phases, there 

is some focus on RNA and protein synthetic activity also, as this is pertinent to protein productivity of a cell 

population (Suzuki and Ollis, 1990; Canwright. 1994; Kromenaker and Srienc, 1994). For example, it has been 

reported that many •secondary metabolites', such as MAbs, are preferentially synthesiz.ed during the Gl cell cycle 

phase (Kromenaker and Srienc, 1994; Tziarnpazis and Sambanis, 1994; Martens et al, 1993; Singh et al, 1994), 

while an absence of translation during G2 and M cell cycle phases has been observed (Suzuki and Ollis. 1990). Bibila 

and Flickinger (1992a) observed whole population averaged specific productivity of a secretory macromolecule 

(monoclonal antibody) to go through a rapid maxinwm at IS to 20 hours, followed by steady decline throughout the 

exponential phase and then a slow increase in the stationary phase and early decline phase. They found that DNA and 

protein synthetic activity peaked by the early exponential phase and decreased rapidly during middle to late 

exponential phase. Synthesis of DNA is restricted to the S phase, while synthesis and secretion of specific proteins by 
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several different cell lines have been reported to be restricted to the GI and early S phases of the cell cycle (Rubeai 

and Emery, I 990). 

Cell siz.e (mass and volume) closely correlates to the progression of the cell through the cell cycle: the cell si7.e is at a 

minimum by the end of M phase, increases throughout late GI phase and S phase, and remains at a constant 

maximum throughout the G2 phase (Ramirez and Mutharasan, 1990). Leno et al ( 1992) found that the average 

specific cell mass and the average specific cell volume as well as total DNA synthesis increased with increasing growth 

rate, and postulated that fewer cells are in the G 1 or GO cell cycle phase per unit time at high growth rates. The 

average cell volume of batch antures is constant and at a maximum during the e,cponeotial phase and decreases 

through the stationary and decline phases (Ozturk and Palsson. 1991; Daliii and Ollis. 1990). This finding correlates 

to a maximwn growth rate during the e,cponential phase. 

In order for the specific growth rate of the cycling fraction to increase. the total length of the cell cycle must decrease. 

lt is unlikely that the rate ofDNA synthesis (S phase) and the rate of cell division (M phase) are widely variable within 

the cycle of the individual cell. Therefore, it is most likely that the overall rate of the cell cycle depends upon the 

length of the GI and G2 phases and on movement into and out of the resting states. As stated above, many 

investigators have found that variation of the length of cell cycle phases is limited to the GI phase. 

The synthesis and secretion of specific proteins ( collectively referred to as specific protein production) proceeds in a 

highly orderly fashion from transcription through post-transcriptional modification. translation. post-translational 

modification, and interorganelle transportation, to exocytotic release of vesicle contents (Rubeai and Emery, 1990). 

Little is known about the post-transcriptional regulation of specific protein synthesis (Bibila and Flickinger, 1992b). 

lnvestigation of the biosynthesis of multi-chain secretory proteins such as inmwnoglobulins, suggest that these 

complex pathways may be regulated, with the rate of individual steps capable of being affected by manipulation of 

growth rates, nutrients and/or autocrine factors that may also stimulate proliferation (Bibila and Flickinger, 1992b ). 

Transcription through to transportation to the Golgi apparatus appears to be restricted to the GI phase of the cell 

cycle for many secretory proteins (Ramirez and Mutharason, 1990). Specific protein synthesis is a positive linear 

function of its mRNA concentration (Leno et al, 1992). Leno and co-workers (1992) found that the fraction of 

specific protein mRNA in the total RNA pool increased with increasing growth rate, and showed that this was due to 

an increase in the half-life of the mRNA rather than an increase in synthesis of the mRNA In batch cultivation. the 

levels of cytoplasmic mRNA specifying the heavy and light chains of an immunoglobulin, as well as the levels of total 

RNA, peak during the exponential phase and decrease significantly during the decline phase (Leno et al. 1992). This 

variation parallels the rate of DNA synthesis and the total cytoplasmic RNA That is, transcription is not affected by 

growth rate, or by RNA concentration. 
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Bibila and Flickinger (1992b) found specific antibody production to be controlled by the time scale of post­

transcriptional events, and established a set of ranges: complete assembly, IO to 20 minutes~ half-time for 

endoplasmic reticulum to Golgi apparatus transport, 30 to 60 minut~ and half-time for Golgi apparatus to medium 

transport, 5 to 20 minutes. Assuming that the GI phase comprises transcription, translation and a portion of 

transportation, and as&lI11ing that the overall length of the GI phase is controlled by the growth rate~ interactions of 

the post-transcriptional events and the growth rate will affect specific anbl>ody production (Bibila and Flickinger, 

1992b). Accordingly, in their model the length of the GI phase can vary by up to approximately 2 hours. 

Bibila and Flickinger (1992b) assumed amino acid assembly (translation) to be the rate limiting step. They simulated 

the effect of the magnitude of the assembly rate constant, which they termed kA. on the response of specific protein 

production rate to changing growth rate. Presumably, the driving force for specific productivity of cell lines having a 

low k"' is length, and not the number, ofthe GI phases per unit time. Conversely, the length of time available for 

assembly may be limited at high growth rates. This is in agreement with Leno et al (l 992) who observed a 7- to IO­

fold increase in the intracellular levels ofimmunoglobulin mRNA during the exponential population growth phase (i.e. 

during the maximum apparent population growth rate), implying that anbbody assembly (translation) is limited at high 

growth rates. According to the model ofBibila and Flickinger (1992b), a cell line having a medium kA of== 1.0 X 10· 
10 (molecules/cell·hour)"1 would have a specific production rate that is independent of exponential phase growth rate, 

while a high kA would yield a positive correlation between growth rate and specific production rate. 

Leno et al ( 1992) observed a 15- to 20-fold decrease in the levels of cytoplasmic and membrane-bound monoclonal 

annbody as the population passes from the exponential into the decline phase of growth. Meilhoc et al ( 1989) found 

that the fraction of the cell population with high membrane bound, or membrane associated, immunoglobulin G 

decreases throughout a batch cultivation, in parallel with the variation of the apparent population growth rate. The 

fraction of viable cells in the S phase is maximal in early exponential phase and the fraction of viable cells in GI and/or 

GO phase increases significantly during the decline phase (Leno et al, 1992). This suggests that as the cell division 

rate slows down, the time and energy available for interorganelle transport and post-translational modifications 

increases such that an increasing fraction of synthesiz.ed secretory protein is shifted to the Golgi apparatus. 

Conversely, interorganelle transportation of secretory proteins may be interrupted by the onset of DNA synthesis and 

cell division, such that membrane bound secretory protein concentration increases with increasing growth rate. 

Suzuki and Ollis (1990) developed a simple structured model for monoclonal annbody (MAb) production kinetics by 

combining the cell cycle theory with the population growth rate. They assumed that (some) ratEH:Ontrolling step is 

first order in MAb transcription, and that the growth rate variation does not alter the ( overall) MAb synthesis rate 

(translation), but only changes the relative time length of the individual cell cycle and sub-cell cycle phases. They 
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found a 50 to 130% MAb production rate enhancement for growth slowed up to 500/o. but that further decreases in 

the growth rate also decreased the MAb production rate. This suggests that I) a minimum secretory protein synthesis 

constant exists per cell cycle; or 2) decreased secretory protein productivity at very low growth rates is an artifact of 

nutritional and/or environmental inht'bition or limitation. 

Phillips (1991) and Dalili and Ollis (1990) both found negligible release of monoclonal anb'body from sonically 

disrupted hybridomas. However, the population growth phase of the disrupted cells was not reported by either of 

these investigators. Leno et al ( 1992) observed total cytosolic imnwnoglobulin to be at a minimum when cell cycle 

length is at a maximum. Hence, cells in the decline phase would have negligible cytosolic immunoglobulin 

concentrations. Following cessation of the exponential phase, MAb secretion is maintained at a high level for a limited 

period of time ( 48 to 72 hours) even though mRNA levels are decreasing (Bibila and Flickinger, 1992a). This implies 

that accumulated mRNA is being utilized and cell associated anb'body is completing interorganelle transport, post­

translational modifications, and secretion; while synthesis of mRNA is declining as the fraction of non-cycling (non­

proliferative) viable cells increases. Detergent extraction of cell lysates from particular population growth phases 

(associated with absolute or relative population growth rates) would better elucidate the pattern of intracellular 

secretory protein accumulation. 

Flickinger et al ( 1992) attn'buted the apparent rapid increase of specific antibody secretion rates during late decline 

phase to the increase of membrane degradatory agents (enzymes) released into the medium from lysing cells, which in 

tum release membrane bound ann'body from dead and dying cells and cell fragments into the medium. They 

postulated that this cell-associated imnwnoglobulin accumulated as a result of insufficient time to complete secretion 

during each cell cycle. 

Increasing specific production rates during the decline phase may result from a specific increase of synthesis of 

monoclonal antibody, in response to an increased pool of necessary nutrients released into the medium from dead and 

dying cells. Flickinger et al (1992) found that a pulse of amino acids (mcluding L-glutamine) stimulated the rate of 

ann'body release and that the effect of these amino acids was not attn'butable to release of previously synthesized and 

transiently stored MAb from the endoplasmic reticulum, Golgi apparatus, or post-Golgi vesicles. 

Bibila and Flickinger (1992b) calculated that hybridomas synthesize enough immunoglobulin mRNA to support 

(translate) a gene dosage of60 (i.e. enough mRNA to simultaneously translate 60 copies of the protein). Thus rDNA 

technology could markedly increase the specific productivity. 

In summary, the apparently baffling inconsistencies of superficial. non-segregated population dynamics indicate that a 

more detailed examination is required in order to elucidate growth and productivity patterns. The single units 
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comprising the population are the individual cells. An understanding of the mechanisms and environmental 

interactions of the individual cell nwst be established in order to extrapolate to population dynamics. Much work 

remains to be done in this area, but the current body of knowledge concerning cell cycle dynamics may be applied to 

better clarify observed population dynamics. 

Much of the above research was conducted with hybridoma cells. This is probably because: l) hybridomas are non­

adherent. and can therefore be grown in single cell suspension culture. which lends itself easily to analytical techniques 

such as flow cytometry, 2) hybridomas are commercially important; and 3) there is not a large body of biological 

research on hybridoma culture available for exploitation by the engineering research community (biological research 

on cell culture tends to be the purview of medical research, particularly cancer research.). 

Substratum Adherence 

Cell transformation has been known for many years to result in loss of the normal requirement for attachment 

and spreading before cell division can occur, and the ability to grow in suspension is observed in many malignant 

cells (Winterboume et al., 1993). Growth of cells as aggregates in static culture has been used as a criterion of 

transformation (Tolbert et al., 1980). Transformed cells differ morphologically from normal cells, which is a 

reflection of alterations in the structure of the cytoskeleton (Barritt, 1992). Transformed cells exhibit 

constitutive proliferation, which is thought to result from the presence of an oncogene which encodes an 

abnormal growth factor, an abnormal plasma-membrane receptor for a growth factor, or an altered component 

of one of the pathways of intracellular signaling (Barritt, 1992). These factors coupled with an alteration in the 

composition of the extracellular matrix permit the anchorage-independent growth of transformed cells, although 

often at reduced specific growth rates (Smith and Wood, 1996). To optimize growth kinetics, it is therefore 

advantageous promote the substratum adherent morphological type. 

Stable adhesion of anchorage-independent transformed cells to substratum (such as microcarriers) under the 

influence of hydrodynamic shear in a bioreactor is often difficult to achieve. This can be explained by a 

combination of two theories: I. the consecutive mechanisms of stable cell-substratum attachment; and 2. the 

model of consecutive replacement of substratum adsorbed proteins by surface-active attachment proteins. 
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Stable Cell-Substratum Attachment 

Cell adhesion to a surface is a very complex process involving an initial interaction between the cell and the 

substratum. followed by interaction between cell surface-binding sites and adhesive ligands. and finally 

reorganization of membrane components and cytoskeletal elements with accompanying spreading of the cell on 

the substratum (Cheung and Juliano, 1984). Adhesive ligands of more than one type may be involved, with 

interactions occurring sequentially. 

A pericellular matrix. or glycocalyx, composed of glycoproteins, proteoglycans, and carbohydrates forms 

around animal cells (Foa et al., 1994). Both integral and peripheral proteins contnbute to the glycocalyx (Smith 

and Wood, 1996). The peripheral proteins are bound to the surface of membranes by weak ionic interactions, 

and are easily removed in aqueous solutions (Smith and Wood, 1996). In cell culture, peripheral glycoproteins 

and proteoglycans can be contributed to the glycocalyx from serum in the medium. Conversely, when operating 

in serum-free conditions the peripheral components of the glycocalyx are easily lost to the medium. The 

addition to and preservation of the peripheral components in the glycocalyx is likely the aspect of serum which 

confers its well known 'protective role' in animal cell culture. 

One carbohydrate component of the glycocalyx is sialic acid, a highly charged acid-sugar molecule which 

contributes much of a cell's negative surface charge, and is thus a determining factor in electrophoretic mobility 

(McQuiddy and Lilien, 1974). The surface charge of cells is the instrument of initial interaction with substrata 

(Varani et al., 1996). The electrostatic attachment of cells to negatively charged glass surfaces is dependent 

upon the involvement of cations such as Ca -2 and Mg -2
. Electrostatic interactions of cells with plastic surfaces 

may be direct (positively charged plastic surfaces) or cation dependent. These electrostatic interactions are 

weak and can be easily broken. Cell surface attachment must be stabilized chemically with ligand to cell surface 

receptor binding followed by intramolecular disulfide bond rearrangements to form strong intermolecular 

covalently bonded aggregates of adhesion ligands connecting the cell to the substratum (Smith and Woods, 

1996). Lastly, adherence is stabilized biologically through membrane component and cytoskeletal 

rearrangements. 

The glycocalyx may also contain extracellular matrix components such as fibronectin, collagen types I and ill, 

and laminin (Wierzba et al., 1995), depending upon their availability in the medium. (When these components 

are not included in the medium formulation (eg. serum-free medium), the concentration gradient between the 

surface of cells in suspension and the medium ensures their absence from the glycocalyx.) These attachment 

factors can adsorb strongly to glass and plastic surfaces. In addition, growth factors present in the glycocalyx 

rapidly stimulate actin polymerization at the plasma membrane, to produce lamellipodia and edge ruffles 

(Konstantopoulos and Clark, 1996). The lamellipodia are connected with integrins to form focal adhesion sites 
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(Konstantopoulos and Clark. 1996). Hence. integrins. which are the receptors for attachment proteins. provide 

a physical link to the cytoskeleton. which leads to the cytoskeletal rearrangements necessary for the 

morphological changes associated with spreading of the cell the substratum surface. Bonds form between 

substratum-attached proteins and integrins. and the pericellular matrix expands at the substratum-cell interface 

to become continuous with the extracellular matrix. The attachment factor ligand between the cell and the 

substratum results in cytoskeletal rearrangement. which in tum results in further attachments and the spreading 

of the cell on the substratum. Crouch and co-workers ( 1985) have reported that the shear forces causing the 

detachment of cells are of the order of 1000-fold greater than those permitting cell attachment. This reflects the 

chemical and biological stabilization of cell-substratum attachment. and the relatively weak electrostatic 

interactions associated with initial attachment. 

Once cells have adhered. autocrine attachment factors are secreted into the space between the cells and the 

substratum. creating a locally elevated concentration. It has been shown that as CHO cells reach confluence 

they secrete procollagen type I in addition to fibronectin and procollagen type III (Aggeler et al.. l 982). 

Collagen type I bonds tightly to attachment receptors and to substrata. so that the confluent population is 

securely anchored (see Section 4.1.2). 

Subtratum Adsorbed Proteins 

The direct interaction of cells with substratum primarily involves electrostatic phenomena. perhaps with some 

adsorption of membrane surface proteins. These interactions are not stable. The stable attachment of cells to 

substratum requires the deposit of extracellular matrix proteins on the surface of the substratum and subsequent 

bonding between extracellular matrix components and their membrane bound receptors. 

Serum contains extracellular matrix proteins. as well as nonadhesive proteins such as bovine serum albumin 

(BSA). Neither fibronectin nor BSA in solution interact with cell surface receptors. Most proteins adsorb to 

substrata and upon adsorption undergo changes in their conformations to activated forms (Smith and Woods. 

1996). Fibronectin undergoes a change upon adsorption which permits its interaction with appropriate cell 

surface receptors. 

Kim and co-workers (1992) have developed a theory which can explain the failure of cells to stick stably to 

surfaces. even in serum containing medium. When a solid surface is in contact with mixed proteins solution 

such as serum. the composition of the adsorbate changes with time. This is due to a consecutive replacement of 

adsorbed proteins by more surface-active proteins that are present in lower concentrations. In this process. 

abundant. low molecular weight proteins are replaced by high molecular weight proteins present at low 
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concentrations. The proteins apparently displace each other in the following order: albumin. irnmunoglobulins. 

fibrinogen and fibronectin, and finally high molecular weight kininogen and factor XII. The exchange behavior 

is influenced by overall concentration of protein in solution and the type of surface. 

When substrata are contacted with pure serum, fibronectin, present at a concentration of approximately 20 to 30 

mg L-1 
, can displace albumin to form an approximately continuous attachment surface for cells. Once cells 

have attached, they can cement the attachment through secretion of autocrine extracellular matrix proteins into 

the space between the cell membrane and the substratum surface. 

When non-serum precoated microcarriers are exposed at the time of inoculation to medium containing IO% 

serum, albumin adsorption prevents initial attachment of cells. The concentration offibronectin (2 to 3 mg L-1 
) 

is not sufficient to form a continuous coating once it has displaced albumin. Coupled with hydrodynamic shear 

in agitated vessels, stable cell attachments are strongly inhibited. 

When serum-free medium is used, the probability of cell to subtratum attachment is greatly diminished. The 

major component in the 'supplement' of most commercially available serum-free media is BSA (ca. 300 mg L·1 

), while fibronectin is not normally found in serum-free media. 

Serum precoating of substrata can permit initial cell attachment in both serum-containing and serum-free media, 

without the addition of costly attachment factors. If the cells are then provided with an environment free of 

hydrodynamic shear for a few hours, their attachment can be stabilized through cytoskeletal rearrangement and 

spreading, with associated increase in the number of bonds between receptors and extracellular matrix proteins. 

Time Domains 

An integrated view of the multiplicity of biochemical reactions involved in biological systems is not poSSiole without 

an e,cplicit awareness of the various levels of organization occurring over time (Lloyd, D. et al., 1982). Biological 

reactions can be grouped and arranged from fast reactions proceeding independently of diffusion, through 'metabolic 

time' and 'epigenetic time' to the cell division cycle (genetic) time domain, which can, in turn, overlap with the 

circadian time domain. 
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The Metabolic TUDe Domain 

The Metabolic Tune Domain includes rapid reactions and slower reactions. The most rapidly-occurring biological 

reactions that have been measured occur on a picosecond (10-12 s) time scale. Current limits of measurement 

capabilities, such as fluorescence lifetime measurements. provide information in the nanosecond (10-9 s) range, the 

time required for a small metabolite such as glucose over a distance of l nm by diffusion. In l 00 ps, the small 

metabolite would diffuse over a distance smaller than the molecular radius of the macromolecule. Therefore, 

resolution of time to 0.1 ns is sufficient to appreciate the elementary molecular dynamics in the macromolecular 

environment accompanying any physiologically significant change. 

The 'slower' reactions in the metabolic time domain include enzyme-substrate interactions. Relevant time frames for 

these reactions are much longer than for the rapid reactions. with turnover rates for these molecules occurring in the 

millisecond to microsecond range. 

The Epigenetic Time Domain 

The epigenetic time domain encompasses the consequences of gene expression and altered activities of genes 

(including biosynthesis, processing, transport, and interaction of macromolecules). The epigenetic system may be 

regarded as having relaxation times within the range 102 
- 104 seconds (l.5 minutes to 3 hours). The production of 

specific secretory proteins of concern to bioengineering fall into this time domain. 

The Genetic Time Domain 

Generation times for cultured mammalian cells lie mostly within the range 7. 7 to 30 hours, over which time the 

recurrent sequence of discrete events of the cell cycle (DNA replication and cell growth) occur. The time domain of 

the cell cycle subsumes the metabolic and the epigenetic domains. 

Circadian Time Domain 

Many daily rhythms of biological activity persist for long periods even when organisms are placed in conditions of 

constant temperature and constant light (or darkness). These circadian rhythms are driven by an endogenous 

oscillation in cellular controls and play the key role of time-measuring for the organism. All eukaryotic cells (but 

probably not prokaryotes) possess a light-entrainable cellular pacemaker (circadian clock). Circadian clocks are 

characterized by a persistent free-running period of about 25 hours; and by entrainability and phase-responsiveness to 

single or multiple externally-applied signals which include light. temperature, nutrients. oxygen. electrolytes, etc. 

Populations of cells operate within the circadian time domain. as do the human beings that study them. 
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Time Domain Snmmary 

Living organisms may be considered as hierarchical systems in both space and time~ spatial organization has been 

explored more thoroughly than temporal aspects. The levels of organization within the temporal hierarchy range from 

ultramst reactions on a subpicosecond time scale, through rapid reactions, metabolic. epigenetic. cell division cycle 

and circadian domains. A network of controls operates within and between time domains. A temperature­

compensated period may represent a fundamental unit of time, which may explain interactions between different time 

domains. 

The hazards of overlooking cellular time-structure cannot be over-stressed; it is evident that many of the dogmas 

currently dominating biochemistry, microbiology, cell biology, and biotechnology have become established from 

studies of exponentially growing (asynchronous) cell populations. Measurements made on heterogeneous populations 

of this kind are time-averaged ones. Particularly suspect in this respect are claims that metabolite pools are present at 

"stabilized" levels, or that the accumulation of a constituent occurs "continuously". In other words, observations 

made on biological processes always have a kinetic component, and it is imperative to avoid deriving from them 

"time-independent" conclusions. This is a danger associated with data gathered from periodic sampling, or "snap 

shots in time", particularly if the sampling is set at a constant time period. 

An analogous situation is that of deciding whether a mountain is a rigid or a flexible structure. Evidently over a period 

of a human lifetime, of the order of tens of years, the mountain would not change appreciably its shape, but this 

conclusion could not be extended as valid over periods of geological time, of the order of I 08 years. 

Conversely, in cell culture studies, the investigator is likened to the geological time while the study subject is likened 

to the human life span time. The danger ofloss of resolution exists in this context: details tend to merge, and discrete 

entities appear indistinguishable. Hence, a cell population is labelled "homogeneous", while details of the epigenetic 

and metabolic time domains are considered "continuous". 
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2.2 Chinese Hamster Ovary Cells 

Chinese Hamster Ovary cells are one of the cell line workhorses of animal cell based biotechnological processes 

(Croughan and Wang. 1990). As such. they have been studied extensively and many of their population growth 

parameters and requirements are well documented (Table 2.2). Observed parameters are typical of mammalian 

cells in culture (Section 2.1). Culture morphological types of CHO cell lines include single cell suspension. 

anchorage dependent (surface adherent), and aggregate suspension. Serum-free, low protein. medium 

formulations are commercially available for CHO cell lines (Table 2.3). 

The effects of a number of environmental conditions on growth and productivity of rCHO cells have been 

investigated. Lin and coworkers (1993) found that mild hypoxia could induce a specific oxygen consumption 

rate decrease of at least 50%, without affecting the cell growth rate, maximum cell concentration. recombinant 

tPA production rate, or recombinant tPA activity. 

Table 2.3: List of serum-free media for Chinese Hamster Ovary cell culture. 

Product (protein content (mg/L)) 

Ultra-Chow(< 300) 

CHO-SFM ( 400) 

CCM5 (<400) 

Ex-cell 301 (100) 

SoftCell - CHO (300) 

HB-CHO (320) 

Supplier 

Bio-Whittaker Inc. 

Gtbco 

Hyclone Laboratories 

JRH Biosciences (Seralab) 

TCS Biologicals Ltd. 

Immucor Inc. 
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Table 2.2: Some observed rCHO growth parameters and requirements 

Parameter 

extraceUuar pH 

agitation rate 

doubling times (0.5% serum, 
aggregate suspension) 

qGLC 

qaxygm 

YL\C.GLC 

aggregate cell density 

aggregate suspension 

microcarrier suspension 

aggregate growth 

adherent growth 

Requirement 

-decreased glycosylation of recombinant protein 
outside 6. 9 < pffe < 8.2 

-optimal growth at 7.0 < pffe < 7.6 

- growth, viability, DNA synthesis good at 80 rpm 

- inlul>ited at 250 rpm 

- 20 to 30 h in T-flasks (0.2 to l.2 X 106 c/mL) 

- 35 h in spinner perfusion (l.2 to 12 X 106 c/mL) 

- > 69 h (> 12 X 106 c/mL) 

- l.O to l.5 mmoVI010 cells/h 

- l.25 to I.SO mmol/1010 cells/h 

- I. I to l.2 moVmol 

2 X 106 c/mL (suspensions in spinners) 

- J.1max 0.025 h·1
, YL\C.GLC l.2, YSH4.GL ... l.O, 

q,p 3.5 U/108 cells/h 

- J.1max 0.040 h·1
, YLAC.GLC l.2, YNH4.GL ... 0.60, 

q,p 20 U/l 08 cells/h 

-correctly folded and glycosylated rProtein 

- incorrectly folded and glycosylated rProtein 

Reference 

Borys et al., l 993 

Lakhotia et al., l 992 

Avgerinosetal, 1990 

Lin el al., 1993 

Tolbert el al., l 980 

Chevalot et al, l 994 

Watsone1al., 1994 
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Jenkins and Hovey (1993) studied the effects of temperature induced growth arrest on rCHO cells. They found 

that the cells arrested in the GI/GO cell cycle phase, and that these arrested cells exhtl>ited increased specific 

recombinant protein production, and decreased specific glucose uptake and lactate production. These findings 

indicate that glucose consumption is linked to proliferation and that the recombinant protein production is 

correlated to the GI cell cycle phase. 

Borys et al. (1993) showed that an optimum pH range maximizes specific production rates of two recombinant 

proteins in CHO cells. They also showed that pH affected glycosylation patterns of the proteins. 

Major Substrate Concentrations and Growth and Producdvity 

In the current work, the effects on batch growth and productivity of the initial concentrations of major 

substrates are evaluated. The substrates investigated included glucose, glutamine, and serum. The impact of 

initial concentrations of lactate was also assessed. Some relevant information on each of these chemical species 

or groups of chemical species (serum) has been reported in the literature: 

Glucose 

Glucose is one oftbe two major carbon substrates utilized by mammalian cells in culture (Section 2.1). Glucose 

can be catabolized anaerobically, via glycolysis, or aerobically. Investigators report metabolic glucose quotients 

of I to 1.5 mmol/1010 cells/h for CHO cells growing under normal operating conditions (eg. 20 to 21 % oxygen 

in gas phase; 10 to 30 mmol L-1 initial glucose concentration; 2 to 6 mmol L-1 initial glutamine concentration; 

37 ° C; 5 % CO2 in gas phase; etc.) (Lin et al., 1993; Lin and Miller, 1992). Hayter and coworkers (1992, 

1993) report glucose levels of at least 8.5 mmol/106 cells to be growth limiting for CHO cells. While their 

calculations indicate that there is no maintenance requirement for glucose, the maintenance requirement for 

glucose-catabolism-derived intermediates suggests a minimum glucose requirement of SO mmol/1012 cells/h. 
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The metabolic endproduct of glycolysis is lactate. with a theoretical maximum yield of 2 lactate molecules from 

each glucose molecule. Although glutamine. which is the other major substrate utilized by mammalian cells in 

culture. can also be catabolized to lactate. the glutamine contnbution to the lactate pool is usually assumed to be 

negligible (Phillips. 1991). Hence. the yield of lactate on glucose. YLAC.GLC. can be used as a measure of the 

percentage of glucose which is catabolized via glycolysis. Typically. hybridoma cells exhibit Y LAC.GLC of 

approximately 2. implying that close to 100% of the glucose is incompletely oxidized to lactate. In contrast. 

several investigators report Y LAC.GLC for CHO cell lines of only I.I to 1 .4 under normal (usual) operating 

conditions (Lin et al .. 1993; Lin and Miller. 1992; Hayter et al .. 1993). implying that upto 45 % of the glucose 

is completely (aerobically) oxidized to carbon dioxide and water. Under glucose-limited conditions. Y LAC.GLC 

decreases significantly: Hayter•s group (1993) observed yields oflactate on glucose ofas low as 0.49 moUmol. 

which implies that more than 75 % of the glucose consumed is completely oxidized. In support. Lin et al. 

( 1993) report an increasing apparent Y L.\C.GLC with decreasing levels of dissolved oxygen in the culture medium. 

Hayter et al. ( 1993) demonstrated a decreasing glucose metabolic quotient with decreasing specific growth rate, 

and they calculate a Monod-type saturation constant for glucose of59.6 µmol L·1
. Similarly, in perfusion mode, 

the glucose metabolic quotient (specific uptake rate) has been shown to decrease with decreasing dilution rate 

(Konstantinov et al., 1996). These studies support the hypothesis that glucose is utilized more efficiently as its 

availability is decreased. 

Hayter•s group (1992) observed that while limited glucose conditions did not affect the production of 

recombinant human interferon-y from CHO cells, the proportion of fully glycosylated recombinant protein was 

decreased. Conversely. at high glucose concentrations. the specific rate of recombinant protein production was 

decreased. while the apparent population specific growth rate increased. Similarly. operating in perfusion mode. 

the overall production of a recombinant protein from CHO cells was observed to decrease with increasing 

glucose concentrations (Konstantinov et al.. 1996). This suggests that synthesis of the recombinant proteins is 

proportional to the length of the G 1 cell cycle phase. and that post-translational modifications are negatively 

impacted by limited glucose concentrations. 

In a further study, Hayter and co-investigators (1993) found that dilution rate in glucose limited chemostat 

culture varied directly with specific recombinant protein production. This would seem counter to their previous 

findings. However. the proportion of the population in the G 1 cell cycle phase also increased with increasing 

dilution rate. 
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Ammonia 

Ammonia is known to be a toxic byproduct of metabolism. as discussed above (Section 2. 1 ). A few 

investigators report on the inhibition of CHO cell growth in response to elevated levels of ammonia, during 

batch culture. Hayter et al. ( 1991) found that growth was not inhloited by initial ammonium chloride 

concentrations ofup to 2 mmol L·1
, but inhibition did occur at an initial ammonium concentration of 4.5 mmol 

L"1 
. Schlaeger and Shumpp (1989) found that CHO cells are relatively insensitive to growth inhibition by 

ammonium. with 8 to IO mmol L·1 eliciting only a 50 % inhtoitory response. Similarly, Kurano et al. (1990) 

found a 50 % reduction in the early exponential specific growth rate at an ammonium level of 8 mmol L"1 
, 

which they express as a Monod-type inhibition constant. Hansen and Emborg ( 1994) found no effect on the cell 

density by ammonium levels upto 8 mmol L·1 
. They did, however, find that the ammonium metabolic quotient., 

expressed as a function of the specific growth rate and the viable cell density, decreased at elevated ammonium 

levels in the culture medium, with a corresponding increase in the alanine metabolic quotient. They postulate 

that the CHO cells have a mechanism that changes the metabolism, so that less ammonium is generated during 

growth under high ammonium concentrations. Miller et al. ( 1988) observed the same phenomenon for a 

hybridoma cell line. They explain this phenomenon as a metabolic shift from use of the glutamate 

dehydrogenase pathway to use of the alanine aminotransferase pathway in the conversion of glutamate to 2-

oxoglutarate (Miller et al., 1988). 

In addition to its growth inhibitory action, ammonia has been shown to play a role in the degree of glycosylation 

of secretory proteins. Structural changes in the oligosaccharide chain can potentially affect glycoprotein folding, 

solubility, biological activity, antigenicity, circulatory lifetime, and the susceptibility of glycoproteins to 

denaturing agents and protease attack (Borys et al., 1994). 

Ammonium ion concentrations in the range from O to 45 mmol L.1 have been shown to affect O-linked 

sialylation of granulocyte colony-stimulating factor, produced in recombinant CHO cells, in a manner that was 

not caused by extracellular degradation of the oligosaccharides (Andersen and Goochee, 1995). Ammonia, 

which is a natural product of glutamine metabolism and chemical degradation, may rise upto IO mmol L·1 during 

a batch culture. The O-linked sialylation has been observed to be reduced at extracellular ammonia levels as low 

as 2 mmol L·1 (Anderson and Goochee, 1995). This effect of ammonia on glycosylation was found to be rapid 

and sustained, but did not affect the secretion rate of the recombinant protein. The authors linked the effect to 

ammonia-induced increase in the trans-Golgi pH from the normal 6.5 to 6.15, upto about 7.0. The reduction in 
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glycosylation of recombinant proteins produced by CHO cells has been shown to be inversely correlated to the 

extracellular pH. over the range of7.2 to 8.0 (Borys et al., 1994), and directly correlated to the extracellular pH 

over the range of 6.5 to 7.0 (Borys et al., 1993), when ammonia was present in the culture medium. Other 

weak bases mimic the impact of ammonia on the degree of glycosylation (Anderson and Goochee, 1995). 

It is postulated that the unprotonated ammonia species, NH3, is responst'ble for the inhibitory effects of ammonia 

on animal cells. This is because the uncharged base can freely diffuse across plasma membranes, where it can 

impact on the intracellular pH; while the ammonium ion, NHi ·, can only enter the cell through ion-transport 

systems (Borys et al., 1994). A direct linear correlation was found between the extracellular NH3 concentration 

and the extracellular-pH-dependent inhibition of glycosylation (Borys et al., 1994), while the extracellular pH 

alone was not found to correlate with the degree of glycosylation. Hence, extracellular pH can only be utilized 

as an indicator of potential intracellular pH levels. The measurement of extracellular ammonia concentrations is 

a more direct means of assessing the impact of culture medium conditions on intracellular pH levels. 

In contrast to the findings of Anderson and Goochee (1995), Hansen and Emborg (1994) observed a decrease 

of approximately 50 % in the concentration of a recombinant protein secreted into the culture medium, at an 

ammonium level of 7.5 mmol L·1 
. Hansen and Emborg suggest that the decrease in recombinant protein 

production could be due to a limitation of medium components, such as amino acids, rather than to a negative 

ammonium influence. It should be noted that the ELISA assay used to determine the concentration of the 

protein may be impeded by its potential structural/functional differences resulting from reduced glycosylation 

associated with elevated levels of ammonia. 

Morphological Types 

The three morphological types exhibited by CHO cells have also been the subject of a number of studies. These 

studies range from observational analyses of the effect of single cell suspension, anchorage dependent, and 

aggregate suspension morphological types on population growth and productivity; to physical and chemical 

methodologies of altering the morphological types. 
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Ruaan's group (1993) showed that population growth of anchorage dependent CHO cells was directly 

dependent on the size of the exposed surface area of the individual cells. and was only secondarily affected by 

the degree of confluence. They correlated growth factor/exposed surface area interaction to cell proliferation. 

They concluded that the shape that cells assume. which is dependent on the type of surface to which they 

adhere. influences proliferation. These findings are in agreement with Nikolai and Hu (1992). who enhanced 

maximum cell concentration by employing macroporous microcarrier beads as the surface for adherence. 

Grinnell ( 1980) explored the interaction of cold insoluble globulin (CIG) (plasma fibronectin) and cell adhesion 

to surfaces. He utilized serum free medium in order to isolate the roles of fibronectin and bovine serum albumin 

(BSA) in cell adhesion to surfaces. Cells bound CIG coated 0. 76 mm uncharged latex beads. but did not 

interact with the same beads coated with BSA instead of CIG. Adhesion occurred over a temperature range of 

4 to 37 °C, and was accompanied by endocytosis of the beads at 37 °C. Grinnell also showed that CIG 

receptors were not detectable on the exposed surface of cells spread (attached) on a flat surface, and that CIG 

receptors were lost after trypsinization. The former observation suggests that CIG receptors migrate across the 

cell membrane to the site of interaction with surfaces. Cheung and Juliano (1984) induced surface adherence of 

non-adhering cells by coating beads with fibronectin, poly-L-lysine, ConA, and/or extracellular matrix. This 

work clearly demonstrates the role of protein ligands, as well as the cytoskeletal rearrangements involved in 

surface adherence of cells. 

Several investigations have indicated that divalent cations, such as calcium and magnesium, play a role in cell­

surface adhesion and in cell-cell adhesion. T akeichi ( 197 4) explored the role of divalent cations in cell-surface 

adhesion in serum free medium. Madhusudan et al. (1992) demonstrated positive correlations between 

extracellular calcium concentration and aggregate formation rate. size. and cell packing. Packer ( 1990) found 

that retinoids, such as retinoic acid (RA) increases both the ability of cells to attach to a surface, as well as the 

strength of that attachment, as measured by EDTA and/or serine protease (eg. trypsin) mediated detachment. 

Borys and Papoutsakis ( 1992) explored the phenomenon of microcarrier aggregation via cell-cell adhesion of 

microcarrier-adherent cells. They found that microcarrier aggregation occurred only during periods of rapid cell 

growth; decreased with increasing agitation intensity; decreased in the presence of 1% (v/v) serum; and 

decreased in the presence of 1% (v/v) dimethyl sulfoxide (DMSO). O'CoMor and Papoutsakis (1992) 

compared agitation effects on microcarrier adherent cells CHO cells to agitation effects on (single cell?) 

suspension CHO cells. They attn'buted intense agitation damage to bulk-fluid turbulence for attachment 
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dependent cells, and to bubble breakup associated with vortex fonnation for attachment independent cells. They 

were also able to demonstrate that intrinsic changes in DNA synthesis accompanied cell damage. 

ReMer and coworkers ( 1993) investigated cell aggregate fonnation induced at sub-optimal growth conditions. 

Under such conditions, aggregates form around dead cell clusters. Renner's group showed that DNA released 

from the dead cells mediated the cell-ceil adhesion, which could be prevented in the presence of DNAse I. In 

comparison to cells in free suspension, cells within aggregates showed a strongly reduced specific proliferation 

rate and a greater sensitivity to shear forces, as measured by an increased specific death rate. 

Chevalot et al. (1994) compared all three morphological types of a line of rCHO cells. In their study, 

microcarrier adherent cells exhtl>ited the highest levels of proliferation rate and specific productivity of the 

recombinant protein (an enzyme), as well as attaining the highest maximum cell concentration. Cell aggregates 

and cells in free suspension had similar growth and productivity patterns, with an increased yield of ammonia on 

glutamine in comparison to the microcarrier adherent cells. The activity of the enzyme was not affected by the 

morphological type. 

Cell Cycle Kinetics 

Cell cycle kinetics of CHO cell populations have not been studied to a great extent. In one paper, the effect of 

damaging agitation rates on cell cycle phase distnl>utions of a CHO cell population was reported (Lakhotia et 

al., 1992). Although the viable cell fraction decreased at high agitation rates (increased cell death), the fraction 

of the viable cells in S phase was enhanced by as much as 50%, and the DNA synthesis rate per viable S phase 

cell was increased. 

The relationship between foreign gene expression (recombinant protein production) and the cell cycle of the 

host CHO cells is beginning to be investigated. In a 1993 paper, Gu and coworkers descnl>e the G 1 cell cycle 

phase dependent synthesis of a recombinant protein in CHO cells. Their work shows that the physiological state 

associated with the G l cell cycle phase is necessary and sufficient for synthesis of the recombinant protein: 

traverse around the cell cycle (proliferation) is not required for recombinant protein synthesis. 
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Recombinant Protein Products and the DHFR Amplification System 

Currently, there are many recombinant DNA, secretory proteins produced from CHO cells in culture (Table 

2.4). Even when foreign genes packaged in the most efficient transcription units, including powerful promoter 

and enhancer sequences, are integrated into productive regions of the genome of the chosen host, they are still 

rarely capable of producing useful quantities of protein (Cartwright, 1994). This is partly because the number of 

copies of the vector in the host genome typically remains low. Higher levels of expression can be achieved if the 

number of copies can be effectively increased. It has been shown that one mechanism by which animal cells 

acquire resistance to certain toxic substances is by increasing the copy number of ( or amplifying) genes whose 

products tend to nullify the effects of the toxic agent (Cartwright, 1994). The rCHO cell line used in this study 

utilizes the dihydrofolate reductase (DHFR) amplification system. 

This type of amplification uses the antimitotic agent methotrexate (MTX) which functions by competitive 

inhibition of DHFR. MTX is a folic acid antagonist that binds to the active catalytic site of DHFR, interfering 

with the synthesis of the reduced form that accepts one-carbon units (Salmon and Sartorelli, 1985). Lack of this 

cofactor interrupts the synthesis of thymidylate, purine nucleotides, and the amino acids serine and methionine, 

thereby interfering with the formation of DNA. RNA, and protein (Figure 2.5). DHFR binds MTX extremely 

tightly, so that an increase in the concentration of DHFR can overcome intul>ition by MTX (Salmon and 

Sartorelli, 1985). 

This amplification system is described by Cartwright ( 1994) as follows: Resistance to MTX is achieved by 

amplification of the dhfr structural gene. Increasing concentrations ofMTX can result in amplification ofup to 

1000-fold of the dhfr gene and, importantly, of segments of DNA exceeding 1000 bp adjacent to the dhfr gene 

which are usually amplified at the same time. Thus, great amplification of the required (product) gene can be 

obtained when expression vectors are used which place the gene of interest in the correct context for co­

amplification with DHFR, and when selective pressure is applied. 

It is particularly useful to be able to perform amplification procedures in cell lines which lack the amplifiable 

gene. In the presence of endogenous enzyme activity, higher levels ofintul>itor are required to achieve effective 

amplification. There is also the possibility that amplification of the endogenous enzyme gene may occur, thereby 

reducing the effective amplification of the product gene. 
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Table 2.4: Some rCHO cell lines used to produce various glycoproteins 

Cell Line 
Promoter 

Selection Vector 
Selection Promoter 

?? 

CHO-KI 
CMV promoter 

neomycin resistance 
?? 

CHO-Kl 
?? 

neomycin resistance 
?? 

CHO-KI 
?? 
?? 
?? 

CHO-Kl (ATCC CCL61) 

CHO-Kl, dhjr• 
?? 

DHFR 
SV40 promoter 

CHO,dhft· 
?? 

DHFR 
SV40 promoter 

?? 

CHO, dhfr. 
CMV promoter 

DHFR 
SV40 promoter 

CHO,dhfr­
SV 40 promoter 

DHFR 
SV40 promoter 

Recombinant Protein 

- human tissue kallikrein 

- human gamrna-glutamyl 
transferase 

- human chorionic gonadotropin 
B subunit 

- mouse placental Iactogen I 

?? 

- human tissue type plasminogen 
activator 

- human gamma interferon 

- urinary type plasminogen 
activator 

- 13-galactosidase 

- human interferon-A 

References 

Watson eta/., 1994 

Chevalot et al., 1994 

Bedows et al, 1992 

Borys & Papoutsakis, I 992, 1993 

Papoutsakis et al., I 990, 1992 
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Croughan & Wang, 1990 

Avgerinosetal, 1990 

Gu et al., 1993 

Hayter et al., 1993 
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l'lcare 2.5: Sites of action of antlmetabolltes on DNA synthetic pathways. 
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DHFR- mutants of CHO cells have been used in most systems employing DHFR amplification. including the cell 

line to be used in this study. An h-tPA encoding, amplifiable vector designed for use with the DHFR/MTX 

system is shown in Figure 2.6. The use of the DHFR- mutant confers an additional benefit: dhfr- cells will not 

proliferate under normal circumstances (in normal media formulations), so that continuous selection pressure 

ensures that only cells containing the expression vector are stable in the culture. 

Intracellular content of DHFR in cultured cells in concert with the phases of the cell cycle has been investigated 

by several groups, who have drawn vaiied conclusions. 

Kubbies et al. (1996) found that both the concentration and absolute amount of recombinant DHFR was highest 

in GI phase cells. They showed that a critical threshold cell size and DHFR amount (not concentration) was 

required for entry into the S phase, and that although this amount of DHFR is slightly increased over the mean 

of the DHFR distribution in GI-phase cells, it is significantly lower than the maximum DHFR content of GI­

phase cells. In agreement, it was found that after mitogen-stimulation of quiescent murine cells, endogenous 

dhfr mRNA levels increased approximately 4-fold, which closely correlated with DHFR levels, two to six hours 

before DNA synthesis began (Denhardt et al., 1986). 

In contrast, Matherly et al. ( 1989) found no cell cycle dependency of recombinant DHFR synthesis, while 

Mariani et al. ( 1981) demonstrated an S phase association. Endogenous dhfr expression was linked to the S 

phase in Ll210 cells by Matherly's group (1989) and in CHO cells by Mariani and co-workers (1981), but was 

found to be independent of cell cycle phase in both a rodent (CHO) and a human cell line by Feder et al. ( 1989). 

Cycling-dependent accumulation of dhfr mRNA, with cycling cells containing IO-fold more mRNA than 

quiescent cells, was found in transformants that utilized either the dhfr or SV40 late polyadenylation signals, but 

not in transformants that utilized the CHO or the early SV40 signal (Denhardt et al., 1986). These authors 

report that in contrast to the close association between continued DNA synthesis and histone mRNA 

transcription. dhfr mRNA transcription was unaffected by inhibitors of DNA synthesis (Denhardt et al., 1986). 

In an excellent review of the expression of DHFR and thymidylate synthase genes in mammalian cells, Johnson 

( 1984) points out that DHFR hnRNA is present at approximately constant levels throughout the cell cycle. The 

levels ofmRNA increase from the GI phase throughout the S phase, with accompanying increases in the levels 

of the DHFR protein. This implies that dhfr is transcnoed constitutively, but that post-transcriptional 

modifications are regulated. It is notable that more than 95% of the DHFR hnRNA molecule is removed during 

the splicing reactions leading to mature-sized DHFR mRNA The increase in the rate of DHFR synthesis is due 

to an increase in the content of mature DHFR mRNA and perhaps an increase in the efficiency of translation of 

the message, but not due to a change in the rate of transcription (Johnson. 1984). Even assuming that 
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Figure 2.6 Schematic drawing of plasmid pXL 261 constructed for expression of tPA in CHO 
cells using DHFR as an amplifiable marker. The black segments are SV40 sequences 
including the SV40 early promoter, enhancerm and polyadenylation sequence. 
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transcription of IPA occurs coincidently with transcription of dhfr, there is no reason to suppose post­

transcriptional modifications of the two hnRNA molecules are under the same control mechanisms; let alone 

subsequent translation of the mature mRNA molecules. 

When the gene of a protein such as tPA is co-transfected with dhfr into a DHFR-negative host, and 

methotrexate selective pressure is applied, both genes are inserted as stable constructs into various 

chromosomal regions (Kubbies and Stockinger, 1990). In a study involving recombinant dhfr and IPA, under 

control of the AMLP promoter and the SV40 promoter, respectively, these authors found that CHO cells 

increase their cellular DHFR levels maximally prior to S phase, in accordance with the normal regulation during 

the cell cycle, and that DHFR levels continue to increase in the cell throughout the S phase (Kubbies and 

Stockinger, 1990). In contrast, it was found that the rate of increase of tP A titer in the culture supernatant 

rose continuously from GI to early S, reaching a maximum during late S and decreasing in G2/M. The authors 

point out that two different cellular events were measured during the study: DHFR synthesis and intracellular 

accumulation; and tP A secretion. The exit of correctly folded and assembled proteins from the endoplasmic 

reticulum is the rate limiting step in the appearance of secreted proteins outside of the cell (Freedman et al, 

1995). Moreover, secretion itself may be a cell cycle dependent process (Gu et al., 1993). It is therefore quite 

possible that tPA is co-synthesized with DHFR, primarily during the GI phase. 

2.3 Modeling Growth and Production Kinetics 

A model is any representation of a real system, and may deal with the structure and/or function of the real system. 

Because no model can totally represent the real system in every detail. it must always involve varying degrees of 

simplification or abstraction. Models and other analogies have always played an important role in the thinking of 

scientists. The use of models is such a fundamental part of human thinking that we are usually unconscious of the 

important difference between models and the real systems. The difference becomes quite clear if we become lost in 

the woods or in a city, for then we are faced bluntly with the failure of our conceptual model of location and its lack of 

conformity with the real system. 



Chapter 2: Literalllre Review page 51 

Currently, biology has a greater potential for mathematical development than other sciences (Keen and Spain, l 992). 

Living systems are made up of interacting chemical and physical processes, all of which can be descnbed in 

mathematical terms. However, these systems are so immensely complex that they have resisted mathematical analysis 

by the cfas.gcal methods successfully used by chemists, physicists, and engineers. Only within the last four decades 

have analysts of biological systems had the benefit of digital computers to begin to deal with these complex systems. 

The first step to the modeling of any system is the development of a concept of the system. This conceptual model is 

a representation of the system in words or pictures. It may involve how a structure or function arises (mechanistic), 

or merely the structure or function itself (phenomonologic) (Karim and Stephanopoulos, l 992). Conceptual models, 

by themselves, are generally lacking in rigor. They can be imprecise and open to interpretation. Hence. the 

conceptual model should be given a more precise form that is unambiguous and can be evaluated and validated. One 

form of model that provides these advantages is the mathematical model. 

A mathematical model of a biological system may be as simple as a single equation relating one variable to another, or 

it may be a multicomponent model involving the interaction of many equations having several mutually dependent 

variables (Keen and Spain, 1992). A mathematical model results from a formalization of the conceptual model in 

quantitative terms, usually as equations descnbing the response of a system to some variable such as time or 

temperature. The thinking required to formulate the mathematical model generally improves the conceptual model. 

Most mathematical models are can be derived in a straightforward way from conceptual models, or can be obtained 

empirically from statistical analysis of experimental data. Hall and Day ( l 977) refer to these two approaches as 

"mechanistic" and "descriptive". Purely descriptive empirical models (unstructured models) disregard intracellular 

processes, while completely detailed structured models are based on a thorough comprehension of cell metabolism 

(Portner and Schafer, l 996). The latter is, by its nature, applicable to a large range of different growth conditions 

while the former can only be employed for the very process conditions and data range it was derived from (Portner 

and Schafer, l 996). Many of the mammalian cell models that have been developed lie between these two extremes, 

and are partially structured in terms of the major inputs and outputs of the metabolite poo~ so that the system is seen 

as a 'gray' box. 

Currently, mammalian cell modeling is frustrated by the limited understanding of cell metabolism and its response to 

varying growth conditions. The majority of correlations for growth kinetics are based on Monod-type equations, with 

glucose and/or glutamine taking the role of limiting substrates. Some Monod-type models have been extended to 

include ammonia and lactate as inhtbiting species (Miller et al., l 988; Frame and Hu, l 99 la,b; Glacken et al., l 988). 

Attempts have been made to set up structured kinetic frameworks (Batt and Kompalla, 1989; Barford et al., l 992), 
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but the majority of the parameters must be estimated via recourse to the limited body ofknowledge of metabolism. 

Thus the majority of mammalian cell models are unstructured (Portner and Schafer. 1996). In addition to structure. 

mammalian cell models can be segregated into subsets of the viable population. To date, such partitioning has been 

attempted on the basis of the different physiological states associated with the phases of the cell cycle and quiescence 

and senescence (apoptosis and necrosis) (Lakhotia et al., 1992). Such models are highly complex, with multiple 

equations and parameters. Frequently, many of the parameters for these models are not measured experimentally, or 

are deduced from abnonnal rulture conditions such as chemically synchronized cell populations. The shear magnitude 

of complexity of these models coupled with a limited understanding of the metabolic, epigenetic and genetic processes 

of transformed and genetically engineered populations of mannnalian cells limits their usefulness. Compared to 

chemical and mechanical systems, the intricate biological ones are capable of compensating for minor changes in 

environment. for instance by adaptation of metabolism (Portner and Schafer, 1996). This may work to confound 

highly detailed structured and segregated models which have been developed from an imperfect understanding of the 

system. 

The non-segregated, unstructured or partially structured models usually follow the kinetics of substrates and 

metabolites, population growth, and protein product accumulation. Correlations for specific substrate uptake rates 

usually follow the maintenance energy model of Pirt ( 1975): 

where: 

and 

1 
= --µ + m 

~Y.S 

Y ~ is the yield of cells on substrate 
µ is the specific growth rate 
m is the maintenance term 

(2.10) 

Population growth is nonnally depicted as proportional to the apparent growth rate, with terms sometimes added for 

cell death and cell lysis in order to follow the entire growth curve of a batch culture. 

Specific productivity, which is often partially-growth-associated. is frequently given the same general form as 

substrate utilization, with a term for growth-association and a term for non-growth-association: 

where 

and 

dP 

dt 
= aµXv 

a is the e,ctent of growth-association (mass Protein/cell) 
13 is the extent of non-growth-association (mass Protein/celVtime·1 ) 
Xv is the viable cell concentration 

(2.11) 
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In cases where protein production is non-growth-phase-associated. and therefore non-growth-associated (Dutton et 

al, 1998), the equation reduces to a single term which can then be expressed in units compatible with the epigenetic 

time domain. 

The third step in model development is validation. The process of simulation expands the power of the quantitative 

research loop by using the mathematical model to generate simulation data which may be compared to real data to 

evaluate the differences. The fine tuning of a simulation can produce further improvements in both the conceptual 

model and the mathematical model. Simulation provides another important benefit: it allows "experiments" on 

system models that lie outside the range of normal possibility. This is especially valuable to the engineer, who is 

interested in the manipulation of the biological system: It allows us to ask questions about "what would happen to the 

system if···" (Keen and Spain., 1992). 

The degree of complexity/detail incorporated into a model depends upon its intended use, and how closely it must 

approximate the real system. While a correlation involving only one or two parameters may be unable to yield more 

than a general correspondence with the behavior of the real system, it is also poSS1ble to make a simulation so complex 

that it contnbutes little or nothing to the understanding of the system being modeled: The major factors that control 

the system may be hidden if the model is overly complex (Keen and Spain., 1992). [t must be understood that any 

biological system must always remain to some extent a "black box" (Keen and Spain., 1992). No matter how much 

information we have about a particular biological entity, we must always remain on the outside looking in. 

A Partially Structured, Metabolic Model 

A partially structured. metabolic model for hybridoma growth and MAb production which was developed in this 

laboratory (Phillips, 1991), was used to form the basis of rCHO model development in this study. The Phillip's 

model (PM) is partially structured with respect to the substrate utilization kinetics, according to the simplified 

mammalian cell metabolism depicted in Figure 2.1. The model assumes glutamine and glucose are the only major 

substrates used by the hybridoma population. The substrate utili2.ation is balanced by population growth and MAb 

production, with incidental metabolite byproduction. The metabolites represented in the model include lactate, 

ammonia, and alanine. Thus. the modeling of substrate utiliz.ation is based on the main tenet of metabolism: catabolic 

processes are exactly energetically balanced by anabolic processes. The balance is made on the basis of ATP 

equivalents (abbreviated as ATP) from the following stoichiometric equations: 
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l. Glutamine Catabolism: 

l. l Complete Oxidation: 

Csfl,ofv~1 .,.. 4.502 .,.. 21ADP ➔ 2NH1 ... 5C02 - 2H~ - 27ATP 
glutamine 

1.2 Partial Oxidation: 

Csfl,ofv~1 - l.502 - H~ - 9ADP ➔ C;ll<f)1 - 2NH1 - 2C02 - 9ATP 
glutamine lactate 

Csfl,olf ~1 ~ H~ ➔ NH1 - Csf{Jl{O., 
glutamine glutamate 

Csf{Jl{O., - C1 H.,01 ➔ CsflelJs - C;ll-N02 
glutamate pyruvate a-ketoglutarate alanine 

Csfl<IJs - l.502 - 9ADP ➔ C;l/~1 - 2C02 - H~ - 9ATP 
a-ketoglutarate pyruvate 

1.3 Rate of ATP fonnation from glutamine: 

page S4 

The rate of ATP fonnation depends on the fraction of glutamine which follows each of the pathways 

depicted above. If f1 is the fraction of glutamine completely oxidized to carbon dioxide and water, then ( l - f1) is the 

fraction of glutamine catabolized via partially oxidative pathways to alanine or lactate: 

d[ATP]az..v 
dt 

_ -(9 + ISJ;) dGLN 
l dt 

(2.12) 
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2. Glucose Catabolism: 

2.1 Complete Oxidation: 

CJ/,:/)6 -.. 60:i ... 38ADP ➔ 6CO:i ... 6H:!) ~ 38ATP 
glucose 

2.2 Reduction: 

CJl,:!)6 ... 2ADP ➔ 2C;ll,IJ1 - 2ATP 
glucose lactate 

2.3 Rate of ATP fonnation from glucose: 
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Iffi is the fraction of glucose catabolized aerobically to carbon dioxide and water, then (I - ti) is the fraction 

of glucose catabolized anaerobically to lactate: 

d[ATP]GLC 
dt 

= -(2 + 36fi) dGLC 
I dt 

3. ATP demand (Anabolic Pathways): 

(2.13) 

The ATP demand is represented in the model by a variation of Pirt's (1975) unstructured expression 

(equation 2.9, see page 20), as developed by Kilburn et al. (1969): 

where 

and 

d[ATP]ror 
dt 

= ¾LXt +BXv 

A is the specific biosynthetic energy rate (moles ATP/cell) 
B is the specific maintenance energy rate (moles ATP/ceD/time) 
µ is the specific growth rate (tirne"1 ) 
'Xt is the total cell concentration (cells/volume) 
Xv is the viable cell concentration (celWvolume) 

(2.14) 
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The specific maintenance energy rate is a lumped parameter. inclusive of energy utilization for growth. protein 

production. and all other cellular processes. 

The ATP consumption and production balance is completed by combining equations 2.12. 2.13, and 2.14: 

AµX, +BXr = -(9+ISJ;)dGLN -(2+ 36f)dGLC 
l di 2 di 

(2.15) 

Phillip's model accounts for the interaction between glucose and glutamine metabolism (mutual competition between 

the two substrates) by defining a preferential utilization term: 

where 

and 

dGLN = G GLC dGLC 
di s GLN d1 

Gs is the substrate preference index 
GLC is the concentration of glucose (mmoVvofume) 
GLN is the concentration of glutamine (mmoVvolwne) 

(2.16) 

Substitution of equation 2. 16 into equation 2. 15 yields the final form of the partially structured equation descnbing 

substrate utilization: 

_ (9 + ISJ;) dGLN + 
I di 

_I_ GLC (2 + 36f) dGLN 
Gs GLN 

2 
d1 

(2.17) 

Phillip· s model consists of a conservative six equations and eight parameters. Population growth is expressed by the 

following two equations: 

Accumulation ofVtabfe Population: 

dXv 
di 

where k<t is the apparent specific death rate (time·1 
) 

(PM-I) 
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Accunrulation of Dead Population: 

where 
and 

lei is the specific rate of cell lysis (time·' ) 
X.. is the dead cell population 
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(PM-2) 

The simple kinetic unstructured model developed by Miller et al (1988) was employed to descn'be the accumulation 

of partially-growth-associated secretory protein: 

Accumulation of Protein Product: 

where 
and 

dP 

dt 

a. is the extent of non-growth-association (mass protein/cell) 
f3 is the extent of growth-association (mass protein ! time/cell) 

(PM-J) 

The values of the non-growth-association tenn and the growth-association term are detennined from the slopes of a 

plot of the cumulative product concentration against the viability index (VI), as formulated by Luan et al (1987): 

M = (a+ pµ) VI ; (PM-4) 

where VI = J;xv dt (2.18) 

where t is the culture time 

The consumption of glutamine and glucose are followed explicitly from rearrangements of equation 2.17, and 

including the chemical degradation of glutamine: 

Glutamine Consumption: 

dGLN _ -[ Gs GLN Xv (Aµ+B) ] kou.GLN 
dt G5 GLN(9 + 18/1) + GLC(2 + 36/2) 

(PM-S) 

where kotN is the glutamine chemical degradation constant (time·1 
) 



Chapter 2: Literature Review 

Glucose Consumption: 

dGLC 
dt 

= I GLC[ Gs GLN Xv (Aµ + B) ] 
Gs GLN Gs GLN(9 + 18/1) + GLC(2 + 36/2) 

page 58 

(PM-6) 

Phillip's model is a good compromise between the unwieldy complexity of multiple equations and parameters, and the 

overly simplistic purely phenomenological models. It was used successfully to simulate hybridoma batch growth, 

substrate, and production kinetics with six of the eight parameters either measured experimentally or calculated from 

direct measurements and only two of the parameters estimated from published data (Phillips 1991 ). In the current 

study, observed population averaged metabolic patterns were used to adapt the Phillip's model for the description of 

the growth, metabolism, and production kinetics of a recombinant Chinese Hamster Ovary cell line. 



3. MATERIALS AND MEffiODS 

3.1 Cell Lines and Maintenance 

The cell line used in this investigation was a Chinese Hamster Ovary (CHO) cell producing recombinant luunan tissue 

type plasminogen activator (tPA). via the DHFR vector and amplification system, developed by Genentech Inc. (US 

patent 4,766,075 1988). Briefly. a p342E 3500 bp vector was ligated with three tPA encoding fragments comprising 

approximately 2160 bp. A plasmid containing all of the base pairs in the correct sequence was isolated. charactemed, 

and designated pE342-tP A. The plasmid pEHER, which expr~ mutant dihydrofolate reductase (DHFR) was 

digested with SacII. and a resulting approximately 1700 bp fragment coding for DHFR and for DHFR expression 

control sequences, was ligated into the pE342-tPA plasmid to aeate pETPAER400. This plasmid is analogous to 

pEHER except that the HBsAg coding region has been replaced by the cDNA sequences from human tP A. The 

pETP AER400 plasmid was transfected into dh.fr- CHO-DUX B 11 cells. Transfected dh.fr. cells were selected by 

growth in glycine, hypoxanthine, and thymidine deficient medium. The cell line was then amplified initially in SO nM 

MTIC. and then further amplified in 500 nM MfX, to yield a stable cell line that produces amounts oft-PA greater 

than 1 µ&'million cells/d. 

This rCHO cell line was named CHOl-5500 and deposited with the American 11SSUe Culture Collection (ATCC # 

CRL 9606). Genentech currently produces tP A from a cell line resulting from further amplification with MTIC. 

yielding tP A production levels approaching 100 µglmillion cells/d, but a trade off exists between tP A productivity and 

cell culture parameters, including inaeased doubling time and increased fragility (which may prevent efficient cell 

growth in stirred fermentors). The h-tPA produced from these cell lines exlubits no detectable immunogenicity. and is 

therefore sunnised to be identical in structure to naturally occurring h-tP A. 
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For comparative purposes (see Section 4.1.1). the robust M4-l hybridoma cell line (courtesy of Center for Infectious 

Diseases. Ottawa) was also used in this study. This hybridoma produces low levels of an lgG1 type antibody against 

bovine light chain IgG. 

The rCHO cell line was propagated as an adherent monolayer on 225 cm2 T-flasks, in Ham's Fl2 basal mediwn 

containing 10°/c, FBS and 50 IU/L penicillin and 50 mg/L streptomycin, and under 5% CC>i. at 37 °c. for 14 days 

(approximately 20 population doublings). The M4-l hybridoma cell line was propagated as a static suspension in 175 

cm2 T-Flasks. in MEM supplemented with 1.5 g L"1 glucose to make an initial glucose concentration of2.5 g L"1
, 10% 

horse serum, 4. 77 g L"1 HEPES buffer, 0.5 g L"1 sodium bicarbonate. 50 mg L"1 pyruvate, and 50 IU/L penicillin and 

50 mglL streptomycin. Both propagated cell populations were then frozen down as aliquots of l.0 X lcf' cells. in 

serum containing 7% (CHO cells) to 10% (hybridoma cells) DMSO. Aliquots ofboth cell lines were stored in the 

vapour phase of a liquid nitrogen dewar for use as the seed culture for the experiments. 

lnocula for experiments were prepared from seed culture in T-tlasks as described above. and were propagated for 

between IO and 20 population doublings. 

3.2 Medium Preparation 

HAM's F12 medium (Sigma Chemical Co., St. Louis MO) was used as the basal medium for preparation ofrCHO 

inocula. This basal medium was supplemented with glutamine (ICN Biomedicals Inc., Costa Mesa CA), HEPES 

buffer (Sigma Chemical Co., St. Louis, MO); and sodium bicarbonate (Sigma Chemical Co., St. Louis, MO). The 

combined dry chemicals were dissolved in distilled and deionized. 18 MOhm·cm, water, pH adjusted to 7.2 - 7.4 with 

saturated NaOH, sterilised by means of filtration through a 0.22 µm membrane. and stored for up to 2 weeks at 4 °C. 

The basal medium was further supplemented for propagation of inocula with 50 IU/L penicillin and 50 mg/L 

streptomycin (ICN Biomedicals, Costa Mesa CA), and 10% (v/v) foetal bovine serum (Flow Laboratories, Vu-ginia). 

HB-CHO serum free medium {Irvine Scientific, Santa Ana CA; Immucor, Edmonton AB) was used as the growth 

medium for the majority of the rCHO e,cperiments. This basal medium was supplemented with HEPES buffer (Sigma 

Chemical Co., St. Louis, MO). and sodium bicarbonate (Sigma Chemical Co .• St. Louis, MO). The combined dry 

chemicals were dissolved in distilled and deionized, 18 MOhm·cm, water, pH adjusted to 7.2 - 7.4 with saturated 

NaOH, sterilised by means of filtration through a 0.22 µm membrane, and stored for up to 2 weeks at 4 °C. The basal 
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medium was further supplemented for propagation of cells with 50 IU/L penicillin and 50 mg/L streptomycin. various 

concentrations of glutamine, and 10 mUL HB-CHO supplement. 

MEM basal medium (Flow Laboratories Inc .• Virginia) was used in the M4-l hybridoma experiments. It was 

supplemented as described above using the same preparation procedure as described for Ham's Fl2 medium The 

horse serum was obtained Whittaker BioProducts Inc. (Walkersville MD). Glucose and pyruvate were obtained from 

Sigma Chemical Co. (St Louis MO). 

For the studies of medium component initial concentration effects, glucose free DMEM (Sigma Chemical Co .• St. 

Louis MO) was supplemented with amino acids and other components as listed in Table 3.1. Glucose, glutamine. 

asparagine, lactate (Sigma Chemical Co .• St. Louis MO), and serum (Flow Laboratories, Virginia) were added at 

various concentrations for experimental purposes. 

3.3 Culture Systems 

Cells were propagated as aggregate suspensions., adherent on bioreactor surmce or on microcarriers., and as dispersed 

suspensions in two bioreactor configurations. Static cultures were performed in 25 crn2
, 175 cm2

, and 225 cm2 T­

tlasks. Mechanically agitated bioreactors were represented by 250 mL (100 mL working volume) and 2000 mL 

( l 000 mL working volume) spinner flasks operating at 60 rpm, I 00 rpm, or 150 rpm. T-tlasks and spinner flasks 

were housed in a 37 °C, 95% humidity incubator. supplied with 5% COi in air. An adequate supply of oxygen was 

introduced to the system by headspace aeration. as determined by Glacken and his colleagues (1983). The stirred 

bioreactors have a height to diameter aspect ratio of 1.5. Sample ports are located at the top of the bioreactors. 

The inoculum concentration ranged from 0.1 E6 cells/mL to 0.4 E6 cellslmL. and was charged into 100% fresh pre­

warmed and gassed medium. In order to reduce foaming. caused by the presence of BSA and other proteins in the 

medium. 20% silicone antifoam emulsion AF72 in sterile water (General Electric Silicone Products Division. 

Waterford. NY) was added dropwise as required. Bioreactors were sterilised in an autoclave at 121 °C for l hour, 

prior to use. Apart from the HEPES and bicarbonate-COi buffering systems, no additional pH control was employed. 
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Table 3.1: Basal medium formulation for initial substrate concentration experiments 

Component 

Basal Medium: 

glucose free DMEM basal powder 
calcium chloride 

magnesium chloride· 6H20 
sodium phosphate dibasic 

L-arginine· HCl 
L-cysteine-HO 

RSNM-lOOX: 

L-proline 
pyruvic acid 

HEPES buffer 
sodium bicarbonate 

RSNM-IO0X 
RFNM - I OOOX 
MEM- 10ox· 

vitamin 812 

hypoxanthine 
phenol red • Na 

putrescine dihydrochloride 

RFNM - lOOOX: 

cupric sulrate • 5H20 
ferrous sulrate • 7H20 

zinc sulf.lte • 7H2O 
0-biotin 

linoleic acid 
thioctic acid 
thymidine 

g/L (or mL, as indicated) 

8.3000 
0.0200 
0.0300 
0.0400 
0.1000 
0.0250 
0.0200 
0.1100 
4.0000 
2.0000 
IO(mL) 
1 (mL) 
IO(mL) 

0.1360 
0.4080 
0.1300 
O.OI61 

0.0025 
0.7000 
0.8630 
0.0073 
0.0840 
0.2100 
0.7300 

• MEM - 1 OOX : non-essential amino acids for MEM Eagle (ICN Biomedicals Inc., Costa Mesa CA) 
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3.4 Assays 

Cell Number 

Protein ligands adhering cells onto substrata were degraded with 25 mg/mL of the serine protease porcine trypsin in 

PBS (Sigma Chemical Co .• St Louis MO). Aggregated cells were disrupted with a citric acid/fritonX-100 mixture, 

to fonn a whole nuclei suspension. 

Suspended cell numbers were then determined by haemocytometer or using an electronic particle counter 

(Electrozone/Celloscope, Particle Data Inc.), having a 100 µm aperture. A 0.5 mL sample was diluted with 9.5 mL of 

isotone and counted four times. The resulting counts were averaged and multiplied by 40 to correct for the dilution as 

well as the sample siz.e counted. Particle counter resuhs were repeatable to ± 3%. 

Alternatively and/or additionally. a whole nuclei suspension was prepared from culture broths. Culture broths were 

centrifuged at 2000 xg for IO minutes. Cell pellets were then resuspended in I M citric acid in 1% Tween 20 

containing 0. 1% crystal violet and 0. 1% TritonX-100, and this suspension was incubated at 37 °C for 30 minutes. All 

chemicals were obtained from Sigma Chemical Co. (St. Louis MO). Whole nuclei released from the lysed cells were 

then counted on a haemocytometer. It was not poSStble to determine viability of whole nuclei suspensions. Whole 

nuclei counts were repeatable to ± 12%. 

V',ability 

Cell viability was determined using the Trypan Blue Exclusion Test (Phillips, 1973). The cells were counted on five 

fields of a haemocytometer. The counts were carried out within one minute of dye addition to ensure that only the 

dead cells stained blue. Only dark staining cells were considered nonviable. It was noted that the suspended viable 

CHO cells were highly luminescent when viewed under the light microscope. Counts of luminescent to non­

luminescent cells correlated precisely to non-stained to darkly stained cells (Trypan Blue Exclusion Test). This 

method of determination of viability was used in conjunction with the Trypan Blue Exclusion Test. Haemocytometer 

percent viability determinations were repeatable to ± 2%. 

Cell Number per Bead 

Adherent cells were separated from beads via incubation in trypsin. The number of beads per unit volume and the 

number of cells per unit volume were then counted on a haemocytometer. Haemocytometer counts were repeatable 

to± 10%. 
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MediumpH 

Medium pH was determined on culture broth which was isolated from the atmosphere and within 10 minutes of 

sampling, using an Orion Research digital pH/millivolt meter 611 (Orion Research Co., Boston, MA) with a 

combination pH electrode. pH measurements were repeatable to± 0.03 pH units. 

Glucose 

Glucose was determined using a hexokinase assay; Sigma Cat. No. 115-5 (Sigma Chemical Co., St. Louis, MO). 

This is based on using hexokinase and glucose-6-phosphate dehydrogenase in a coupled reaction with the reduction of 

iodonitrotetrazolium to produce a coloured compound which is read spectrophotometrically at 520 nm (Spectronic 

Genesys 5, Milton Roy Co., Rochester NY). Sample concentrations are determined against a standard curve which 

was made by serial dilution of pure glucose (Sigma Chemical Co., St. Louis MO), using the standard curve 

application of the Spectronic Genesys 5 (Application II SoftCard, Milton Roy Co., Rochester NY). The assay is 

accurate to within 4% over the range of 0.025 g/L to 5 g/L glucose. A typical standard curve is illustrated in 

Appendix 0. 

Lactate 

Lactic acid was determined using a Lactate Dehydrogenase assay Sigma Cat. No. 826 UV (Sigma Chemical Co., St. 

Louis, MO). This test is based on the conversion ofL-lactate to pyruvate by lactate dehydrogenase. resulting in the 

reduction of an equivalent amount ofNAD. The lactate concentration is proportional to an increase in the absorbance 

reading at 340 nm (Spectronic Genesys 5, Milton Roy Co., Rochester NY). Sample concentrations are determined 

against a standard curve which was made by serial dilution of pure glucose (Sigma Chemical Co., St. Louis MO), 

using the standard curve application of the Spectronic Genesys 5 (Application II SoftCard, Milton Roy Co., 

Rochester NY). The assay is accurate to within 4% over the range of0.02 g/L to 3 g/L lactate. A typical standard 

curve is illustrated in Appendix D. 

Ammonia 

Ammonia was measured using a quantitative enzymatic determination at 340 nm: Sigma Procedure 170-UV (Sigma 

Chemical Co., St. Louis, MO). This test is based on reductive amination of 2-oxoglutarate using glutamate 

dehydrogenase and reduced NAD(NADH). The decrease in absorbance at 340 nm due to the oxidation ofNADH is 

proportional to the ammonia concentration. 
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AminoAcids 

Glutamine and alanine were measured using an OPA-precolurnn derivatiz.ation method (Ashman and Bosserhof( 

1985) and separation on a 3.9 mm by 30 cm Cl8-reversed phase HPLC (Waters. Millipore Corporation. Milford. 

MA), as descnl>ed in detail by Berne et al (I 994). Samples were diluted in HPLC grade water saturated with 

chloroform, and 25 µL aliquots of the derivitized amino acid mixtures {samples) were automatically injected onto the 

Cl8 column (Waters 717plus AutoSampler, Waters, Millipore Corporation. Milford MA). The derivatized amino 

acids were then separated via gradient elution from the Cl8 column with 75% methanol containing 3% 

tetrahydrofuran (Waters 600E System Controller Multisolvent Delivery System, Waters, Millipore Corporation. 

Milford MA). The blue fluorescence of the eluted peaks was detected (Waters 470 Scanning Fluorescence Detector, 

Waters, Millipore Corporation. Milford MA), and compared with standard peaks from glutamine. alanine, and amino 

acid mixtures, using the Millennium 2010 Chromatography Manager Software package (Waters, Millipore 

Corporation. Milford MA). The pure amino acids for standard rurves were obtained from Sigma Chemical Co. (St 

Louis MO). Glutamine and alanine are quantified as the integral of their respective peaks. Critical parameters for 

integration optimization are threshold and peak width. Eight other amino acids were measured incidentally, as they 

are eluted before alanine: aspartic acid, glutamic acid, asparagine, serine, arginine, glycine, threonine. and tyrosine. 

The detection limit was 1 picomole. A typical set of calibration data is shown in Appendix D. 

Extracellular tPA 

Single chain tPA concentration was measured via a modified Chromozym t-PA spectrophometric assay (Boehringer 

Mannheim). The assay has been modified to a micro assay. Chromozym-tPA (trademark) is cleaved by tPA to yield 

the chromophore 4-nitraniline which is detected at 405 nm (Microplate EI..308 Reader, Bio-Tek Instruments). The 

ab:;orbance is cahbrated to a standard rurve using pure tPA (Sigma Chemical Co., St. Louis) (Appendix D). Results 

for serum-free samples were accurate to ± 5%, while serum-containing samples were less accurate at ± 12%. 

The activity of tP A was confirmed by the ability to dissolve a standard fibrin clot containing plasminogen. as 

monitored by a piezoelectric based method (Hayward et al, 1998). 

Monodona/Antibody 
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The anti bovine light chain IgG was quantitated using a competitive EUSA (Enzyme Linked ImmunoSorbent Assay). 

A modified version of the competitive EUSA assay originally described by Bosworth et al. ( 1983) was used. 

Absorbance values were converted to antibody concentrations from a calibration curve generated by a multivariable 

least squares procedure as devdoped and described by Hayward et al. (1991 ). A typical calibration curve is presented 

in Appendix D. Replicates were within± 5%. 

LDH 

Extracellular lactate dehydrogenase was quantitated using a Lactate Dehydrogeoase assay Sigma Kit. Based on the 

same test as for the determination of lactate, the rate of oxidation of NADH is directly proportional to lactate 

dehydrogeoase activity in the sample. In this case, the pyruvate substrate and the coenzyme NADH are added to the 

sample, but no LOH In the determination of lactate, on the other band. NAO and LOH, but no substrate, are added 

to the sample. Accuracy was approximatdy ± l 0%. 

Extracellular Total Protein 

Extracellular total protein concentrations were detennined by the Bradford dye-binding method (Bradford. 1976). 

The dye reagent was made by dissolving 0.1 g ofCoomassie blue dye (Pierce Chemical Co.) in 50 mL of ethanol and 

adding 100 mL of concentrated phosphoric acid (FtSher Chemical, Fair Lawn NJ). This concentrate was made up to 

1000 mL with deionized water and filtered through a Whatman # l tilter. 

Samples were analyzed as follows: l 00 µL of sample was combined with l mL of dye reagent and mixed by gentle 

vortexing. After 5 minutes, absorbance was measured at 595 run (Spectronic Genesys 5, Milton Roy Co., Rochester 

NY). Protein concentration was estimated from a haemoglobin (Sigma Chemical Co., St. Louis MO) standard curve. 

Samples were diluted as necessary- with water to ensure that absorbance was always in the linear portion of the 

standard curve (0.025 to 0.250 mglmL haemoglobin). 

Relative Cell Siu and Relative Cell Density 

Relative individual cell size and relative individual cell density were measured as the degree offorward scatter and side 

scatter, respectively, on a tri-tilter channel flow cytometer (EPICS XL-MCL, with System II Software, Coulter 

Corporation, Miami FL). Samples prepared for measurement of DNA content (see below) were injected into the flow 

cytometer within 45 minutes of sampling. 
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Relative Specific DNA and RNA Content (Cell Cycle Phase) 

DNA and RNA content per cell was determined from an Acridine Orange staining method (Darzynkiewicz. 1994). 

Samples of dispersed suspension cells were enriched by centrifugation at 2000 xg and decantation of supernatant, or 

diluted with basal medium as necessary to attain a concentration of approximately 1.0 X 106 cells/mL, and then placed 

on ice. Cell and nuclear membranes were penneablimi by adding 0.4 mL of ice cold 0.1% (v/v) Triton X-100 

solution to 0.2 aliquots of sample and incubating on ice for 30 seconds. The DNA and RNA was then stained 

immediately by adding 1.2 mL of i~ld 20 µM Acridine Orange solution. Acridine orange was excited with the 

488 om line from a 5 W argon ion laser (Coherent. Palo Alto CA) at 400 mW, within 2 to IO minutes of staining. 

Fluorescence emission at 520 om from DNA, and at 640 nm from RNA, was detected by passing the excited samples 

through the bandpass filters of a tri-cl!annel flow cytometer (EPICS XL-MCI., with System II Software, Coulter 

Corporation, Miami FL). Mean fluorescence intensities were calculated from 256 channel integrated linear 

fluorescence histograms. The percentage of the population within each of the GI/GO, S, G2/M, and A phases was 

calculated from the proportion of the sample having relative DNA associated fluorescence (emission at 520 nm) of I, 

> I but< 2, 2, and< I, respectively (Milner et al, 1996). The data was fitted to Guassian distnbutions for the A, 

GI/GO, and G2/M phases, and to an extended polynomial for the S phase (Multicycle DNA analysis Software, 

Coulter Corporation, Miami FL). 

Intracellular DHFR Content 

DHFR content of individual cells was measured by an adaptation of the methods of Kaufinan et al. (I 978) and 

Assaraf et al (1989). Samples of dispersed suspension cells were enriched by centrifugation at 2000 ,cg and 

decantation of supernatant, or diluted with basal medium as necessary to attain a concentration of approximately I. 0 

X 106 cells/ml, and then placed on ice. Cell and nuclear membranes were permeablimi by adding 0.4 mL ofice cold 

0. I% (v/v) Triton X-100 solution to 0.2 aliquots of sample, and incubating on ice for 30 seconds. The DHFR was 

then stained immediately by adding MTX ligated to the fluorochrome fluorescein (F-MIX) (Molecular Probes Inc., 

Eugene OR)., and inrubating on ice for 2 minutes. The cells were washed three times with basal medium to remove 

unbound F-MTX via centrifugation at 2000 xg and decanting the supernatant, then adding the same volume of basal 

medium and mixing by gentle vortexing. F-MTX was excited with the 488 nm line from a 5 W argon ion laser 

(Coherent, Palo Alto CA) at 400 mW, within 20 to 30 minutes of staining. Fluorescence emission at 520 nm was 

detected by passing the excited samples through the bandpass filters of a tri-channel flow cytometer (EPICS XL­

MCL, with System II Software, Coulter Corporation, Miami FL). Mean fluorescence intensities were calculated from 

256 channel integrated linear fluorescence histograms. Relative DHFR content was assessed qualitatively from 

fluorescence peak heights and widths . 
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SEM Sample Preparation 

Samples were prepared for scanning electron miaoscopy as follows. Cell pellets were obtained by centrifugation at 

2000 xg. Cells were washed three times with PBS and were then fixed with 2.5% gluteraldehyde for 3 hours. Cells 

were then washed three times with PBS and incubated in PBS at 4 °C for I hour. Cells were then dehydrated 

sequentially in acetone: 20% acetone for 5 mimrtes, 50% acetone for 5 mirutes, 70% acetone for IO mirutes. and 

100% acetone for 10 mimrtes. Fixed and dehydrated samples were mounted on stubs and coated with gold and were 

then observed and photographed on the scanning electron microscope. 



4. Results and Discussion 

4.1 Population Growth and Recombinant tP A Production 

4.1.1 The Biological Capacity for Production 

Growth and productivity patterns in batch culture are usually represented in graphical fonn by the viable cell 

concentration and product titer plotted as functions of the culture time. As discussed in Section 2.1, the majority of 

published animal cell culture data pertains to hybridomas. Methodologies for depicting growth and productivity were 

therefore assessed initially for the M4-1 hybridoma cell line producing cx-bovine-light-chain-[gG monoclonal annbody. 

This cell line was propagated as a dispersed suspension static batch culture (100 mL T-flask), with MEM medium 

containing IO % horse serum The rCHO cell line was then assessed, and compared with the typical non-growth­

associated M4-l hybridoma cell line. The rCHO cell line was propagated as a free dispersed suspension agitated 

static batch culture in I 000 mL spinner flasks. with serum free HB-CHO medium. The reproduetbility of four batch 

runs operated at different times was acceptable (Appendix C). One representative culture is presented here. 

The conventional representation of batch mammalian cell culture is shown in Figure 4 .1.1 for the rCHO cell line and 

also for the M4-1 hybridoma cell line for purposes of comparison. This method of presentation has inherent 

conceptual problems. For example. the production of protein (tPA and MAb) is an obvious function of the 

concentration of viable cells, apparently varying with the population growth phase. Although this seems to suggest 

that productivity is at least partially-growth-p~ed, the exact relationship is difficuh to assess quantitatively. 

While the viable cell curve and protein titer curve of the hybridoma cell line are smooth. that of the rCHO cell line 

exlubits an extended decline phase with decreasing concentration of protein product. The early decline phase of the 

rCHO cell line is characteriz.ed by an approximately constant viable cell concentration. The onset of the decrease in 

the tP A protein titer coincides with the onset of the decreasing viable cell concentration of the late decline phase. This 

is probably the resuh of tP A degradation by proteases released from dead, dying, and lysing cells coupled with the 

cessation of the production of tP A The tP A production and degradation are disa.issed further in Section 4 .1.2. 
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Figure 4.1.1: Conventional representation of batch culture viable population curve and protein product titer cum:. Clearly, the 

production of protein is a function of the ,,iable cell conccotration, but the exact rclatiODSbip is difficult to assess from this 

representation of the data. squares: Xv; circles: protein concentration. 

a) M4-l hybricbnas and associated a.-bmine-light-chain-lgG monoclonal antibody. Cells were propagated as fi:ec suspension 

static batch culb.lres in l 00 mL working volume T-flask. 

b) CHOl-Ssoo cells and associated tPA serine protease. Cells were propagated as free dispersed suspension agitated batch cu1bJrCS 

in lOOO mL working volwne spinner flask. 
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A second frequently used technique for assessing population growth is the maxinnun viable cell concentration CXvmaJ 

attained, which is thought to indicate the success of population growth (Xie and Wang, 1996) and, by extension. the 

biological capacity for production of the system (Table 4.1. I). While a large number of cells will invariably produce a 

larger amount of protein product than will a small number of cells in the same time span, the single measurement of 

the instantaneous viable cell concentration has not been found to correlate with the maximum product titer (P max ) 

achieved in batch culture (Bushell et al, 1993; Suzuki and Ollis. 1990; Xie and Wang, 1994a; Merten. 1988). The 

average number of viable cells over the course of the batch culture (Xv .. .g) (fable 4. l. I) is probably a better indicator 

of both the biological capacity for production and the success of population growth or maintenance. The maximum 

product concentration can be assessed as a function of the average viable cell concentration cPmax Xv.,-g-1
) (fable 

4. l.l ). 

Apparent Population Growth Rate 

The specific growth rate, µ. is derived from the instantaneous viable cell concentration. as the number of cells 

produced per cell per hour (usually expressed as h-1
). The specific growth rate changes continuously over the course 

of the batch process, as shown in Figure 4. I. l, particularly for the rCHO cell line In spite of this obvious variability, µ 

is generally utilized as a constant, frequently with J.lmax taken to be the value of this parameter (fable 2.1) (Hayter et 

al, l992;Goergenetal., l992;XieandWang, 1994a). 

In recent years, the effect ofµ on the rate of productivity and on the maximum product titer has become a topic of 

intense investigation (Hayter et al., 1992; Bushell et al., 1993; Goergen et al., 1992; Takahashi et al, 1994; Suzuki 

and Ollis. 1990). In particular, the protein product has frequently been shown to be at least partially growth phase 

associated, and is therefore sensitive to changes in the apparent population growth rate. While an obvious indicator of 

population growth, µ is only superficially connected to protein productivity. Underlying population growth are the life 

and proliferative cycles of the individual cells comprising the population. The proliferative cycle of the individual cells 

is known as the cell cycle. The relationship of the cell cycle to population parameters is discussed in Section 4. l .2. 



Chapter 4: Results and Disausion page 72 

Table 4.1.1: Population growth and production batch culture parameten of free suspension M4-l 

bybridoma and CHOl-Ssuc, cells. 

Parameter M4-l CHOI-SSOII 

Xv-..,. (E-6 c/mL) 0.980 l.280 

t (XVIIIIX) (h) 124 142 

Xva,-g (E-6 c/mL) 0.328 0.578 

1-lnax (h"') 0.026 0.012 

Pmax (m~) 0.902 8.88 

t{Pmax) (h) 310 409 

P-.. .. xv·1 (pg/c) 2.75 19.75 

qp-l (pg/clh) 0.009 0.033 

qp--II (pg/clh) 0.014 0.017 

qp-III-lag (pg/c-h) 0.008 0.076 

qp--III-exp (pg/c-h) 0.008 0.018 

qp--III-ed (p!ifc-b) 0.008 0.042 

qp-III-ld (p!ifc-h) 0.008 -0.069 

c: cell; c-h: cell-hour, ed: early decline; Id: late decline 
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Specif,c Productivily 

A descriptor of the specific productivity. qp (µglcell/hour). can be calculated from the maximum product 

concentration per culture hour and normalized with respect to the average cell concentration. Such a way of 

expressing qp, here labeled qp-1 (Table 4.1. l ). is based on an assumption that all cells are in an identical physiological 

state throughout the batch culture (i.e. a homogeneous. time-invariant cell population). although this is biologically 

unreasonable. For example, growing cells are obviously physiologically distinct from dying cells. This parameter {qp-

1) can serve as a good estimation of productivity. but is not useful in fonnulating fine optimization strategies. as it has 

been found to vary from batch run to batch run (run dependent) (Bushell et al., 1993). suggesting that it changes as 

the physiological make-up of the cell population changes. 

In batch culture, a second form of the specific productivity (qp-11). which is the protein product concentration divided 

by the viable cell concentration (Hayter et al, 1992). indicates that MAb productivity of the M4-l hybridoma cell line 

is increasing throughout the decline phase when the viable cell number is very low and decreasing (Figure 4.1. l ). 

While cells undergoing apoptotic senescence have been shown to increase the production of some proteins (Mercille 

and Massie, 1994; Singh et al. 1994). and while all senescent cells may also be increasing the rate of secretion or 

release of accumulated intracellular MAb (Leno et al., 1992; Flickinger et al.. 1992; Al-Rubeai et al., 1992). there is 

no biological justification for this apparently very high rate of production from so few cells which are in a dying state. 

In the case of the rCHO cell line, this methodology returns a specific productivity of 0.0170 pg·c·1 -h-1
, when assessed 

up to the point of maximum product titer (midway through the decline phase) (Table 4.1. l ). This at best serves as an 

estimate of the averaged specific productivity, and is an underestimate here. 

These apparent phenomena are artifacts which arise from comparing cumulative protein production (which the MAb 

concentration in the medium is a measure of) with the instantaneous measure of the biological capacity for production 

(i.e. the cell number). This is effectively comparing a time integral to a derivative function. In part. this contradiction 

has been recognized by constraining the use of qp-11 to the exponential growth phase (Goergen et al., 1992; Gaertner 

and Dhurjati. l 993a.b ). where the specific growth rate is approximately constant. and, therefore, the trace of the 

cumulative protein production approximately parallels the trace of the cell number for the M4- l hybridoma cell line 

(Figure 4 .1. l ). When the slopes of these two traces are compared. qp-11 is presented as a specific protein production 

rate with respect to culture time. Merten's method of calculating this parameter is presented in Table 2.1 (Merten. 

1988). It is clear that in the case of the rCHO cell line, the viable cell concentration curve and the product titer curve 

are not parallel. even during the exponential phase. When the measurement of the specific produ..~ is restricted to 

the exponential phase for the rCHO cell line, it returns an even lower estimated •.clue of0.0167 pg•c·1-h·1 Ideally. 
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such a parameter should be applicable over the entire course of the culture. therefore. the validity of qp-11. calrulated 

in this way, is questionable. Attempts to apply this method of calculating the specific productivity over the entire batch 

run by utilizing a variable µ. results in complex curves which are difficult to interpret (Hayter et al, 1992; Goergen et 

al, 1992; AI-Rubeai et al, 1992). 

A third representation of this parameter, which is gaining acceptance, expresses the protein concentration as a 

function of the so-called Viability Index (VI) (Luan et al., 1987). This parameter is also called the specific 

productivity, and has been given the same symbol (qp), leading to confusion. Here, this form of the specific 

productivity is labeled qp-ill. Luan and co-workers defined the Viability Index as "the number of viable cells at each 

count integrated over the duration of the experiment". Their data illustrated "a very good direct correlation between 

the Viability Index and the cumulative MAb concentration over the entire course of a batch hybridoma culture", 

suggestive of a physical basis which would substantiate the validity of this parameter, VI. and of calculating qp as a 

function of VI. 

Cell Hours, Cumulative Production, and Specific Productivity 

The calculation of the Viability Index transposes the instantaneous measurement of the biological capacity into a 

cumulative measurement of the biological capacity for production on a unit volume of medium Since protein 

synthesis and secretion is a spatio-temporal property ofliving cells, expressing production as the integral of viable cells 

(i.e. the cumulative length of time that live cells have been present in the batch run) per unit volume is a useful 

approach. However, Viability Index is a vague term, which is therefore proposed to be replaced by the term 

"cumulative volumetric cell hours", CHwi, defined as the cumulative number of hours spent in the medium by all 

viable cells. Wrth respect to productivity, CHwi represents the cumulative productive (eg. protein producing) life span 

of cells in the medium (bioreactor). It is important to recognize that one cell has the potential to produce as much 

protein in ten hours as ten ceDs can produce in one hour. In both cases, the total number of production hours is 

identical. The use of the CHwi parameter allows for the assessment of productivity and of the biological capacity for 

production on the same (cumulative) basis (Figure 4.1.2). The volumetric cell-hours, CHwi, is defined as: 

t 

CH"°1 = f Xv dt 
0 

where Xv is the viable cell concentration 

(4.1) 
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The volumetric cell-hours can be calculated by a simple numerical integration technique, using the log average of the 

cell density between data points, as it is a more accurate estimate of the average of a curved function than is the 

arithmetic average: 

CH""' 
= .t (Xv,+~ - Xv,) (.1/) 

o ln( Xv r+t\l .• • ) 

, Xv, 

(4.2) 

where t is the culture time 

Alternatively, cumulative protein concentration data can be manipulated to yield the instantaneous antibody 

production, and compared with the measured viable cell concentration. Mathematically, this would involve finding 

the derivative of the function representing the cumulative protein concentration data over the entire course of the 

culture. However, this may prove problematic, in that the specific productivity does not necessarily remain constant 

over the entire course of the culture. That is, the cumulative protein product data trace may be composed of the 

combination of more than one function, as the number of cells in various subpopulations (physiological states, such as 

different cell cycle phases) changes over time. 

The volumetric productivity (Pwi or dP/dt), which is frequently calculated as a function of the specific growth rate and 

the viable cell concentration (Xie and Wang, 1994a; Shirai et al., 1994), is an estimated measure of the instantaneous 

protein production. The deviation of dP/dt from direct proportionality to µ has been accommodated by the inclusion 

of a second, non-µ dependent, term. This term is referred to as the non-growth-associated term. 

The maximum volumetric productivity has been found to correlate directly with JJa- (Hayter et al, 1992; Goergen et 

al, 1992). In contrast. JJmax, which is often cited as a measure of the success of the propagation system, does not 

correlate with the maximum titer. The average volumetric productivity has no obvious connection to the viable cell 

concentration curve. This is not surprising when the length of the proliferative cycle of animal cells is compared with 

the length of the epigenetic time domain (Section 2.1 ). In contrast to microorganisms, where genetic and epigenetic 

activities are contained within approximately the same time domain (measured in hours). the length of the animal cell 

cycle is measured on the order of days. while protein production proceeds on the order of hours (Lloyd et al., 1982). 



Chapter 4: Results IIJld Discllssion page 77 

Cells that are apparently not growing may yet produce significant quantities of protein (In this regard. protein 

production in mammalian cells would be equivalent to secondary metabolite synthesis in bacteria) Hence, protein 

productivity from animal cells is more closely correlated to the length of time spent in the reactor by all viable cells., 

than it is correlated to the frequency of division (growth rate) of that viable cell population. It should be noted that 

the cell-hour parameter, CHwL is inclusive of all non-growth-associated metabolic activity. In this context. it is 

apparent that the yield of cells on a particular substrate (Y xs) has limited interpretive value with respect to 

optimization of productivity. 

The method of evaluating the specific productivity as a function of cumulative volumetric cell hours can and should be 

extended to the evaluation of metabolic parameters. The metabolic time domain (for ATP synthesis) which is 

measured on the order of minutes, is even further removed from the time fra.-ne of cell division than is protein 

productivity. Specific glucose consumption rate, specific glutamine consumption rate, specific lactate production rate, 

specific ammonia production rate, etc., expressed in this way are inclusive of growth-, maintenance-, and protein­

product-associated metabolic activities. Yields of metabolic byproducts on substrates, such as the yield of lactate on 

glucose (Y LACGLC ), can then be calculated from the specific rates. These metabolic parameters are presented in Table 

4.1.2 for the rCHO cell line batch culture presented in Figure 4.1. l. The metabolism of the rCHO line is discussed in 

Section 4 .3. 

Association of Productivity to Population Growth Phase and to Specific Growth Rate 

CHvo1 is a direct quantification of the "load" on the medium, while the maximum volumetric cell hours attained (i.e. 

the maximum of ~ is a quantification of the success both of population growth and/or maintenance and of 

medium utilization for the support of the population. The rCHO cell line attains approximately three times the cell­

hours of the M4- I hybridoma cell line, while the maximum viable cell concentrations attained differ by less than a 

fuctor of 1.25. A break in the CH..,. curve of the rCHO cell line (Figure 4. l .2b) coincides with the onset of the early 

decline phase. The cell-hours continue to increase rapidly through this portion of the batch run, coinciding with the 

approximately constant viable cell concentration. Remarkably, approximately 60% of the total cell-hours are 

accumulated during the decline phase. In contrast, the M4-l hybridoma cell line yields a rapidly decelerating increase 

in cell-hours throughout the decline phase, with an accumulation of only about 15% of the total cell-hours of the batch 

run. 
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Table 4.1.2: Metabolic batch culture parameten of dispersed suspension CHOI-Ssoo cells. 

Metabolite 

Flnt Metabolic Phase: 

Glucose 

Glutamine 

Lactate 

Alanine 

Ammonia 

Serine 

Glycine 

Second Metabolic Phase: 

Glucose 

Glutamine 

Lactate 

Alanine 

Ammonia 

Serine 

Glycine 

Third Metabolic Phase: 

Glucose 

Glutamine 

Lactate 

Alanine 

Ammonia 

Serine 

Glycine 

q_ 

(pmol c-h-1 
) 

0.143 

0.06 

-0. 185 

-0.0135 

-0.041 I 

0.0015 

-0.00092 

0.0012 

0.01 

0.00035 

-0.0135 

-0.01115 

0 

-0.00092 

0 

0 

0.030 

0.005 

-0.01115 

0 

-0.00092 

page 78 
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By simply re-plotting cell population and product data on the same (cumulative) basis (Figure 4.1.2). growth-phase­

associated. non-growth-phase-associated. or partially-growth-phase-associated productivity is qualitatively obvious 

graphically. and simple to analyze quantitatively. When aunulative volumetric product concentration is linearly 

regressed against cumulative volumetric cell hours. as proposed by Luan et al. ( 1987). the nature of the association 

between these two parameters is immediately. and quantifiably apparent. The dependence of the aunulative protein 

product concentration on the volumetric cell hours is shown in Figure 4. l.3. The applicability of this approach for 

both the rCHO cell line and the hybridoma cell line is evident. 

As is the case for the M4-I hybridomas (Figure 4. I .3a and Table 4. I. I). a single line of constant slope ( constant qp­

lII) over the entire course of the batch culture, indicates non-growth-phase-associated productivity, suggesting that 

the protein is produced at approximately the same rate during all phases of the cell cycle as well as during periods of 

quiescence and during senescence. The slight hint of increase in the specific productivity during the late decline 

population growth phase suggests that apoptotic cells may exlubit a marginal increase in the production of this MAb. 

[n contrast, the rCHO cell line exlubits growth-phase-association of productivity (Figure 4.l.Jb and Table 4.1.l) as 

indicated by four distinct straight lines that are of constant slope within each growth phase. Productivity is greatest in 

the lag and early decline phases, and becomes negative in the late decline phase as discussed above. It is difficult to 

determine whether the actual productivity has become zero in the late decline phase. as this poSS1bility is obscured by 

tP A degradation. 

The two cell lines examined in this study represent two different productivity patterns. namely non-growth-phase­

associated and growth-phase-associated. A third type of productivity pattern is poSS1ble. Were the protein 

productivity partially-growth-phase-associated. it would be variable even within each of the growth phases. 

[n addition to productivity patterns based on correlations to population growth phases. it is poSS1ble to distinguish 

productivity patterns based on correlations to specific growth rates of the population. The two cell lines examined in 

this study represent two of the four poSS1ble relationships between the specific productivity and the specific grcwth 

rate. Excluding the late decline phase from consideration, the specific productivity is inversely related to the specific 

growth rate (negatively growth-associated) in the rCHO cell line, suggesting that protein may be preferentially 

produced during the Gland/or GO cell cycle phases. In the M4-I cell line, the specific productivity remains constant 

as the specific growth rate changes (non-growth-associated). as is the case with all cell lines exhibiting non-growth­

phase-associated productivity. 
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A third type of cell line. which exln'bits increasing specific productivity with increasing specific growth rate (growth­

associated), suggests that product is produced preferentially or exclusively during the S, M, and G2. phases of the cell 

cycle. Conditions which extend exponential growth (perhaps including contiruous culture mode) should therefore 

optimize productivity of this type of cell line. 

In a fourth type of cell line, the relationship of productivity to growth rate is less clear, and may exln'bit several 

different regions of association-types ( negatively growth-associated, growth-associated, and non-growth-associated 

regions). This type of association is termed partially-growth-associated The rCHO cell line falls into this category 

when the entire growth curve is included in the assessment. When the regions of association-type vary rapidly, a plot 

of the specific productivity against the specific growth rate results in complex curves. When the specific productivity 

changes with the physiological state of the population (growth phase), these complex curves may loop as the batch 

run proceeds. As discussed above. the relationship of productivity to specific growth rate is, at best, loose. so that 

many cell lines fall into this category. Optimization strategies based on the specific growth rate for such cell lines are 

difficult to fonnulate. Here. such is the case for the rCHO cell line. 

Conduding Remarks 

Analyses of the parameters associated with the evaluation ofbatch cultures of mammalian cells must be perfonned on 

the same basis. Measured concentrations of substrates, metabolic byproducts, and protein products represent 

cumulative values. A simple numerical integration technique can be employed to convert the instantaneous viable cell 

number to cumulative cell-hours. Specific productivity and consumption parameters can then be calculated on the 

basis of volumetric cell-hours. Specific productivity is evaluated in this way (labeled qp-m in this Section) throughout 

the remainder of this thesis. and labeled simply <Ip. Using this approach, three basic patterns of protein production as a 

function of the non-segregated cell population emerge. Theoretical examples of these patterns are illustrated in Figure 

4.l.4a 

For comparison, the poSSI'ble correlations of the specific productivity to the specific growth rate are presented in 

Figure 4. l.4b. Partial-growth-association results in complex patterns, suggesting that correlations of specific 

productivity to specific growth rate may not have a clear-cut biological basis. Particularly, the non-linear patterns 

shown in Figure 4.l.4b can be more readily interpreted by analysis within the epigenetic time domain (Figure 4.1.4a). 
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Simplicity, both in measurement techniques and in data analysis, is a highly desirable attnlrute of evaluation 

techniques. Evaluation of the physiological make-up of the population, or detailed cell cycle analyses, may not be 

necessary to the development of a successful optirniz.ation strategy. For example, conditions which maintain viability 

but retard growth rates for the rCHO cell line should serve to enhance the product titer. Conversely, the rate of 

transit through the population growth phases should have no impact on the productivity of the M4-l cell line, and 

therefore, for a given number of cell-hours, the faster the growth rate, the faster product will accumulate. Hence, 

evaluation techniques at the whole population (macro or non-segregated) level may be sufficient for optimization 

purposes. Thus it may be unnecessary to evaluate the system at the individual cell (micro or segregated) level. 
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4.1.2 Productivity and the Segregated Population 

Underlying the growth of populations are the proliferative cycles of the individual cells comprising the population (see 

Section 2.1 ). To investigate the relationship between the production of the recombinant protein during batch culture 

and the physiological state of the cells, the population was segregated into four subpopulations on the basis of relative 

DNA content per cell. The experimental work considered here differed in a number of conditions from the 

experiment evaluated in Section 4.1.1. so that these two experiments are not compared. The impact of these 

conditions on growth and productivity is considered in Sections 4.2 and 4.3. In this experiment the cells were grown 

as a dispersed suspension in a 100 milliliter working volume spinner flask. agitated at 150 rpm. with serum free HB­

CHO medium containing 40 mmol·L·1 glucose. 

In spite of the probability of a certain degree of aneuploidy in this rCHO continuous cell line, it was assumed that cells 

in the G2 and M phases would have approximately twice as much DNA as cells in the GI and GO phases. Cells 

traversing the S phase would have a DNA content between that found in the GI phase and that found in the G2 

phase. while viable apoptotic cells would have a DNA content less than that found in the GI phase (hypodiploid). 

Typical relative DNA content profiles for populations of this rCHO cell line are shown in Figure 4.1.5. Scatter graphs 

of DNA to RNA content per cell and for forward light scatter (relative size, FS) and side light scatter (relative density. 

SS) of individual cells are also presented in this figure. The light scatter graph illustrates the gate employed in the 

0owcytometric analyses. which was set to include particles from 8 to 20 µm in diameter. Particles with a diameter 

greater than 20 µm are likely 2 to 5 cell aggregates or clumped cells. 

The sample illustrated in Figure 4.1.Sa is after one day of culture in an environment similar to the environment from 

which the inoculum was taken. The inoculum used in this experiment was taken from a mid-ecponential 

asynchronous culture in balanced growth. and contained an insignificant subpopulation of apoptotic cells. The DNA 

to RNA scatter reveals a subpopulation in GI/GO phase with diploid DNA content and a range of RNA content. an S 

phase subpopulation with an increasing DNA content coupled to an increasing RNA content. a G2/M phases 

subpopulation with a tetraploid DNA content and rich RNA corttent, and an A phase subpopulation with hypodiploid 

DNA content and low RNA content. suggesting that cells exit the cycling fraction in early GI. A few cells with 

hypodiploid DNA content and higher RNA content have perhaps entered apoptosis from late Gl, but no hypodiploid 

cells appear to have the rich RNA content associated with the S and G2/M phases. The few cells exlnbiting 

hypertetraploid DNA content may be due to aneuploidy or aggregation of these rCHO transformed cells. It is also 

noteworthy that cells are apparently capable of existing in the S phase with a relatively low RNA content. 
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Figure 4.1.Sa: Flow cytometric plots ofCHOI-5500 cells in cell cycle phases in conditions shortly after inoculation. 
The population is in balanced growth. with only a small portion in apoptosis. 
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Figure 4.1.Sc: The population accumulates in the apoptotic sub-compartment during the late decline phase. 
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When the culture environment is similar to the environment from which the inoculum is derived, inclusive of an 

adequately large inoculation cell density, the population continues in balanced growth as is the case in the samples 

illustrated in Figure 4.1.Sb. As the batch culture proceeds, the proportion of the population traversing the cell cycle 

with a relatively low RNA content diminishes. By 72 hours of cuhure time, a significant apoptotic subpopulation is 

accumulating, and the proportion of the population in G l/GO is increasing, so that the population is falling out of 

balanced growth although the exponential phase continues for another 72 hours. 

Figure 4. I .Sc depicts a population in the late decline phase, with a rapidly increasing percentage of the gated 

population in apoptosis. Very few cells with a DNA complement greater than diploid are seen during the late decline 

phase. Interestingly, these cells are both large and dense, in contrast to the expectation of small cell size associated 

with apoptosis. Further evidence of the apoptotic nature of cell death, as opposed to necrotic cell death, is presented 

in Section 4.2. 

The cells in the sample in Figure 4. 1.5d, taken from a density arrested population, reside primarily in the GI/GO phase. 

This population of cells was maintained as an adherent confluent monolayer for a period of two months. Daily 

replacement of medium ensured that nutrient limitation and biowaste toxicity were not factors in the behavior of this 

culture. Cell to cell contact and cell signaling had apparently resulted in contact infubition and the population was 

arrested in GI. From the analysis of the DNA profile, less than 4% of the population has been assigned to the 

apoptotic compartment. 

Population Growth Dynamics 

Commencing with an inoculum of 0.25 X 106 viable cells per milliliter, there is apparently no population lag phase 

(Figure 4.1.6: see total viable cell density curve). However, when the segregated population pools are considered, it 

can be seen that cells are accumulating in the G l/GO phase during the first three days of the batch culture (Figure 

4.1.6). This is consistent with Gl arrest (entry into GO phase) associated with population lag phase, in response to 

the step change in environment associated with inoculation: the mid-exponential phase inoculum was grown as a 

static culture in medium containing 5% serum, while the experimental conditions involved agitation in serum-free 

medium. Presumably, cells are temporarily arrested in G l phase while cell constituents necessary for continued or 

alternate metabolic pathways are synthesized. 

Following the lag phase, some of the cells fall out of Gl/GO phase into A phase, while the majority of the cells re-enter 

the cycling fraction of the population, as can be seen with the increase of the S phase subpopulation from l 00 hours 

to 200 hours ofbatch culture. In this serum-free mediwn, the maximum specific growth rate is only 0.0115 h"1 which 
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corresponds to a doubling time of approximately 60 h, so that daily sampling results in 2 to 3 sampling points per 

complete cell cycle period. Hence. it can be seen that the population exits the lag phase in partial synchrony with 

peaks in the subpopulations corresponding to traverse through the S phase, G2/M phases, ar ~! G 1 phase. 

Afler three population doubfings. the cells enter the decline phase. Under the conditions of this experiment. the viable 

cell concentration decreases smoothly. at a constant rate of0.01 h.1 
, throughout most of the decline phase. By the 

late decline phase, most of the viable population is senescing through apoptosis. and the rate of decline diminishes. 

A population of cells in culture does not contain the housekeeping phagocytes which engulf and destroy apoptotic 

bodies in vivo. Thus. as the individual cells complete the physiological process of apoptosis, they enter secondary 

necrosis. in which membrane integrity is lost and cytomplasmic contents leak out into the medium. Eventually cell and 

organelle membranes lyse and the contents are released en masse. Any cells which may undergo primary necrosis 

(accidental or traumatic cell death) lose membrane integrity and lyse to release cellular contents relatively quickly. 

The appearance of the cytoplasmic enzyme lactate dehydrogenase (LOH) in the culture medium is indicative of the 

leaky membranes and lysis associated with cellular death (Wagner et al .. 1992). Extracellular LOH concentration has 

been used as a measure of cell death, lysis, and release of cellular contents (Chevalot et al.. 1994). In this experiment. 

it was found that extracellular LOH activity increased as population viability decreased (Figure 4. l.7a), more than 

doubling during the early decline phase during which time the viability fell from 75% to less than 40%. The 

extracellular LOH activity is proportional to the concentration of dead, but intact, cells until the end of the early 

decline phase, yielding 0.244 U/c (Figure 4.l.7b and c). Very little cellular debris was observed up to this time, 

suggesting that cell lysis was insignificant through to the end of the early decline phase. 

As the population moves into the late decline phase, the concentration of dead cells begins to decrease., presumably 

due to the combination of declining viable cell concentration and increasing lysis of dead cells ( mput and output to the 

dead cell compartment). This is the point at which the extracellular LOH activity jumps from about I SO U/L to about 

350 U/L (between 275 and 350 hours of culture time, Figure 4.I.7b). This pattern of sudden LOH release from cells 

into the culture medium can be explained as a consequence of the partial synchrony of this culture, in that a significant 

proportion of the population enters apoptosis at the same time. Since apoptosis (as a physiological process) is likely of 

a fixed length. this proportion of the population should commence secondary necrosis. culminating in cell lysis at 

approximately the same time. Thereafter. the release of LOH becomes inversely proportional to the dead cell 

concentration. This can be interpreted as release of LOH from the lysed cell compartment. Hence, the appearance of 

LOH in the culture medium should be considered to have two distinct sources: leakage through the membranes of 

intact dead cells, and release from lysed cells. The latter source is also indicative of the lysis of subcellular organelles, 
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b) 11r am,rnulating e:xtraccllular LOH C0DCCDtratim is proportional to the ammmlating dead cdl c:oocentration until the onset of 

!=ignificant cdl lysis (300 hours). after which c:macdlular LOH cx,nrima to am!Dlulate lit a rate proportional to the rate of ccll 
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c) The extracdluJar LOH c:ooccutiatioo can be expressed as a yield of LOH .fran dead c:clls until the point of significant ccll lysis. 
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including lysosomes which would involve the concomitant release of proteases. VISWll evidence of significant cell 

lysis ( cellular debris) was not observed prior to the onset of the late decline phase. 

The semi-synchronous growth pattern is more clearly depicted in Figure 4.1.8. In these plots, the accumulation of 

cells in the G l phase during the lag phase of the population is seen during the first three days of the culture. The re­

entty of the GI arrested subpopulation into the cycling fraction appears to be consistent with the probabilistic model 

proposed by Smith and Martin (1973). This random re-entry into the cycling fraction is coupled with a portion of the 

population that was not arrested in G 1, thereby preventing complete synchrony of the population. Peaks in the S 

phase at approximately 125 hours. 200 hours, and 290 hours, followed by peaks in the G2/M phase support the 

interpretation of semi-synchronous traverse of the viable population through the cell cycle. 

In Figure 4.1.Sa, the size of each of the four subpopulations is depicted as a fraction of the whole viable population. 

At 300 hours, well into the decline phase, cells are accumulating in the G l phase. At approximately 340 hours there is 

a sharp decrease of cells in all of the cycling phases and a corresponding increase in the size of the A phase 

subpopulation. The fact that cells are accumulating in the G l phase just prior to the increase in the A phase 

subpopulation suggests that cells enter apoptotic senescence from the GI ( or GO) phase. This is substantiated by 

considering the subpopulations of only the cycling fraction of the viable cells (Figure 4.1.Sb). Here, it can be clearly 

seen that almost all of the cycling fraction resides in the G l ( or GO) phase by the end of the batch culture. 

Further verification of the semi-synchrony of this population is found in the percentages residing in each of the cell 

cycle phases during the exponential growth phase. In asynchronous growth. 70 to 80% of the viable population 

resides in the S cell cycle phase during the early exponential growth pha.c;e (Lakhotia et al., 1992). The proportion in 

S phase decreases through the remainder of the exponential growth phase, as the proportion in GI/GO phase 

increases, presumably as cells arrest in GI/GO in response to diminishing nutrient pools (Lakhotia et al., 1992). The 

proportion of the population in G2/M remains relatively constant at 8 to l 0 % until the late exponential growth phase, 

when it begins to increase. In contrast, in this culture the proportion of the viable population in S phase never rises 

above 60%, while the proportion in G 1/GO remains high during early exponential growth phase, only falling to 

approximately 20% in mid and late exponential growth phase (Figure 4.1.Sa). 
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a) entire viable populaticn The population accumulates in the apoptotic sub-comparlmcbt during the late decline phase. 

b) the cycling fraction of the viable population (A phase excluded) Thccycling fraction IMX:lmndates in GI/GO during the lag phase 

and again during the late decline phase. 
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Population Segregation on the Basis of DNA Content 

The above interpretation of the population growth dynamics is verified by considering the relative DNA profiles of the 

population over the course of the batch cultw"e. In Figure 4.1.9, DNA population profiles are presented for four batch 

cultures cultivated under the conditions descnbed previously. The batch cultures differed in terms of the initial 

concentrations of lactate. glucose. glutamine and serum. Nevertheless. the DNA population profiles all follow a 

remarkably similar trend. Again. it is seen that true asynchrony is only achieved for about 24 hours during the early 

exponential phase. The population accunwlates in the GI/GO phase during the first 3 days of culture, and the 

population resides primarily in the A phase by the end of the batch culture. The samples were gated based on a cell 

size between 8 and 20 µm in diameter, which is considered to be the range for intact dead CHO cells through to 

mitotic viable CHO cells in dispersed suspension, and which was verified microscopically (see Section 4.2). Greater 

than 99% of the particles in the samples fell within this gate through mid- exponential phase in all of these cultures. 

Thereafter the gated percentage of samples fell to approximately 95%, with the majority of the excluded particles 

having a diameter greater than 20 µm, and most likely representing 2 to 5 cell aggregates which were microscopically 

visi 1alize.d from the mid exponential phase until the late decline phase. It was only in the late decline phase that the 

gated sample portions fell below 90%, and that the cellular debris indicative oflysis was microscopically visualimi. 

Necrotic cells, having ruptured or leaky cell membranes, would appear in DNA to RNA graphs as having a normal 

complement ofDNA but a very low complement ofRNA In Figure 4. l.9, by virtue of this criterion, it can be seen 

that very few cells appear to leave the viable population through primary necrotic senescence. Swollen necrotic cells 

would also have a large size, corresponding to a large forward scatter (FS), but a low density, corresponding to a low 

side scatter (SS). Inspection ofFigure 4. l.9a and Figure 4. l.9d substantiates the insignificant role of primary necrosis 

in these cultw"es. Cell death is discussed further in Section 4.2. 
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Figure 4.l.9d continued: 120 b to 240 b of batch culture time. 
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Estimating Concentrations in the Dead Cell and Lysed Cell Compartments 

The inputs and outputs of the dead cell compartment and of the lysed cell compartment are presented in Figure 

4.1.10. Contnlrutions to the dead cell pool come from both the cycling fraction, through primary necrosis. and the 

apoptotic fraction, through secondary necrosis. Exit from the dead cell pool is through cell lysis. and vice 11ersa, entry 

into the lysed cell pool is from the dead cell compartment. Considering the hypothesis shown in Figure 4. 1.10. the 

change in the dead and lysed cell concentrations may be calculated from the following equations: 

d[dead cells] 

dt 
= k,, [cycling cells] + kd [apoptotic cells] - k1 [dead cells] 

d[lysed cells] 

dt 
= k1 [dead cells] 

Gl/GO ( s 
JI 
~ 

Cells Cells 
' I I 

I 
..___,, --Y'-

Ka?I 
I ~ 

/l 

' \ .., Ka ,t ~ 
Apoptotfc r tf ::,. C Dead 

Cells Cells 

)( G2JM ) Cells 

_, 
mg 

Cells 

) 
,, 

:.( Lysed ) Cells 

(4.3) 

(4.4) 

Figure 4.1.10: Subpopulation compartments based on cell cycle theory. The population can be segregated into a 
cycling fraction, an apoptotic fraction, a dead fraction, and a lysed fraction. The cycling fraction can be further 
subdivided into a GI/GO fraction. an S fraction, and a G2IM fraction. 

µ: cell cycle rate constant; k. : rate constant of apoptosis entry; lea : rate constant of primary necrosis; 

kc. : rate constant of secondary necrosis; kt : rate constant of cell lysis 
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It may be concluded that primary necrosis plays an insignificant role in batch culture kinetics of this rCHO cell line 

under nonnal operating conditions such as those employed here. Thus, kn is considered to be negligible, and 

contn'butions to the dead cell pool from the cycling fraction can be neglected. Significant amounts of cellular debris 

was not observed prior to 275 culture hours, so that exit from the dead cell pool through cell lysis can be considered 

to be negligible up to this point. Therefore. the rate of change in the dead cell pool can be calrulated directly as the 

rate of increase in the measured dead cell concentration up to this point. From Figure 4. l.7b it can be seen that the 

concentration of dead cells actually decreases slightly up to mid exponential phase, at a rate of -310 c'mLJh. Since it 

is not likely that a significant number of cells are entering the dead cell pool during this time, this may be considered to 

be the rate of cell lysis during this time. From mid exponential phase through to the end of the exponential phase the 

dead cell pool is increasing at a constant rate of3638 c'mLJh. 

Recombinant Protein Productivity 

As discussed in Section 4. 1 .1, productivity is associated with cell-hours rather than just the number of cells in the 

system Thus, the first step in considering productivity kinetics is to convert cell numbers into cell-hours. When the 

unsegregated population is considered in terms of cumulative cell-hours (Figure 4 .1. 11 ), the existence of the lag phase 

is apparent. Under the conditions of this experiment there is apparently no metabolic switch, and the population 

proceeds smoothly through the exponential and decline phases. Balanced growth is characterized by time-invariant 

chemical, physical, and physiological state of the culture, while the population increases exponentially (Gu et al., 

1993). The exponential growth phase represents an approximately constant chemical state, in that nutrients are 

present in excess, and biowastes are at subtoxic levels. A constant average physiological state of the population 

occurs when growth is asynchronous and the relative size of each subpopulation is not changing. It can be seen that 

this condition is never fully attained during this batch culture. This is due to the partial synchrony of the cycling 

population. 

The recombinant tP A productivity, as a function of the unsegregated population, is apparently growth-phase­

associated. In Figure 4.1.12 it can be seen that the lag phase specific productivity is approaching four times that of the 

exponential and early decline phases. Although the productivity pattern observed here is not identical to the 

productivity pattern observed under different initial conditions (eg. see Section 4.1.1 and Appendix C). a high lag 

phase specific productivity is consistently observed. This is not consistent with S-phase specific protein production, 

the suggested pattern for this plasmid construct (Banik et aL. 1996; Gu et al, 1993; Mariani et al., 1981) (see Section 

2.2), and which would correspond with maximum specific productivity during the exponential growth phase. 

However, here the protein is measured as the tPA titer in the culture medium. so that ·production' is the end point of 
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synthesis and secretion. It is therefore possible that tP A synthesis occurs during the S phase, but that the observed 

increase in protein titer does not directly correlate with traverse through the S phase. 

When the tP A concentration is plotted as a function of the individual subpopulations (Figure 4. I. I 3), it is seen that the 

tP A production is directly proportional to the hours that the viable population spends in the GI/GO phase, strongly 

suggesting that secretion occurs during this cell cycle phase. This is in contrast with the findings of Kubbies et aL 

(1990) and Scott et al (1987) who found a direct correlation of tP A production with the S phase, and Aggeler et al. 

(1982) who observed peak tPA production during the G2/M phases. All of these researchers measured extracelluJar 

tP A only, as is also the case here. 

The Role of Dyhydrofolate Reductase Expression 

Dihydrofolate reductase. a key enzyme for thymidine nucleotide synthesis. is essential for the replication of DNA, as 

reviewed in Section 2.1. It should not be surprising. therefore. for the synthesis of both recombinant and endogenous 

DHFR to be cell cycle phase associated. irrespective of the nature of the transcription of the dh.fr gene (constitutive or 

induced). The relative specific DHFR levels in the different cell cycle phases was investigated by comparing against 

relative DNA content profiles in the population (Figure 4. l.14). In Figure 4. l.l4a about 73.5% of the cells of a 

density arrested population reside in the GI/GO phase, with about 16% in the S phase. The corresponding DHFR 

associated fluorescence profile shows two distinct populations. a group comprising approximately 60% of the 

population with a relative DHFR content of 1, and a group comprising approximately 20% of the population with a 

relative DHFR content of IO. In Figure I. l.l4b, a population of cells in early exponential phase shows good 

correlations between the proportion of cells in GI/GO phase and a relative DHFR content of I, and between the 

proportion of cells in S phase and a relative DHFR content of I 0. These correlations are further substantiated in the 

observed patterns in a mid-exponential phase population (Figure 4. l.14c). In the late decline phase population shown 

in Figure I. l.l4d. with essentially all of the viable population residing within the A phase (98.4%), there is no 

detectable DHFR associated fluorescence. Collectively, these graphs suggest that there is about IOX as much DHFR 

in S phase cells as in GI/GO phase cells, and that DHFR is not expressed during apoptosis. These findings do not 

parallel the appearance of tP A in the culture medium for this culture system. The accumulation of extracellular tP A 

was found to be a linear function of the time spent in the GI/GO phase (Figure 4. I. 13 ). 
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When a foreign protein gene is co-transfected with dh.fr, but the two genes are under the control of different 

promoters, the timing of the expression of the two genes may differ. The system used in the CHO 1-5500 cell line 

utilizes the constitutive SV40 early promoter for the expression of both proteins (tPA and DHFR), ensuring 

cotranscription. However, it is evident from Figures 4. l.13 and 4. l.14 and the results of other workers that the 

appearance of secreted tP A and the synthesis of DHFR may not occur in concert. Whether the genes are transcnoed 

in concert or not, post-transcriptional modifications, translation, and post-translational modifications which 

collectively result in the appearance of the complete protein can be subject to different controlling influences. 

Furthermore, the appearance of a secreted protein in the culture medium is the endpoint of additional spatiotemporal 

processing. 

Investigators working with the DHFR based expression systems in rCHO cells tend to report solely on the levels of 

the complete proteins. Several report S phase associated synthesis of the protein product, and it has become generally 

assumed that this is coincident with S phase associated appearance of DHFR. Gu and co-workers ( 1993) found that 

intracellular levels (synthesis) of recombinant J3-galactosidase in CHO cells increased exclusively during the S phase. 

In their system, dhfr was under control of the SV 40 promoter, while halactosidase was under control of the 

constitutive hCMV promoter. These authors did not calibrate synthesis of DHFR to the phases of the cell cycle. 

Banik and co-workers ( 1996) found that the intracellular levels of recombinant 13-galactosidase in CHO cells was 

directly proportional to the cell specific growth rate. This suggests that the synthesis of this recombinant protein, 

which is under the influence of the constitutive SV40 early promoter, is S phase associated. Similarly, the production 

of recombinant human interferon-y by CHO cells was reported to be growth-associated (S phase dependent), but the 

promoter was not identified by the authors, and it was unclear as to whether intracellular or extracellular human 

interferon-y levels were measured (Hayter et al, 1993). This evidence of S phase associated protein synthesis is 

obviously not related to the control of transcription of the gene by constitutive promoters. 

In agreement with the understanding of DHFR gene transcription and protein synthesis patterns (see Section 2.2), it 

was found in this study that DHFR levels are associated with the cycling fraction of the cell population, in a cell cycle 

phase dependent manner. DHFR. protein appearance is apparently not restricted to the S phase, but is present in the 

GI/GO phase as well, albeit at an order of magnitude lower level. 
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The Role of Native Plasminogen Activators 

The activity of native tis&ie plasminogen activator in mammalian ovary cells is relatively high. Although not 

approaching the 720 Units per gram of fresh tis&Je found in human uterus samples, the human ovary is relatively rich 

in tis&Je plasminogen activator expression. yielding 210 Units per gram of fresh tissue compared with only I IO Units 

per gram of fresh skeletal muscle, 25 Units per gram of fresh testes, and O Units per gram of fresh liver (Rouf et al., 

1996). Native ovarian tP A perhaps plays a role in follicle maturation and traverses through the fallopian tubes. 

Native ovarian tPA expression and secretion may therefore be inducible, and tied to menstrual cycle. Turnover of 

differentiated ovarian cells is low, with the cells residing primarily in the GI/GO state, so that expression and secretion 

of native ovarian tP A is likely associated with the GI/GO cell cycle phase. Stimulation of the expression and secretion 

of native ovarian tP A may influence the expression and secretion of recombinant tP A. 

Transfonned cells contain and secrete excess levels of activators of plasminogen. when compared with normal cells 

(Scott et al., 1987). The maximal plasrninogen activator activity in the culture supernatant (maximal secretion of 

enzyme) of a rat prostate adenocarcinoma cell line was found to correspond with the S/G2 cell cycle interface (Scott 

et al., 1987). In accordance with this finding, the levels of intracellular plasrninogen activators have been shown to 

decrease during the active cell cycle and to accumulate in cells arrested in GI/GO (Loskutoff and Paul, 1978). 

The activity ofboth non-specific neutral proteinases and ofplasminogen activators has been reported to be increased 

in mitotic cells (Aggeler et al., 1982). These workers found that plasminogen activators were secreted from Chinese 

Hamster Ovary fibroblasts in culture during the G2 and M cell cycle phases, with the activity being about twice that 

associated with the early cell cycle phases. This cell cycle specific secretion of native plasminogen activator occurred 

both in serum-free medium and in medium containing 5% serum. As these adherent cell populations reached 

confluence, they became arrested in the GI phase, and the secretion of plasminogen activators decreased by several 

fold. The synthesis of extracellular matrix proteins also altered as the population approached confluence. Cells 

secreted fibronectin and procollagen type m throughout the entire culture time, but procollagen type I was only 

secreted as the population approached confluence. Also, the ratio of fibronectin to procollagen increased at 

confluence. The authors suggest that a physiologic role for plasminogen activators on cultured mitotic fibroblasts may 

be to break cell-matrix attachments and alter surface proteins and proteoglycans, allowing cells to round up for 

division. This role of plasminogen activator would presumably be constitutive. Observations in the current study 

confirm these findings of these authors that only after cells were in contact with each other for extended times (24 to 

48 hours, or longer) did they secrete and deposit significant amounts of fibronectin and procollagen type L which is 

nonnally the major connective tissue protein produced by fibroblasts. It was also found in the current study that 

adherent confluent cells of the rCHO 9606 cell line arrest in GI (Figure 4. l .Sd) and became very finnly attached to 
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the substratum. requiring several hours of exposure to trypsin to achieve detachment. Aspects of cell-cell contact, and 

physiological and morphological consequences are discussed further in Section 4.2. From the above discussion, it is 

poSStble that native regulatory mechanisms involved in the processing of tP A after transcription influence the 

production of the recombinant tP A 

Concluding Remarks 

When mid-exponential phase CHOI-Sm cells are inoculated into HB-CHO serum-free medium (Immucor) and 

cultured as a dispersed suspension in a stirred flask at I SO rpm, a large proportion appear to be temporarily arrested in 

GI/GO phase. The population then proceeds through the growth phases in a semi-synchronous pattern, with a low 

apparent specific growth rate of about O.Oll h"1
. Production of recombinant tPA which is measured as the 

accumulation of the secreted protein in the culture medium is a linear function of the time spent by the viable 

population in the G l/GO phase. Although this is in contrast to the S phase associated maximum intracellular DHFR 

content, no conclusions can be drawn with respect to the probability of co-expression of DHFR and tPA. because 

intracellular tPA content was not measured. There is no reason to suppose. however, that post-transcriptional 

through post-translational processing of the complete DHFR and tP A proteins would be co-regulated. Native 

regulatory systems for the individual proteins may play a significant role in their processing. Native ovarian tPA 

secretion is likely associated with GI/GO phase, as is the secretion of tPA from CHOI-Sm cells. 



4.2 Morphological Types 

The Chinese Hamster Ovary cell line. CHO-Kl, and many of the CHO cell lines derived from it, grow readily both as 

an adherent monolayer (or multilayer) and in stirred suspension culture (Wtnterbourne et al., 1993; N"'tlcolai and Hu, 

1992; Varanietal., 1996 ). Preliminary experiments with the recombinant CHOI-S500 (ATCC # CRL 9606) cell line, 

which is derived from the CHO-KI parental cell, revealed that it adapted easily to aggregate suspension in serum-free 

static culture. The impacts of morphological type (suspension versus adherent) on the growth and production kinetics 

were therefore investigated. 

ln preliminary studies, cells were cultivated in spinner flasks at 60, 100, and 150 rpm. In serum-free medium, 

aggregation of suspended cells was found to be an inverse function of agitation rate. with large. relatively loose 

aggregates forming at 60 rpm, and tighter, spherical aggregates forming at I 00 rpm At the highest agitation rate, 

aggregates did not form and the population grew as a dispersed suspension. It was also found that in medium 

contilining I 0% serum, microcarrier attached cells died or became detached at 150 rpm, while cultures initiated with 

agitation rates of I 00 and 150 rpm failed to colonize microcarriers, and even at 60 rpm microcanier colonization was 

reduced. In these cultures cells proliferated as aggregated or dispersed suspensions, even in the presence of I 0% 

serum. Hence, three morphological types, which can be induced by agitation rate, are exhibited by the CHOI-5500 cell 

line: substratum attached; aggregated suspension; and dispersed suspension. 

It was assumed that a pretreatment such as silicone coating would be necessary to prevent adhesion of cells to the 

glass bioreactor walls. However, in preliminary studies pretreatment was not performed, but there was no evidence of 

cell adhesion to the bioreactor walls. This can be explained by a combination of two theories: I . the consecutive 

mechanisms of stable cell-substratum attachment; and 2. the model of consecutive replacement of substratum 

adsorbed proteins by surface-active attachment proteins (see Section 2.1). 

The experimental setup for the study of the impact of morphological type resulted in two major points of difference in 

the three systems (Table 4.2.1). In the microcarrier suspension system (MS), serum containing medium was utilized 

to ensure stable attachment of cells to the microcarriers. In the dispersed suspension system (DS). an agitation rate of 

150 rpm was employed to prevent aggregation. These factors may impact on the observed growth and production 

112 
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kinetics, and act to obscure interpretation of the results. Further experimentation is recommended to separate out the 

impact of these factors. For example, the use offibronectin coating may permit the use of serum-free medium in the 

microcarrier suspension system. 

Microcarrier Suspension Culture 

To compare attached morphological type with dispersed suspension and aggregated suspension, a microcarrier 

suspension format in a 1 liter working volume (2 liter total volume) stirred tank bioreactor configuration was 

employed. Polystyrene (NUNC) microcarriers, with a diameter range of 90 to 180 µm were precoated with 100% 

FBS for approximately 5 hours prior to charging to the bioreactor at a final loading of 10 g/L. A serum concentration 

of 10% FBS in Ham's Fl2 medium was chosen to ensure a concentration of attachment factors during the batch 

culture that was adequate to prevent desorption of the attachment layer on the microcarriers. Cells were allowed to 

attach to microcarriers in the absence of hydrodynamic shear by operating with only occasional 30 rpm stirring during 

the first 12 hours. Thereafter, the batch culture was completed with an agitation rate of 60 rpm. Headspace aeration 

was employed, so that air-liquid interfacial phenomena and pneumatic shear were not complicating factors. The pH 

did not leave the reported optimal range for growth of 7.0 to 7.8 (Borys et al, 1993). Apart from adverse 

physiological effects outside of this range (which may impact on the biological stabilization of adherence), pH can 

affect the charge on the surface of the cell and its substratum, due to the degree of ionization of the charge-bearing 

surface groups. This would affect the electrostatic forces which play a major role in the initial adherence of cells to 

surfaces, and may partially explain the effect of pH on the shear sensitivity of microcarrier based systems (Crouch et 

al, 1985). The reproduability of the four batch runs that were made at different times, from different inocula was 

acceptable (Appendix C). 

Cells completed initial attachment within the first two hours of culture, with very few cells remaining in the medium. 

By 24 hours, close to 100% of the cells were attached to the microcarriers. Less than 5% of the total cell 

concentration was found in free suspension throughout the batch culture time, until late in the declining phase. The 

cells in free suspension had a high viability of at least 70%, until the late declining phase when detached and detaching 

cells were mostly dead. 
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Table 4.2.1: Points or difference in the conditions employed for batch culture or CHOI-5500 ceOs in the thrtt 

morphological types. 

System %Serum 

MS 

AS 0 

DS 0 

Morphology of Microcarrier Attached Cells 

rpm 

60 

60 

150 

tip speed 

(emfs) 

47 

47 

118 

The morphology of microcarrier attached cells was explored with the aid of scanning electron microscopy during the 

late-exponential phase (Figure 4.2. la} and midway through the declining phase (Figures 4.2. lb, 4.2. lc}. The late­

exponential phase cells are stably attached with associated spreading. Many of the cells exlubit the hemiellipsoid 

shape which was routinely seen in static T-flaslc culture (using medium containing 10% FBS). This fibroblast like 

shape is in contrast to the epithelial origin of these cells, but has been observed by other investigators and may be an 

attnbute of the transformed state of these cells (Chevalot et al, 1994; Wmterbourne et al, 1993; Konstantopoulis and 

Clark, 1996). The fibroblast-like morphology is common in adherent transformed cells. Konstantopoulis and Clark 

( 1996) have noted increased insulin receptor activity and dense formation of actin stress fibers running the length of 

CHO cells having this morphology. The psuedopodia-like extensions which are visible at the ends of some of these 

cells may be associated with migration of attached cells across the substratum surmce (Borys and Papoutsakis, 1992). 

Cells may migrate either away from populated areas to new sites for coloni7.ation, or towards the conditioned 

microenvironment associated with populated areas. 
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The rounded, but stably attached cells are likely mitotic or post-mitotic. The few detaching cells that are visible (right­

hand side of view) are recognizable by their translucent appearance. These may be daughter cells which are being 

released from the non-attached side of their sister cells. or they may be apoptotic cells (magnification is not sufficient 

to see evidence of apoptosis). An aggregate formation can be seen at the lower left view of this microcarrier. 

Aggregate formation is seldom seen in static T-tlask culture with serum-containing medium Here. aggregate 

formation may be enhanced by hydrodynamic shear which may act to inhibit spreading. Many investigators have 

noted aggregation in microcarrier culture. even to the point of binding two or more small diameter ( < 60 µm; < 1 µm) 

microcarriers together (Grinne~ 1980; Cheung and Juliano, 1984; Varani et al., 1996; Nikolai and Hu, 1992). 

Evidence ofintermicrocarrier aggregation can be seen in Figure 4.2.lc, but intermicrocarrier aggregation cannot be 

sustained with this size of microcarrier under hydrodynamic shear. 

Although the cell coverage on the late-exponential phase microcarrier appears to be approximately 70%, there is a 

lack of the lateral alignment and close packing seen in confluent static T-tlask cultures. This suggests that cell der.sity 

per bead could be increased by a factor of 2 or 3 while still maintaining a monolayer. There is thus room for cell 

growth optimization in this culture system. 

The declining phase cells (Figures 4.2. lb, 4.2. lc) are rounding up and detaching. This is consistent with the early 

stages of the process of apoptosis. In Figure 4 .2.1 b it can be seen that not all cells round up before detaching, and 

that cells are detaching in groups, or sheets. Long psuedopodia-like cytoplasmic bridges are also visible between cells. 

An explanation for this phenomenon is that cells in substratum attached colonies are physically coMected by 

cytoplasmic bridging. When one or more of the cells in a colony enters apoptosis, rounds up, and detaches, it pulls 

neighboring cells with it. The neighboring cells may not be as advanced in the process of apoptosis, resulting in the 

detachment of non-rounded cells. In an asynchronous population, where cells do not enter apoptosis in concert, this 

has negative implications. Apoptotic cells may detach cycling cells which may then alter their metabolic and 

physiological states, which may in turn lead to premature failure of the production system. Bare patches can be seen 

on the microcarriers in Figure 4.2. lc where cells have detached as sheets. 

The choice of microcarrier can impact on the phenomenon of en masse detachment. It has been sho..m in our 

laboratory (Dr. George Lu, personal communication) that CHO cells adhere strongly to dextran microcarriers 

(Cytodex), and do not detach even upon death. In such a system, cycling cells would not be prematurely ripped from 

the substratum by detaching apoptotic cells. However, intercellular signaling from apoptotic cells (Kim et al, 1998; 

Fotedar et al., 1996), and release of proteases from dead and lysed cells, may result in their exit from the cell cycle in 

any case. 
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Growth and Production Kinetics of Microcarrier Suspension Culture 

A comparison of the kinetics of batch cultures using the adherent morphological type in static and stirred bioreactor 

configurations is presented in Table 4.2.2. Cells in microcarrier suspension batch culture grew relatively well. 

attaining a minimum doubling time of26.5 hours which compares favorably with the 15 to 17 hour minimum doubling 

times seen in static T-Oask culture for the recombinant CHOI-5500 cell line. which is close to the reported minimum 

doubling time of wild type CHO-Kl (Wmterboume et al, 1993). The maximum cell density of approximately l.67 X 

106 cells mL"1 was only about half of the maximum densities achieved in static T-tlask culture, reflecting the non­

optimized state of this system The average viable cell density of 0.73 X 106 cells mL·' (Table 4.2.3) could not be 

compared with T-Oask culture where intermittent cell sampling is not poSSible. 

Table 4.2.2: Batch population kinetics of the substratum-adherent morphological type in static and stiJTed 

bioreactor configurations. 

Bioreactor Xv,._ J.lma [tPAJ- PIPAaYc 

Type (E-6c/mL) (h-1) (mg/L) (mg/Uh) 

Static 3.13 ±0.54 0.043 ± 0.003 11.43 ±0.6 0.076 ±0.004 

(T-tlask) 

Stirred 1.67±0.35 0.026 ± 0.006 10.11 ±0.4 0.041 ± 0.003 

(MS) 
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Maximum product titer attained was similar, but production kinetics were reduced when compared with static T-flask 

culture. The product titer reached a maxinwm of 10.11 mg L"1

• but volumetric productivity was 0.041 mg L" 1 b"1 

• 

which is about half of that found in static T-flask culture. The tP A concentration expressed as a percent of total 

supernatant protein was 0.42% (Table 4.2.4). which is similar to values obtained in static T-flask culture using serum­

containing medium. Specific productivity was growth-phase-associated, with a pattern suggestive of GI cell cycle 

phase association (see Section 4.1.2). The average specific productivity of0.037 pg c-h-1 (Table 4.2.4) could not be 

compared with the case of static T-flask culture where intermittent cell sampling is not possible. 

Aggregate Suspension 

Aggregate suspension culture was initiated by inoculating a dispersed suspension of cells into a I L working volume 

(2 L total volume) stirred tank bioreactor containing serum-free HB-CHO medium with a total protein concentration 

of 320 mg L·1 
. The majority of the protein in the serum-free medium is BSA. and there are no known attachment 

factors present. The bioreactor was operated at an agitation rate of 60 rpm with headspace aeration. Acceptable 

reproduetbility was seen in the three batch culture runs that were made (Appendix C). 

Although the cell concentration did not increase significantly. small aggregates of2 to 5 cells were visible under light 

microscopic examination after one day of culture. By mid-exponential phase the association of cells ranged from 

individual cells to large amorphous aggregates of several hundred cells. Although there were relatively few very large 

aggregates, they represented the majority of the total cell population. Similar observations have been made by other 

investigators (Peshwa et al, 1993; Tolbert et al.. 1980). Under light microscopic observation, in agreement with 

these investigators, there was no visible sign of necrosis in even the largest aggregates until the declining phase. When 

the population entered the declining phase necrotic cores developed in the large aggregates, which subsequently 

deaggregated. This deaggregation is counter to the findings of Renner and co-workers (1993) who observed 

aggregates to form around dead cells. As the declining phase continued, aggregated and deaggregated cells 

underwent rapid lysis. in agreement with the observations of other investigators (Renner et al, 1993; Chevalot et al. 

1994). 
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Morphology of Aggregates 

In serum-free static T-flask culture, cells grew as large, loose aggregates of 200 to 500 µmin diameter. These very 

large aggregates. which were readily visible to the naked eye, contained hundreds to thousands of cells. Unlike 

spheroids. these loose aggregates contained large void volumes so that movement of nutrients and metabolites in and 

out of the aggregates was likely not mas.5 transferred limited. Whole nuclei counts suggested void volumes of greater 

than 40% when compared to calculated maximum cell packing in the space occupied by the aggregates (calculated 

maximum cell density: 8.0 X 106 cells mL" 1 

; whole nuclei count: ca 4. 76 X 106 cells mL" 1 

). 

In the absence of exogenous attachment factors such as can be found in serum. normally adherent but anchorage­

independent cells will form cell-cell attachments. Initial cell-cell attachment may be cation mediated. Divalent cations 

such as ca2~ may promote electrostatic interaction of the negatively charged surfaces of cells. In the absence of 

activated fibronectin ligands (fibronectin adsorbed to a substratum), fibronectin receptors on the membranes of cells 

interact with each other, leading to cell-cell attachment. CHO cell mutants which grow as dispersed suspension, even 

in serum-containing medium in static culture, have been reported to have low or no cell sum .ce fibronectin receptor 

expression (Kurano et al., 1990). Other transmembrane glycoproteins which promote aggregation through 

homophilic interaction, and which are not involved in cell-substratum attachment, have been identified (Lucka et al., 

1995). Cells of epithelial origin, such as CHO cells, form tight junctions which would further cement the cell-cell 

attachments (Peshwa et al, 1993). 

The above discussion does not explain the stability of very large, loose aggregates with in excess of 40% void space, 

even in static culture. Indeed, aggregates resisted mechanical and chemical disruption. Tolbert and co-workers 

( 1980) similarly noted the tight binding of aggregated cells. An explanation of the stability of these cell-cell 

associations was sought through the examination of the gross morphology of the aggregates. In Figure 4.2.2 the non­

homogenous nature of the static culture whole aggregate morphology is revealed. Rounded, elongated, and even 

flattened cells are visible. There are areas of bunched rounded cells. These grape-like bunches are joined to other 

grape-like bunches with long filament-like structures. It is likely that these filament-like structures confer the stability 

of the loosely packed whole aggregates. 

Under conditions of even the relatively low hydrodynamic shear created by agitation rates of 60 rpm, aggregates are 

much tighter (Figure 4.2.Ja). Even with this tighter overall structure, filament-like linkages are visible between 

bunches of cells. The surface morphology of individual rounded cells within the aggregate is visible in Figure 4.2.Jb. 

It should be noted that there was considerable shrinkage associated with preparation of the samples for scanning 

electron microscopy, so that cells which appear here to be 6 to IO µm in diameter were actually IO to 16 or 17 µm in 

diameter in vitro. On average, rounded aggregate cells were smaller than dispersed suspension cells by about I 0%. 
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Figure 4.2.J: An aggregate formed in a l L working volume spinner Rask at 60 rpm 
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There is considerable blebbing on these ceDs. Some investigators have noted that the phenomenon of aggregation is 

associated with suboptimal growth conditions (Renner et al, 1993). The surw:e blebbing and small size of the 

aggregates may be indicative of apoptosis, which would be consistent with an assumption of suboptimal growth 

conditions. On the other hand. as this culture traversed the declining phase the cells deaggregated. Other 

investigators have reported different methods of inducing aggregation under good growth conditions ( Peshwa et al, 

1993). The reduced size of the cells may be purely a result of aggregation and/or hydrodynamic shear. The blebbing 

may be fonnation of sites for cell-cell adhesion, but are likely merely microvilli indicative of the epithelial origin of 

these cells (Peshwa et al, 1993). The majority of the blebbed rounded cells are also covered with fine filaments which 

may be polymerized actin (lamellipodia and focal adhesion sites) or other proteinaceous adhesion structures. 

The long filament-like structures intraconnecting the aggregates are examined in Figure 4.2.4. In Figures 4.2.4a and 

4.2.4b it can be seen that grape-like bunches of rounded cells serve as a substratum for the attachment, flattening, and 

spreading of other cells. In the absence of attachment factors in the medium, substratum adhesion molecules can only 

be supplied locally by autocrine secretion. In contrast to the rounded cells, the surw:e of the flattened and spread cells 

is smooth. Elongation of these cells can be seen, and it is clearly discernable in Figures 4.2.4a, 4.2.4b, and 4.2.4c that 

these cells are continuous with the coMecting filaments. That is, the connecting filaments appear to be hyper­

extensions of flattening and spreading cells. This is consistent with the migratory pseudopodia visible in substratum 

attached cultures: the connecting filaments are membrane or cytoplasmic bridges. In Figures 4.2.4c and 4.2.4d it can 

be seen that the membrane bridges actually consist of more than one pseudopodia which are apparently flattened and 

spread along each other's lengths, providing an explanation of the mechanism of cytoplasmic bridging. The 

multiplicity of the pseudopodia within the cytoplasmic bridges supplies strength to the these structures. 

It has been observed here and by others (Peshwa et al, 1993; Moreira et al, 1995) that the size, concentration, and 

cell compactness of aggregates can be controlled by agitation rate. The physical strength of aggregates conferred by 

cytoplasmic bridging allows them to compact under hydrodynamic shear. This may explain the observed ability of 

natural aggregate cultures to withstand agitation rates which cause the death of cells attached to microcarriers 

(Moreira et al, 1995). Thus natural aggregate culture has a distinct advantage for scale-up purposes when compared 

to microcarrier suspension culture. Aggregates fail to form at higher agitation rates in the CHOl-5500 cell line. It 

would therefore be necessary to grow an inoculum of aggregates at lower agitation rates for culture at large scale. 

This understanding of the morphology of aggregates may also explain how new aggregates are formed under agitation 

in stirred tank reactors, where dispersed suspensions fail to develop aggregates. Shearing may cause breakage of 

hyperextended cytoplasmic bridges so that an increase in the number of aggregates may come about from the fission 

of existing aggregates. Cell number within aggregates would continue to increase on the surw:e of bunched rounded 

cells within each aggregate. 
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page 124 

Growth and Production Kinetics of Aggregate Suspension Culture 

Growth parameters are presented in Table 4.2.3. In comparison with microcarrier suspension culture, the aggregate 

suspension culture expanded at a reduced rate with a maximum specific growth rate of0.016 h-1 (a doubling time of 

approximately 43 hours). The rulture reached a maximum concentration of0.746 X 106 cells/ml., which is a little less 

than one half of the density achieved in microcarrier suspension culture. The average cell density was also about one 

half of that maintained in the microcarrier suspension system It has been suggested that the slower growth observed 

in aggregate suspension may be attn'butable to mass transfer limitations of nutrient delivery and metabolite clearance. 

The large void space of these aggregates is not consistent with a theory of mass transfer limitation. 

The small size of many of the cells in the aggregates suggests that they have left the cycling fraction, and are either 

quiescent (GO phase) or senescent (A phase). A critical cell size for the initiation of the cell cycle has been observed 

(Martens et al, 1993). Here, in addition to the reduced size of rounded cells in the aggregates, the morphological 

examination revealed the presence of flattened and spread cells. It is generally accepted that anchorage-independent 

transformed cells have also lost the requirement to flatten and spread prior to entry into each cycle of division. While 

this may be true, it is poSSI'ble that flattening and spreading is associated with enhanced proliferation rates of a 

population. Proliferation within aggregates may occur primarily by the division of cells which have been able to flatten 

and spread on the surface ofbunched rounded cells. 

Table 4.2.3: Growth ofCHOl-5500 cells in Microcarrier Suspension, Aggregate Suspension, and Dispersed 

Suspension systems. 

System CHvol (day 11) Xvims xv_ ~ 
E-6c-h/m.L E-6c/mL E-6c/mL h-t 

MS 221 ± 19 !.67±0.35 0.73 ±0.07 0.026 ± 0.006 

AS 77 ±2.3 0.75 ±0.14 0.35 ±0.05 0.016 ± 0.003 

OS 191 ± 17 1.16±0.21 0.59±0.05 0.012 ±0.002 
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Production parameters are presented in Table 4.2.4. In comparison with the microcarrier suspension system. the 

lower specific productivity combines with the lower average cell density to yield a reduced volumetric productivity 

and maxinnun product titer. Chevalot and co-workers (1994) also noted a reduced specific productivity in aggregate 

culture of rCHO cells encoding a non-secreted protein product when compared with microcarrier culture. In contrast, 

Kennard and Piret ( 1995) found no decrease in the specific protein production of another rCHO cell line encoding 

another non-secreted protein product in aggregate culture compared with microcarrier culture. As was found here, 

they noted a decrease in specific growth rate. but an increase in protein purity which they attnbute to the absence of 

serum in the aggregate culture compared with the microcarrier culture. Avgerinos and co-workers (1990) also found 

no decrease in specific productivity of a secreted protein product from a rCHO cell line when cells grew as 

aggregates. 

The impact of morphological type on specific productivity is likely a function of the protein product itself. It has been 

established that tPA production (where production is measured as the appearance of the product in the supernatant 

and is therefore the endpoint of transcription., translation., post-translational modification., intracellular transport. and 

secretion) is correlated with the GI cell cycle phase, and is greatly reduced or absent in quiescent (GO phase) and 

senescent (A phase) cells (see Section 4.1.2). The diminished specific productivity seen in this aggregate suspension 

system is consistent with depressed tP A productivity of cells in GO and A physiological states. This is certainly a 

drawback to the use of aggregate suspension systems for the production of secreted recombinant proteins from dhfr 

transfected CHO cells. Prevention of entry into apoptosis may overcome this negative aspect of aggregate suspension 

Table 4.2.4: Production oftPA from CHOl-5500 cells in Microcamer Suspension, Aggregate Suspension, 

and Dispersed Suspension systems. 

System [tPA)a.s ptPAffE QtPAaYE %tPA/Protm 
mg/L mgL"1 b"1 pgc-b"1 

MS 10.11 ±0.4 0.041 ±0.003 0.037 ± 0.004 0.42±0.017 

AS 5.03 ±0.4 0.009 ± 0.002 0.021 ± 0.006 l.57±0.125 

DS 10.51 ±0.5 0.034 ± 0.005 0.045 ± 0.005 3.29 ±0.157 
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systems (Fotedar et al, 1996). It nrust also be realized that these two systems varied not only in their growth 

behavior type (microcarrier suspension versus aggregate suspension), but also in the composition of the mediwn. In 

the microcarrier suspension system Ham's FI2 basal medium was supplemented with IO% FBS. The composition of 

the HB-CHO serum-free medium is not known. but its differences from Ham's Fl2 with 10% FBS may be the causal 

factor in the reduced growth and productivity of the aggregate suspension system. Impact of initial concentrations of 

substrates is explored in Section 4.3. 

In spite of the lower production kinetics, the tP A concentration in the aggregate suspension system is almost 4 fold 

greater than that of the microcarrier suspension system counterpart, when expressed as a percent of total supernatant 

protein, and inclusive of the differences in population density. This enhanced purity of tP A and associated enhanced 

recovery and ease of downstream processing may be sufficient to offset the lower absolute tP A production. 

Dispersed Suspension 

Dispersed suspension culture was initiated by inoculating a dispersed suspension of cells into a I L working volume (2 

L total volume) stirred tank bioreactor containing serum-free HB-CHO medium with a total protein concentration of 

320 mg L-1 
. Agitation was started at inoculaton at a rate of 150 rpm to prevent aggregate formation. Headspace 

aeration was employed so that complications arising from cell contact with the gas-liquid interface were avoided. 

Reproduetl>ility of the four batch culture runs that were made was acceptable (Appendix C). 

The dispersed suspension cells appeared healthy, exlul>iting normal size, a smooth surface, and the spherical 

morphology seen in natural suspension cells such as lymphocytes and hybridomas. Very few cell-cell attachments 

formed over the course of the batch run. with a few 2 to 5 cell bunch-of-grapes-like aggregates appearing near the end 

of the exponential growth phase. These small aggregates persisted until midway through the declining phase, but did 

not increase in size or number and represented an insignificant proportion of the total population. 

Growth parameters of the dispersed suspension system are presented in Table 4.2.3. The doubling time of this system 

(ca. 58 h) was the longest of the three, being about twice that of the microcarrier suspension system. The cells were 

of normal size, and the population did proliferate. so that it is apparent that flattening and spreading is not a 
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requirement prior to progression through the cell cycle. The relatively low specific growth rate does support the 

suggestion that flattening and spreading is associated with enhanced proliferative activity. A relatively reduced lag 

phase and enhanced maintenance of viability resulted in both the maximum cell concentration and the average cell 

concentration exceeding those seen in the aggregate suspension system. But these values did not approach the more 

successful growth of the microcarrier suspension system. After 11 days of culture, the volumetric cell-hours achieved 

in the dispersed suspension and microcarrier suspension systems were not dissimilar. demonstrating that a smaller 

proportion of the cells in the dispersed suspension system resided in the cycling fraction of the population. 

The production parameters are presented in Table 4.2.4. In spite of the slower growth. the volumetric productivity is 

approximately 83% of that seen in the microcarrier suspension system. and the maximum titer is the same in both 

systems. The higher average specific productivity of the dispersed suspension system accounts for the similarity of the 

volumetric productivities of the two systems. The product concentration appears to be the maximum attainable due 

to the natural regulation of the extracellular concentration ofthis enzyme (see Section 4.1). On a percent of total 

supernatant protein basis. the dispersed suspension system is significantly superior. with twice the concentration seen 

in the aggregate suspension system and close to an 8 fold enrichment compared with the microcarrier suspension 

system. It should also be noted that conditions were not identical in any of the three systems. The dispersed 

suspension system was very similar to the aggregate suspension system. except for an agitation rate that was 

approximately twice as fast. This added shear may have impacted both on growth and production kinetics. In 

addition to the higher agitation rate, the dispersed suspension was cultured in serum-free HB-CHO medium. while the 

microcarrier suspension was cultured in Ham's Fl2 containing 10% FBS. 

The titer is greatly in excess of endogenous levels. which can be attnbuted to the large copy number of the 

recombinant tP A gene. Further enhancement of titer may require techniques such as continuous removal of the 

product (by adsorption on silica. for example), destruction or inactivation of biosynthesized or serum-associated tP A 

inhibitors. extension of the exponential growth phase (enhanced maintenance of the majority of the population within 

the cycling fraction). further gene amplification (by MTX adaptation. for example), genetic engineering to prevent 

biosynthesis of tP A inlubitors. or genetic engineering to prevent or retard cell entry into apoptosis. It is doubtful that 

successful manipulations of the population growth characteristics would result in increased tP A titer. The natural 

regulatory mechanism of product titer is peculiar to tP A. Similar regulatory mechanisms would not necessarily be 

found in dhfr based genetic systems encoding for other recombinant protein products. 
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Concluding Remarks 

In this set of experiments, it was found that growth kinetics of this rCHO cell line were superior in microcarrier 

suspension using Ham's Fl2 with 10% FBS, in agreement with the findings of others (Chevalot et al., 1994). 

Production kinetics, however, were not significantly better in the microcarrier suspension system than in the dispersed 

suspension system. The maximum titer in both systems was approximately IO mg L-1
. This apparent ceiling on the 

product supernatant titer may be a factor of the natural regulatory mechanisms peculiar to tP A Further increases in 

tPA titer may require substantial processing and/or genetic engineering alterations to the system. The use ofserum­

free medium results in a marked enhancement of product purity. On a percent of total supernatant protein basis, the 

aggregate suspension system yielded a 4-fold improvement, and the dispersed suspension system yielded an 8-fold 

improvement, over the microcarrier suspension system. 

Under the conditions of this set of experiments, dispersed suspension is the most attractive system. In addition to the 

best absolute and relative tP A concentrations, the dispersed suspension system is the simplest and cheapest to operate. 

The microcarrier suspension system requires pretreatment steps with attendant time costs and increased risks of 

contamination as well as the added direct costs of the microcarriers and the serum. The aggregate suspension system 

requires meticulous control of agitation rate (at least while aggregates are forming), and is difficult to monitor for 

growth.. 

The aggregate suspension system, however, may have advantages at the larger scale in stirred tank reactors where 

cells are subjected to greater shear forces. Large stirred tank reactors inoculated with already formed aggregates at a 

high density may result in improved production kinetics, but would require an increased number of seed culture steps. 

The possibility of such improvement is not indicated from this work and is purely speculative. 



4.3 Metabolism of rCHO in Batch Culture 

4.3.1 Population-Averaged Metabolism ofrCHO Cells 

Major Substrates and Metabolites 

The metabolism of the rCHO batch culture run presented in Section 4.1. l was evaluated in terms of the extracellular 

levels of substrates and metabolites. This batch culture run was one of several operated tmder similar conditions, with 

reproducible results (Appendix C). Several unique patterns of consumption and production were found to have 

occurred. notably the consumption of lactate. Rather than dismiss these findings as artifacts, a rational explanation 

was sought and is presented here. 

Glucose, which is considered to be the major carbon and energy source for the cells, was supplied at an initial 

concentration of 8 mmol L"1 
. It was rapidly depleted to less than 0.5 mmol L"1 in 4 days of culture, with a 

corresponding appearance of more than 9 mmol L"1 lactate in the medium accompanied by a rapid decrease of the 

extracellular pH (Figure 4.3 .1 ). The specific consumption rate of glucose during this time was calculated to be 6.23 X 

10·11 mmol c-h •1 
, with a yield of lactate on glucose of 1.25 mol mor1 which are in agreement with the findings of 

other investigators for rCHO cells (Linet al, 1993, Tolbert et al., 1980, Chevalot et al, 1994). Assuming that all of 

the lactate is generated from glucose catabolism this indicates that only 62.5 % of the glucose is metabolized through 

anaerobic glycolysis. The rest of the glucose may have been metabolized through aerobic pathways, used to 

synthesize pentose moieties in nucleotides, and used in the formation of lipids and amino acids (proteins). 

In normal mammalian cells, increased ATP (produced by oxidative phosphorylation) and citrate (the first intermediate 

of the TCA cycle) cause a concerted allosteric inhibition of phosophofructokinase, thereby decreasing the rate of 

glycolysis to pyruvate (Lehninger, 1989). Hence, pyruvate is produced only as fast as it is required to feed into the 

high energy yielding pathways of the TCA cycle and ETC. In cancer cells, this interlocking coordination is defective 

and glycoly.;is proceeds at a much higher rate than required by the citric acid cycle. As a result most of the pyruvate is 

reduced to lactate which is excreted (Lehninger, l 9'9). This is apparently the case with most transformed cell lines. 

As well, hybridomas have been shown to convert more than 90% of glucose to lactate (Phillips, 1991). In hybridoma 

systems the increasing lactate concentration exceeds the buffering capacity of the medium, toxic acidity conditions of 

less than 6.5 pH units develop, and the population enters a phase of rapid decline. 

129 
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Here, with less of the glucose being metabolized to lactate, the pH fell to only 6. 9 which is not considered a toxic 

acidity. Glucose was not exhausted. but remained at a constant low level for the last three weeks of the batch culture. 

No further evolution of lactate was observed once glucose reached a constant value. However. after remaining 

constant for approximately 5 days. the extracellular concentration of lactate declined exponentially over the next 7 

days. while the pH rose. This surprising occurrence prompted further consideration of the growth kinetics of the 

rulture. Referring to the viable cell concentration curve in Figure 4 .3 .2. it is apparent that the population drops 

significantly as the glucose concentration falls below 0.5 mmol L.1 
, and then remains approximately constant for 

about one week before declining through the last one and half weeks of the batch rulture period. The total cell 

concentration also drops significantly and abruptly as the glucose level reaches the low steady value of less than 0.5 

mmol L-1 
, indicating that a significant proportion of the population dies at this point. likely through necrosis with 

rapid cell lysis. The total cell concentration then remains constant for about 2 days. and then increases exponentially 

over the next two days. finally declining slowly for the last two weeks of the culture period. The exponential rise in 

the total population is not mirrored in the viable concentration. suggesting that while a portion of the population is 

replicating. another portion is dying. likely through the physiological process of apoptosis. During this time, the 

lactate concentration is declining exponentially. 

As shown in Section 4.1.2, during the last two days of culture, almost the entire viable fraction of the population 

resides in the GI/GO and A phases, with an insignificant number of cells in the S and G2/M phases. Therefore, the 

cycling fraction can be assumed to be approximately zero, which means that no new cells are being added to the total 

population. The rate of decrease in the total population during this time can therefore be assumed to be the rate of 

cell lysis, which is calculated here as 0.006 h-1 
. 

In addition to glucose, glutamine is the second major substrate for animal cells in culture. As discussed in Section 2. I, 

glutamine is utilized as a building block of proteins, a nitrogen source, a carbon source, and an energy source. This 

culture was supplied with a high initial concentration of glutamine of approximately 5.5 mmol L-1 (Figure 4.3.3). 

Glutamine was utili7.ed immediately, with the extracellular concentration decreasing rapidly through the first 12 days 

of culture to a constant level of approximately 0.5 mmol L-1 
. Glutamine consumption was accompanied during the 

first 8 days by the appearance of ammonia and alanine, with yields of 1.26 mot ammonia/mo! glutamine and 0.45 mol 

alanine/mo! glutamine, respectively. These yields suggest that about half of the glutamine is metabolized to ammonia 

and glutamate which is then transaminated with pyruvate to yield alanine.: 

C5H 10N 2 0 3 + H 2 0 ➔ C5H9N04 + NH3 

C5H 9 N04 + C3H 4 0 3 ➔ C5H 6 0 5 + C3H 1N02 
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Figure 4.3.2: Comparison of total cell population (open squares) with viable cell population (filled squares). Cell 

lysis occurs primarily in the late decline phase. 



C/u,pta' 4: Results and Discussion 

Ammonia 

100 200 300 400 
Culture Time (h) 

page IJJ 

500 600 

Figure 4.3.3: Alanine decreases during the decline phase (as glutamine falls below I mmol L"1 ), while ammonia 

accumulates at the same rate from mid-exponential phase (100 culrure hours) through the remainder of the batch 

culture run. 
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The other product in the transarnination step, cx-ketoglutarate, enters the TCA cycle to generate 9 moles of ATP 

equivalents: 

If alanine is conserved. this pathway would liberate 0.5 moles of ammonia for every mole of glutamine consumed via 

all pathways. Some of the remaining half of the glutamine is chemically degraded. It has been shown that glutarnine 

in culture medium has a first order half life of 6.7 days at 37 °C (Seaver, 1987). Two moles of ammonia is released 

per mole of glutamine which is chemically degraded. here accounting for 0.25 moles of ammonia for every mole of 

glutamine consumed via all pathways. To close the balance with respect to ammonia. it is then assumed that one 

fourth of the glutamine is oxidized. either completely to carbon dioxide or incompletely to lactate, hberating 0.5 moles 

of ammonia per mole ofglutamine consumed via all pathways. The energy yield. in terms of ATP equivalents. differs 

significantly in these last two pathways. Complete oxidation of glutamine generates 27 ATP equivalents per mole of 

glutamine, while incomplete oxidation generates only 9 moles of ATP per mole of glutamine. This assumption is 

obviously an oversimplification as some of the glutamine is used to produce proteins. nucleic acids. and other 

nitrogenous compounds. and as some of the ammonia comes from the metabolism of other amino acids. 

Following 12 days in culture, the glutamine is maintained at a low concentration. but unexpectedly the alanine 

concentration declined. and the ammonia concentration continued to increase at the same rate. 

Serendipitously, the analytical method utilized to follow alanine and glutamine concentrations also generated data for 

8 other amino acids (Figure 4.3.4), which with the rest of the data suggests some poSStble mechanisms. Specific 

consumption and accumulation rates and yields. together with tP A production and growth parameters are presented in 

Table 4.3. l. The amino acids examined include four of the thirteen essential amino acids: glutamine, threonine, 

tyrosine, and arginine. Threonine and tyrosine decrease rapidly during the exponential growth phase to steady 

concentrations which are then maintained throughout the rest of the batch culture. The g1utamine, initially at a high 

concentration. declines exponentially to a low constant concentration as discussed above and as expected. The large 

standard deviation and scatter of the arginine data proved inconclusive. Aspartic acid. glutamic acid. and serine all 

decrease rapidly to low constant concentrations, while asparagine is completely consumed. As discussed above, 

alanine, which is expected to increase as glutamine is transaminated through glutamate, initially increases, but then 

decreases during the last 16 days of the batch culture period. Glycine unexpectedly increases throughout the batch 

culture period. 
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Fagure 4.3.4: Amino acid profiles over batch culture duration of dispersed suspension morphological type. Alanine 

increases as glutamine decreases until the end of the exponential phase (200 culture hours). Thereafter, alanine 

unexpectedly decreases. Glycine increases at a constant rate throuhgout the batch culture run. 
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DHFR and the Production of Glydne 

An understanding of the ammonia and glycine linkage in this cell line can be explained by considering the B complex 

vitamin. folic acid. Folic acid is enzymatically reduced to its active coenzyme form. tetrahydrofolic acid (Fl-4). 

T etrahydrofolate functions as an intermediate carrier of I-carbon groups in a number of complex enzymatic reactions 

in which methyL methylene. methenyl. fonnyl. or formimino groups are transferred from one molecule to another. 

The reduction of folic acid occurs in two steps in which successive pairs of hydrogen atoms are added to the 

molecule. In the first step. folic acid is reduced enzymatically to dihydrofolate (FHl). In the second step. the reduction 

of FH2 to FR. is catalyzed by DHFR. Tetrahydrofolate acts as the coenzyme in a number ofbioreactions, including 

the biosynthesis of glycine from serine (Lehninger, 1993): 

Serine + FH4 SHI ) Glycine + H2 O + Ns ,N1°CH2 FH4 

methylene tetrahydrofolate 

In this reaction. which is catalyzed by the enzyme serine hydroxymethyltransferase (SHf). the tettahydrofolate serves 

as an acceptor of the ~ carbon atom of serine during its cleavage to yield glycine. The I-carbon unit derived from 

serine and carried by tetrahydrofolate can be transferred to various acceptor molecules. In vertebrates. when glycine 

is biosynthesized enzymatically from carbon dioxide and ammonium ion. it acts as the acceptor molecule (Lehninger. 

1993): 

+ NH .. + NS N 1°CH FH 4 , 2 4 GS ) Glycine + FH4 

In this reaction. which is catalyzed by glycine synthase (GS). the two additional hydrogen atoms which are required to 

form the glycine molecule are supplied by the oxidation of the reduced form of nicotinamide adenine dinucleotide 

(NADH). This reaction can be coupled to the glycine production from serine reaction through the cycling of the 

various forms of the folate coenzyme (Figure 4.3.5). While this reaction would serve to restore tetrahydrofolate from 

its methylene derivative. and would account for an increasing concentration of glycine. it would also consume 

ammonia In addition. this reaction for the biosynthesis of glycine has been shown to occur primarily in the liver of 

vertebrates (Lehninger, 1993). As a net ammonia consumption is not occurring in this ovarian cell line it is unlikely 

that this reaction is taking place. 
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Table 4.3.1.: Gro~ Protein production, and metabolism kinetics of CHOl-5- in dispened suspension 

batch culture. 

Rate Constant 0 - SO Cell-Houn SO - 200 Cell-Houn > 200 Cell-Houn 

Metabolism: 
qConsumption (pmol/c-h) 

qGLC 
0.143 0.001 0.0001 

qGLN 
0.060 0.008 0.002 

qLAC 
-0.185 0.00035 0.030 

qAMM 
-0.041 -0.01 l -0.0l l 

qALA 
-0.014 -0.014 0.00S 

qSER 
0.001 0 0 

qGLY . 
-0.001 0.001 0.001 

Protein Production: 
qProduction (pg/c-h) 

qtPA 0.076 0.018 0.042 

ktPA 0 0 -0.069 

Growth: 
µ (h-l) 

µ 0.012 

k(d) 0.0001 0.0035 0.0046 
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Other routes by which tetrahydrofolate can be restored from N5,N10-Methylenetetrahydrofolate involves the 

biosynthesis of DNA building blocks such as the fonnation of deoxythymidylate (dT) from deoxyuridylate (dU). or 

the fonnation of deoxythymidylate monophosphate (dTMP) from deoxyuridylate monophosphate (dUMP). In these 

reactions the entire methylene group is donated from the methylene derivative of tetrahydrofolate. leaving the vitamin 

in the dihydrofolate form. Dihydrofolate is then reduced to tetrahydrofolate enzymatically via DHFR as mentioned 

above. One of these reaction systems coupled with the reaction of glycine formation from serine would result in a net 

production of glycine without consumption of ammonia (Figure 4.3 .5). The high recombinant dh.fr copy number in 

this cell line supports the plausibility of this mechanism. The steady acaunulation of glycine suggests that DHFR 

expression is constitutive. 

Attention is now turned to the fate of serine. The initial concentration of approximately 0.25 mmol L·' serine is 

rapidly depleted to less than 0.001 mmol L"1 
, with a corresponding increase in glycine during the first 5 days of the 

batch culture period. Glutamine and glucose decrease while alanine., ammonia. and lactate increase during this time 

period, reflective of the glycolysis and glutamine metabolism commonly seen in hybridoma culture. This metabolic 

pattern is held until the end of the exponential growth phase. The last three weeks of the batch culture period 

correspond to steady state concentrations of amino acids indicative of their roles as intermediates as noted above. The 

unusual behavior of lactate and alanine is also observed during the last three weeks of the batch culture period. The 

steady state concentration of serine during this time period is approximately 0.002 mmol L"1 
. P0SS1ble metabolic 

pathways which would account for the observed metabolite and substrate profiles are presented below. 

G/ucogenic Compound Metabolism in Animal Cells 

All life forms require a carbon source for use as building blocks of biomaterials., and/or as energy for life processes. 

Many life forms are capable of utilising simple organic compounds as sources of carbon and energy. For example. 

lactate catabolism occurs in many yeast and mold species of Fungi. and in both Gram negative and Gram positive 

bacterial species., as well as in many plant species. 

In the higher heterotrophs (animals). carbohydrates (m particular, glucose), fatty acids, and amino acids are degraded 

via converging catabolic pathways to enter the citric acid cycle and to yield their energy-rich bond electrons to the 

respiratory train. providing energy to make ATP. Conversely, anabolic pathways use chemical energy in the form of 

ATP and NADPH to synthesize important cell components from simple precursor molecules. Catabolism and 

anabolism proceed simultaneously in a dynamic steady state, such that the energy-yielding degradation of cell 

components is counterbalanced by biosynthetic processes (Lehninger. 1982). 
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The first principle of this metabolic/energy dynamics. is that the pathway taken in the biosynthesis of a biomolecule is 

not usually identical to the pathway taken in its degradation. Secondly. biosynthetic pathways are controlled by 

different regulatory enzymes from those controlling the corresponding catabolic pathways. And thirdly. energy­

requiring biosynthetic processes are obligatorily coupled to the energy-yielding breakdown of ATP. in such a way that 

the overall process is essentially irreversible. just as the overall process of catabolism is irreversible. Thus. the total 

amount of ATP (and NADPH) energy used in a given biosynthetic pathway always exceeds the mininrum 11111ount of 

free energy required to convert the precursor into the biosynthetic product (Lehninger, I 982). 

The biosynthesis ofD-glucose is an absolute necessity in all higher animals. since the brain and nervous system, as well 

as the kidney medulla, the testes. erythrocytes, and embryonic tissues. require D-glucose from blood as their sole or 

major fuel source. Animals constantly make D-glucose from simpler precursors in a set of carefully regulated 

biosynthetic reactions, and then pass the glucose into the blood. Unlike plants, animals cannot bring about the net 

conversion of COi into new glucose. In animals. the formation of D-glucose from noncarbohydrate precursors is 

called gluconeogenesis ("formation of new sugar"). Fox ( I 993) defines gluconeogenesis as the formation of glucose 

from noncarbohydrate molecules such as amino acids and lactic acid. The important precursors of D-glucose in 

animals are lactate, pyruvate, glycerol, most of the amino acids. and the intermediates of the citric acid cycle (Figure 

4.3.6). In animals gluconeogenesis occurs largely in the liver, and to a lesser extent in the kidney cortex. 

The glycolytic conversion of glucose into prruvate is a central pathway of catabolism of carbohydrates. while the 

conversion of pyruvate into glucose is a central pathway in gluconeogenesis. Although not identical, seven enzymatic 

reactions of glycolysis also take part in gluconeogenesis: all seven are freely reversible (Figure 4.3. 7) (Lehninger. 

I 982). There are, however. three steps in glycolysis that are essentially irreversible, and cannot therefore be utilized in 

gluconeogenesis. These reactions are bypassed by an alternate set of enzymes. catalyzing different reactions with 

different stoichiometries; they function in gluconeogenesis but not in glycolysis. These bypass reactions are nearly 

irreversible in the direction of glucose synthesis (Figure 4.3.7) (Lehninger. 1982). Thus, both glycolysis and 

gluconeogenesis are essentially irreversible processes in cells. 

Gluconeogenesis consists of two phases: generation of hex:ose derivatives from lactate, amino acids. glycerol, and 

other substances (phase I); and conversion of such hexose derivatives to glucose (phase II) (Hanson and Mehlman. 

1976). The biosynthetic (anabolic) pathway to glucose, allows the net synthesis of glucose not only from pyruvate, 

but also from various precursors of pyruvate or phosphoenol pyruvate. All of the citric acid cycle (Krebs cycle) 

intermediates (citrate, isocitrate, a-ketoglutarate, succinate, furnarate, and malate) may undergo oxidation to yield 

oxaloacetate, which is converted into phosphoenol pyruvate by phosphoenol pyruvate carboxykinase. Mammals can 

be classed according to their intracellular location of phophoenol pyruvate carboxykinase: firstly. animals with the 
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enzyme predominantly cytosolic (rat, mouse, and hamster); secondly, animals with the enzyme predominantly 

mitochondrial (chicken, pigeon. and rabbit); and thirdly, animals with the enzyme almost equally distnbuted between 

cytosol and mitochondria (most animals, including guinea pig, sheep, ox, dog, cat, primates (mcluding man)). In 

contrast, pyruvate carboxylase, which catalyses pyruvate conversion to oxaloacetate, is totally mitochondrial (Hanson 

and Mehlman, 1976). Gluconeogenesis is thus complicated in animals having cytosolic phosphoenol pyruvate 

carboxyk:inase, by the transport oxaloacetate from the mitochondria to the cytosol. Hamsters fall into this category. 

Some or all of the carbon atoms of many of the amino acids derived from proteins are ultimately converted by animals 

into either pyruvate or certain intermediates of the citric acid cycle. Such amino acids can therefore undergo net 

conversion into glucose and glycogen and are called glucogenic amino acids (Table 4.3.2). Obvious examples are 

alanine, glutamate, and aspartate, which on deamination yield pyruvate, a-ketoglutarate, and oxaloacetate, 

respectively, all of which are direct precursors of phosphoenol pyruvate. The large ATP yield that would result 

prolubits the complete oxidation of amino acids to COi , whereas the partial oxidation of amino acids as they are 

converted to glucose provides exactly the energy needed to support gluconeogenesis (Jungas, et.al, 1992). Even this 

partial oxidation of the normal daily dietary supply of amino acids accounts for about one-half of the daily 02 

consumption of the liver in mammals, making amino acids the major fuel utilized by liver for ATP production. 

Gluconeogenesis from amino acids must, therefore, be regarded as a normal prandial (digestive) process, not one 

limited to periods offasting, and/or intense (muscular) exertion (Jungas, et.al, 1992). 

Amino acid oxidation generates relatively strong non-volatile acids. This metabolic fixed-acid load is normally largely 

naitralised by the metabolic generation of bicarbonate associated with the hepatic oxidation of dietary organic acids, 

or the renal oxidation of glutamine (Jungas, et.al, 1992). In addition to bicarbonate buffering, ammonia acts to 

counterbalance the production of acidic compounds in cell culture systems. 

In mammals some of the potential gluconeogenic precursor, propionyl-CoA, is directly oxidized to COi in the muscle, 

rather than being secreted as alanine to be later converted to glucose by liver. Of the propionyl-CoA converted to 

glutamine, secreted by muscle, and taken up by the gut, one-third is oxidized to COi. The remainder of the glutamine 

secreted by muscle is metabolised in the kidneys, where 20% is oxidized to COi. Overall, approximately 30% of the 

propionyl-CoA generated will go to COi, while the remaining 70% will go to glucose via alanine (muscle), lactate 

(gut), or serine (kidneys) (Jungas, et.al, 1992). 

During prolonged starvation in whole mammalian organisms, when the hepatic glycogen reserve has been depleted, 

gluconeogenesis, especially from amino acids, must provide the carbohydrate energy source for metabolism. This 

switch from glucose to ketone body utilization is an essential adaptive mechanism for sparing body protein during 

starvation (Hanson and Mehlman, 1976). 



Table 4.3.2: Glucogenic amino acids 

Pyruvate family: 

alanine 
serine 

cysteine 
glycine 

Ouloacetate family: 

asparagine 
aspartate 

Succinyl-CoA family: 

valine 
threonine 
methionine 

a.-ketoglutarate family: 

glutamate 
gfutamine 

praline 
arginine 
histidine 

Carbon atom donon: 

phenylalanine 
tyrosine 

isoleucine 
tryptophan 

lysine 

page 145 



Chapter-I: Results and Di:saasion page 146 

Six high-energy phosphate groups of ATP are ultimately expended to rebuild one glucose molecule from two 

molecules of lactate, whereas only two molecules of ATP were originally obtained from the anaerobic breakdown 

(glycolysis) of a molecule of glucose (Figure 4 .3. 7). The complete oxidative metabolism (glycolysis plus aerobic 

respiration) of one glucose molecule to CC>z and water. is accompanied by a gross yield of 38 ATP. Thus, 

metabolism of one lactate molecules. would yield 16 ATP equivalents (or 32 ATP equivalents from two lactate 

molecules). This energy yield calculation is made assuming that the complete metabolism of lactate to CC>z and water, 

occurs as the sum of two steps: the anabolic process of gluconeogenesis to produce glucose, followed by the aerobic 

catabolism of the glucose. In the metabolism of lactate, it is poSS1ble to bypass the second phase of gluconeogenesis., 

and to proceed directly into the citric acid cycle from pyruvate. In this case, the metabolism of one lactate molecule 

would yield 18 ATP equivalents, or 36 ATP equivalents from two lactate molecules. This is the same yield per 

carbon atom as that obtained through the post-glycolysis complete oxidation of glucose. 

Gluconeogenesis and Glucogenic Compound Catabolism in Animal Cell in vitro Systems 

Gluconeogenesis occurs in the liver. and. under certain physiological conditions. the kidney cortex of whole 

mammalian organisms, and has been studied extensively in rodent species. Almost all mammalian cells can 

transaminate or deaminate key amino acids into tricarboxylic acid cycle intermediates and. by conversion into 

phosphoenol pyruvate, reverse glycolysis to produce glucose. The occurrence of gluconeogenesis in hepatic and renal 

in vitro systems has been well documented (Table 4.3.3). Liver and kidney organ cultures. tissue cultures. and 

primary cell cultures actively undergo gluconeogenesis. Established ce!! lines of hepatocytes and various renal cells 

have been shown to be capable of deriving energy from amino acids, pyruvate, and/or lactate. Gluconeogenesis has 

been observed in vitro in striated muscle cells, neural cells, and spermatozoa. Gluconeogenesis has also been 

observed in non-mammalian in vitro animal cell system!:: In particular, gluconeogenesis has been frequently observed 

in fish hepatocyte culture. 

Many studies have been conducted with respect to the regulation of gluconeogenesis and of the catabolism of 

glucogenic compounds (Table 4.3.4). Phorbol esters. angiotensin IL Erkinase C. and various hormones such as 

vasopressin and somatostatin. are all regulators of the metabolism of glucogenic compounds (Garcia, et.al., 1986; 

Dileepan et.al., 1985). Nitrite (Wiechetek, eta/., 1993) and somatotropic (growth) hormone (Rogers, et.al., 1989) 

have both been shown to stimulate gluconeogenesis. Chemical species which appear to enhance the metabolism of 

glucogenic compounds include epidermal growth factor (Moule, eta/., 1988), plasma prolactin and various amino 

acids (Abu etal. 1987) including glutamine (Hanson and Mehlman. 1976), manganese (Tolbert. eta/., 1981). and 

methotrexate and various cytostatics (Hudakova. 1992). Intnbitors include metals such as cadmium. zinc. and copper 
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Table 4.3.3: Occurrence of gluconeogenesis and/or glucogenic compound catabolism in animal cells in 

culture 

Cdl Culture Type Rdemrc:e 

Rat bepatocytes Valera et al 1993 

skipjack nma hepatocytes Buck et n/. 1992 

Rat fiver organ culture Rosa et al 1992 

Human hepatocytes Takahashi et al. 1994 

Rat hepatocytes Wiechetek et al. I 993 

Perfused mammalian livers Donato et al. 1993 

Parenchymal cells Tolbert et al. 1980 

Renal proximal tubules Yanagawa et al 1983 

Rabbit renal proximal tubule Jans et al. 1989 

Ampiubian retina Goldman 1989 

Neural cells Baines et al. 1988 

Rabbit kidney cortex tubules Michalik et al. 1987 

Rabbit kidney cell line LLC-RK Williams et al 1990 

Various cultured mammalian cells Kier et al 1995 

Spermatozoa Hanson and Mehlman 1976 

Striated muscle cells Hanson and Mehlman 1976 

V 798 cell line Hudakova 1992 

Hepatoma cells Lauris et al 1986 
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Table 4.3.4: Chemical factors affecting gluconeogenesis and/o~ glucogenic compound metabolism 

Clrarrical Factor Effect Rd~ 

Monocarboxy(ate transporter Inhibit/Enhance Garcia et al. 1994 

Various hormones Inhibit/Enhance Pilo et al l 993 

Various neurotransmitters Inhibit/Enhance Pilo et al 1993 

Various regulatocy eazymes Inhibit/Enhance Rl:isa. et al. 1992 

Lithium Infu"bits Bosch et al 1992 

Cytostatics Enhance Hudakova 1992 

Phenobarbital Inlnl>its Argaud et al 1991 

Cd.Zn.Cu Inm"bit Tolbert et aL l9Sl 

Manganese Enhance Tolbert et al 1981 

Insulin Inhibits Lauris et al. l986 

Epidermal growth factor Enhance Moule et al 1988 

Various neurotransmitters Inhibit/Enhance Baines et al. 1988 

Gentamicin Inlnl>its Michalik et al 1987 

Plasma prolactin Enhance Abu et al l 987 

Various amino acids Enhance Abu el al. J 987 

Glucose Inhibits Laurisetal 1986 

Photbol estm., vasopressin. Regulate Garcia et al. l 9S6 
ansiotensin Il, p-kinase C 

Somatostatin Regulate Dileepan et al 1985 

Growth botmone Stimulates Rogers et al. \989 

Glutamine Enhance Hanson and Mehlman 1976 

Nitrite Stimulates Wrechetek et al I 993 

Methotrexate Enhance Hudakova 1992 
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(Tolbert. etal, 1981), and lithium (Bose!-., eta/., 1992), phenobarbital {Argaud. etal, 1991), gentamicin (Michalik. 

etal, 1987), and (of course) glucose (Lauris, etal, 1986). Some chemical species can play the role of inhibitor or 

enhancer, depending upon their concentration. This dim of dual role regulators includes monocarboxylate 

transporter {Garcia, etal, 1994), various ~10rmones (Pilo, etal., 1993). various neurotransmitters (Pilo, etal., 1993; 

Baines, etal., 1988), and various regulator proteins (Rosa, etal., 1992). 

All mammalian cells are capable of metabolism of various glucogenic compounds. The following survey of the CHO 

cell literature suggests that these cells may be capable of the metabolism of glucogenic compounds. 

When glucose was replaced with galactose as the carbon source for a CHO cell culture, the specific growth rate was 

depressed, the lactate concentrations initially increased. but then unexpectedly decreased (Bamgrover et al., 1985). 

When CHO cells were arrested in the GI/GO cell cycle phase, the lactate production significantly declined (Jenkins 

and Hovey, 1993). These observations are consistent with the enhancement ofgluconeogenesis by cytostatic agents 

{Hudakova. 1992). 

When Ogata et al. {1993) utilized serum-free medium for CHO cell culture, they observed that the specific production 

rate of recombinant protein increased, while lactate production significantly decreased. Specifically, they measured 

the yield of lactate on glucose as 0.049 mol mor1 
. (Commonly, yields of lactate on glucose in CHO rulture are 

approximately 1.2 mol mor1
.) Both of these observations are consistent with the cytostatic effect of the absence of 

serum in the medium. The very low apparent yield of lactate on glucose reported by Ogata et al. (1993) may be an 

arti:fitct, created by the biodegradation of lactate in the absence of serum. i.e. The low apparent yield of lactate on 

glucose may be indicative of lactate metabolism (gluconeogenesis). 

In 1994, the Ogata group reported results from further work with CHO cells in serum-free medium. In this paper the 

authors cite a "remarkable" increase in specific recombinant protein production, and a decrease in lactate production. 

They suggest the "CHO Kl cells exhibit different physiological characteristics in response to serum removal from the 

medium". In their work, the cell density was not determined directly, but was estimated from the glucose 

consumption rate. The approach as&m1ed that specific glucose consumption rate is approximately constant, which is 

not necessarily consistent with their assertion of altered physiological characteristics. Moreover, the specific 

recombinant protein production rate is estimated from the lactate production to glucose consumption ratio. Using this 

approach, it is not only assumed that the specific glucose consumption rate is approximately constant, but that the 

yield of lactate on glucose is also approximately constant, and that the specific recombinant protein production rate is 

correlated with this yield. Obviously, any change in glucose consumption and/or lactate yield, would impact on 

calculated cell density and specific recombinant protein production rate; while lactate biodegradation would have a 
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significant effect on these calculations. Changes in the rares of glucose consumption and lactate production. and/or 

the occurrence of lactate biodegradation. which may well accompany "different physiological cbaracteristics" 

associated with cells cultured in serum-free medium. may explain the authors· finding of a ( calculated) "remarkable" 

increase in recombinant protein production. 

Hayter's group ( l 993) studied the physiology of a recombinant CHO cell line in glucose-limited chemostat culture. 

As the rCHO 320 cell line contains the DHFR-based plasmid, the group used metbotrexate to amplify the 

recombinant protein gene expression. Their reported data contains some interesting anomalies: 1. The glucose 

consumption data suggests that there is no maintenance energy requirement for these CHO cells. 2. The specific 

lactate production rate decreases with the specific growth rate ( compare this finding to the imumption of constaut 

specific lactate production rate utilized by Ogata eta/. l 993). Regres.,ion of their data indicates that no lactate would 

be produced when the specific growth rate falls below 0.011 h·1. As the specific growth ~ is directly correlated to 

the glucose concentration. this observation may be indicative of lactate biodegradation under conditioos of low 

glucose concentration (recall that glucose inluoits gluconeogenesis (Lauris, eta/.. 1986)). 3. The app31eut ammonia 

yield from glutamine is very high at low specific growth rar.es.. Normally, the moles of gluiaminc cc1osumed is 

approximately equal to the moles of ammonia produced. This suggests that gln:ramioe consumption is not following 

the usual catabolic pathway. 4. The specific alanine production rate decreased with specific growth rate. Regres.sion 

of their data indicates that no alanine would be produced when the specific growth rate falls below 0.011 h·1
• This 

again suggests that glutamine consumption is not following the usual cafabolic pathway. and/or that alanine, a 

glucogenic compound. is being consumed. S. Serine levels decreased sharply with growth rate. and once again, 

extrapolation of data indicates that no serine would be produced when specific growth rate falls below 0.011 h.1• 

This also suggests that serine., a glucogeo:c compound. is being consumed 6. Both asparagine and glycine uptake 

rates were abnonnally high. while the glutamate production rate remained coostant through all growth rates. Here. 

again. both mparagine and glycine are glucogenic compounds, while glutamate is a byproduct of the biodegradadon 

of many amino acids. 

The authors suggest that glucose is not the sole energy source in the medium. They attempt to account for their data 

via the utili2ation of glutamine. through the citric acid cycle, as an energy source. However, this would also yield 

alanine and serine, which their data indicate are both decreased under conditions of low glucose coocentratiom. The 

authors especially noted that the specific products of glucose catabolisni appioach :zero as the specific growth rate 

decreases. Fmally, the authors noted that similar phenomena are observed in HeLa cells and in rat bepatoma cells. 

Although not mentioned by Hayter et al. ( 1993), both of these cell lines have been shown elsewhere to undergo 

gluconeogenesis. 
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Metabolism of dhfr-System Recombinant Chinese Hamster Ovary Cells 

The above discussion and observed data support the plausibility that gluconeogenesis fimctions in the metabolism-of 

the recombinant CHOl-5500 cell line. Above some aitical threshold concentrations. it appears that glucose and 

glutamine are the primary substrates for metabolism. and that gluconeogenesis does not OCQJI', or plays an 

insignificant role. The utilization patterns for these two substrates have been disaJssed above. The critical 

concentrations of glucose and glutamine observed in this cell line may be 0.5 mmol L"1 and 0.5 mmol L"1
, respectively. 

Following glucose depletion (here, defined as decrease to a constant concentration of 0.5 mmol L"1), lactate is no 

longer produced, but is not consumed until glutamine is also depleted to its critical level. It therefore appears that 

glucose and glutamine are preferentially utilized and that gluconeogenesis only occurs in their absence. Another 

interpretation is that gluconeogenesis is inlu"bited by glucose above 0.5 mmol L"1
, and that the lag between glucose 

depletion and the start of lactate consumption reflects the time necessmy for the biosynthesis of the enzymes and 

intermediates of gluconeogenesis. The decrease in the viable population which occurs when glucose is depleted 

suggests that some cells were not able to switch to lactate metabolism. The phase I gluconeogenesis pathway utilises 

the two pyruvate family glucogenic compounds which are available in ex~: lactate and alanine. These substrates can 

be utilized as carbon, nitrogen, and energy sources. 

The 1'Jgh concentrations of DHFR in this rCHO cell line also play a role in its metabolism. DHFR may drive the 

production of glycine from serine, which in tum is derived from 3-phosphoglycerate, which is an intermediate of 

glycolysis. The 3-phosphoglycerate may come from phase I gluconeogenesis of lactate and alanine. Production of 

serine from 3-phosphoglycerate requires glutamate as a co-substrate and yields a-ketoglutarate as a co-product. The 

consumption of glutamate and production of a-ketoglutarate serve, in turn, to facilitate the entry of alanine into the 

gluconeogenesis pathway via alanine transamination. This interlocking pathway mechanism is illustrated in Figure 

4.3.8. 

A side benefit of the three phase metabolic batch culture pattern in this rCHO cell line is that the pH of the system is 

restored to physiologically compatible values as the lactate is consumed. When pH falls below 6.5 animal cell cultures 

enter into rapid necrotic cell death (Phillips, 1991). The major contnbuting factor to falling pH is the increasing 

concentration of lactate from the glycolysis of glucose. In this culture, only 62.5% of the glucose is metabolised to 

lactate, so that the pH fall is not as rapid as that observed in hybridoma cultures. Secondly. the consumption of lactate 

coupled with the contimled production of ammonia in the latter half of the culture period restores the pH to 

physiologically compatible levels. The avoidance of toxic acid conditions may be the controlling factor in the extended 

maintenance of viability which results in the long ( 4 week) batch culture period. Lactate and alanine are not depleted 

by the end of the culture period. The aco,roulatinn of ammonia may be the controlling factor in the entiy of the 
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population into apoptosis. In this rulture the viable cell concentration begins to decrease from a steady state value of 

approximately 0.8 mmol L"1 when annnonia reaches a concentration of 4.5 mmol L"1
. This occurs at approximately 

325 hours, several days after lactate consumption began, and at a physiologically compatible pH of approximately 

7.15. A summaiy of the overall metabolic equations which are the major contnbutors that can account for the 

metabolite patterns observed during the three metabolic phases of this rCHO cell line in batch culture is presented in 

Figure 4.3.9. 

Concluding Remarks 

The metabolism of rCHO cells in batch culture is more complex than that of hybridomas in batch culture. On the 

basis of substrate consumption and metabolic byproduct accumulation, the metabolic pattern of this batch culture of 

rCHO can be partitioned into three phases. The first phase is characterized by relatively high specific consumption 

rates of glucose and glutamine, with significant amounts of lactate, ammonia, and alanine accumulating. This 

metabolic phase is similar to the metabolic patterns observed in batch hybridoma culture, except for significantly 

smaller yields of lactate on glucose, ammpnfa on glutamine, and alanine on glutamine. At the end of the first 

metabolic phase the viability decreases abruptly. In the second metabolic phase, glucose consumption ceases and a 

steady concentration of approximately 0.5 mrnol L"1 is maintained. while lactate accumulation ceases. The glutamine 

specific consumption rate is reduced. but the yield of ammonia on glutamine is increased to about 2 mol mor1
. The 

total cell concentration drops at the beginning of the second metabolic phase, but then increases exponentially 

through the remainder of the second metabolic phase. This exponential increase is not reflected in the viable cell 

population, which following the initial drop is maintained at an approximately constant concentration through the 

remainder of the second metabolic phase. This suggests that while a portion of the viable population resides in the 

cycling fraction, another portion is entering senescence, perhaps because these cells were unable to make the 

metabolic switch. In the third metabolic phase both glucose and glutamine concentrations are approximately constant 

at 0.5 mol mor1
. The notable phenomenon associated with the third metabolic phase is the consumption of lactate 

and alanine. Vtability is maintained. suggesting that lactate and alanine are being utilized as carbon, nitrogen. and 

energy sources. The pH does not fall to toxic levels, probably as a result of the consumption of lactate. The 

maintenance of a physiologically compatible pH level also contnbutes to the maintenance of viability. Viability drops 

significantly as ammonia levels rise above 4.5 mmol L"1
. Lactate and alanine are not depleted by the end of the batch 

culture, suggesting that toxic levels of ammonia are the controlling factor in loss of viability. 
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Glutamate: 

CsHuiNP.J + 4.SC}z + 27 ADP ➔ 2NH3 + SCC}z + 2H20 + 27 ATP 

Csff1oNA + l.50i + HiO + 9ADP ➔ C~~ + 2NH3 + 2C0i + 9ATP 

CsH1oN20:i + H20 ➔ NH3 + C~O-i 

C,H~O., + CJH,O:J ➔ c~o,. + CJlf1NOi 

Csli6Os + l.SC}z + 9ADP ➔ C~~ + H20 + 2CC}z + 9ATP 

Glucose: 

CJl1206 + 60i + 38ADP ➔ 6C02 + 6H20 + 38ATP 

C~1:z{)6 + 2ADP ➔ 2C~~ + 2ATP 

Serine: 

CJli1N~ + Fli-i ➔ MFH,. + CsH5NC}z + H20 

Ammonia: 

CO2 + NH.i. + MFH.i + NADH + ff' ➔ C2HsN02 + fl-4 + NAO. 

Lactate: 

C~O:i + C.sffgN04 + H20 + 2ATP ➔ CJ1!7N~ + Csff605 + 2ADP 

C~OJ + 302 + lSADP ➔ 3C0i + 3H20 + lSATP 

C:ili60:i + 6ATP ➔ hexose + 6ADP 

Alanine: 

C~Os + C~1N01 + 301 + 18ADP ➔ Csli3N04 + 3C0t + 18ATP 

C:#,NCJi + H20 + JATP + NAO.. ➔ CJff7NOJ + JADP + NADH + ff'" 

Figure 4.3.9: Summary of overall pathways for the consumption of major substrates by rCHO 
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The specific production rate of tP A is greatest during the lag population phase and the early exponential population 

phase, which also corresponds to the first metabolic phase. This is in contrast to the expectation that tP A production 

would be maximal during the exponential phase when the proportion of the population in S phase is maximal and the 

DHFR concentration is therefore also maximal (see Section 4.1.2). The drop in tPA productivity at the end of the first 

metabolic phase may be the result of the natural regulatory mechanisms of the concentration of the protein, or may be 

the result of the altered metabolism of the population. Production oftPA contirwes at a decreased but steady rate until 

the viability drops when ammonia reaches 4.5 mmol L·' part way through the third metabolic phase. The tPA 

concentration do:lines as the total cell concentration declines, suggesting a correlation with cell lysis. Acid proteases 

released into the medium from dead and lysing cells may degrade the tP A 

Gluconeogenesis, which would account for the consumption oflactate and of alanine, may be a part of the metabolism 

of this rCHO cell line. Besides the present observations, phenomena supporting the poSSlbility of gluconegenesis has 

been widely reported. The elevated levels of DHFR in this rCHO cell line may drive a metabolic scheme consisting of 

phase I of gluconeogenesis coupled to serine biosynthesis and its transamination into glycine. Although the elevated 

levels ofDHFR may not be sufficient to extend population growth, they may be sufficient to extend the viability of a 

batch culture by driving lactate and alanine consumption. 

There may be significant offshoots of these interpretations. For example, unique, unexpected patterns in biochemical 

consumption and accumulation (eg. alanine, glycine, lactate, etc.) observed in the batch culture of the CHO l-5500 cell 

line has been e,cplained by considering that cells that are both transformed and genetically engineered are not normal. 

Depending upon plasmids, vector constructs, and host cell. complicated interactions between recombinant protein 

production and metabolic pathways should not be unexpected. With such cells. these patterns should not be dismissed 

as artefacts, but actively studied. Furthermore., by understanding these unique expression patterns, it may be poSSible 

for biochemical engineers to monitor productivity indirectly and inexpensively. TISSUe plasminogen activator, as a 

case in point, is both costly and notoriously difficult to measure. Therefore., batch production could be easily 

monitored via the patterns of one of the above-mentioned metabolites. By understanding that tP A production is 

directly correlated with metabolic phase one of a batch culture, optimised batch length may be determined from 

monitored levels of glucose, glutamine., and lactate. These correlations may be applied to the design of fed-batch 

protocols which could enhance the productive portion of a batch culture by extending the length of the first metabolic 

phase. 
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4.3.2 Preliminary Modeling of Growth and rProtein Production 

A working model for the growth and production kinetics of a cell culture system can be useful in process monitoring. 

control and optimiz.ation strategies. A good model can be used to predict outcomes of optimization strategies 

without recourse to actual experimentation. However. good working models for animal cdI atlture systems are 

difficult to develop. primarily because of the lack of knowledge of these highly complex systems (see Section 2). 

An attempt was made to adapt an existing kinetic model developed for hybridoma cells. to the CHO 1-5500 cell line. 

The complexity of the observed CHOl-5500 metabolite patterns in batch culture rendered this task more challenging 

than was originally anticipated. Three metabolic phases were identified for this rCHO cell line (see Section 4.3. l). 

based on the consumption of three major substrates. In addition to the significant utilization of glucose and glutamine, 

as seen in hybridoma cells and many other animal cells. this rCHO cell line also utilized lactate to a considerable 

extent. Net lactate consumption was not observed when glucose and glutamine levels were greatt:r than 0.5 mmol L"1 

, and the growth and metabolite kinetics could be adequately descnbed by the Phillips's model by instigating 

appropriate parameter values reflective of the metabolism of the CHOl-5500 cell line. However, these equations 

required adjustments in order to descnbe the third metabolic phase. The equations descnbing the kinetics of 

glutamine. glucose. the viable population concentration, the dead population concentration, alanine. and lactate were 

developed as follows: 

Glutamine: 

It was noted that glutamine consumption was about twice as great during the lag phase as at any other time. This was 

interpreted as indicating the G l/GO phase cells use about twice as much glutamine as cells in other physiological 

states. (An interesting implication with respect to protein synthesis ... ): 

demand = 2/GI -r (1 - fa,) 

where fo1 is the GI fraction of the viable population 



Ou,pte,4: Resalts and Disaasion 

Therefore, the equation describing glutamine consumption is: 

dGLN 
dt 

= -demand[ Gs GLN X,,, (Aµ+B) ] 
GsGLN(9+\8f1} + GLC(2+36f2 } 

where 

Glucose: 

dGLC 
dt 

Viable Cells: 

where 

Dead Cells: 

where 

and 

= 

and 

and 

GLN is the glutamine concentration (mmol L-1
) 

GLC is the glucose concentration (mmol L-1) 
Gs is the substrate preference index 
Xv is the viable cell concentration (million cells/mL) 
A is the specific biosynthetic energy rate (motes ATP/cell) 
B is the specific maintenance energy rate (moles ATP/cell/time) 
tj is the fraction of glutamine oompletely oxidized 
f1 is the fraction of glucose completely oxidized 
demand is a function of the G J fraction of the population 

1 GLC[ G5 GLN X,. (Aµ+B) ] 
Gs GLN GsGLN(9+\8f1) + GLC(2+36f2} 

dXv 
dt 

µ is the specific growth rate (h-1 
) 

~ is the specific death rate (h-1 ) 

kt is the specific rate of cell lysis (h-1 
) 

Xci is the dead cell population (million celWmL) 
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l\f-3 

M-4 
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Lysed Cells: 

Alanine: 

where 
and 

Lactate: 

where 

and 

dXI 

dt 

dALA 
dt 

= -k dXd 
I dt 

ALA is the alanine concentration (mmol L"1
) 

'IALA is the specific consumption rate of alanine 
( cam be greater than or less than zero) 

dLAC -- - Y. dGLC q V 
dt L4C.GLC dt - UC ✓l ,. 

LAC is the lactate concentration (mmol L"1
) 

Y uc.oLC is the yield of lactate on glucose 
ChAc is the specific consumption rate oflactate 
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M-5 

M-6 

M-7 

In addition to the equations explicitly descnbing the kinetics of the viable cell population. the dead cell compartment, 

glucose, glutamine, alanine, and lactate, equations were developed to follow the kinetics of ammonia. serine, glycine. 

and the G 1 and GO phase population. These equations are based on observed stoichiometric relationships. assuming 

the primary use of the interconnecting metabolic pathways shown in Figure 4.3.8 and the relationship between the 

physiological states of the cells (Section 2.1). 

Serine: 

where: 

dSER 
dt 

SER is the serine concentration (mmol L"1
) 

qSER is the specific consumption rate of serine 
Xv is the viable cell concentration 

M-8 
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Ammonia: 

= -Y dGLN -(l-Y )Y. dGLN _ Y, dSER 
ALI..GLN dt ALI..GLN .Vl{J.GLN dt GLY .Nl/3 dt 

where 

Glycine: 

dGLY 

dt 

and 

NH3 is the ammonia concentration 
Y AL\.GL'll is the yield of aJanine on glutamine 
Y :-.m.GL'll is the yield of ammonia on glutamine 
Y GLY~"'m is the yield of glycine on anunonia 
GLN is the glutamine concentration 
SER is the serine concentration 

dSER = --- dLAC 
-fl dt 

dALA -J:-4 
dt dt 

; 

where, f1 = 0 when dLAC/dt > 0 ; and, 4 = 0 when dALAfdt > 0 

where: 

and 

Gt phase CeDs: 

where 
and 

GL Y is the glycine concentration (mmol L"1) 
SER is the serine concentration (mmol L"1) 
LAC is the lactate concentration (mmol L"1) 
ALA is the aJanine concentration (mmol L"t) 
tj is the tiaction of lactate consumed for serine biosynthesis 
ft is the fraction of alanine consumed for serine biosynthesis 

dGl 
dt 

J; Xv 
- s dt 

GI is the concentration of GI phase cells ( cells/mL) 
fs is the fraction of the viable population in the GI phase 
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M-ll 
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GO phase Cells: 

where: 
and 

dGO 

dt 
-ft dGI 

- 6 dt 

GO is the GO phase cell concentration ( celJslmL) 
~ is the fraction ofthe cells leaving GI which enter GO 
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M-12 

The equation descnbing the protein production kinetics in the Phillips's model was not used. lnstead, the relationship 

of extracellular tP A accwrrulation to the GI cell cycle phase was reflected by expressing the tP A concentration as a 

direct linear function of the GI phase cell-hours. The proportionality constant is the specific productivity with respect 

to the GI phase cell-hours. Similarly, product degradation kinetics were incorporated as a direct function of the lysed 

cell concentration. To this extent, the model was segregated. 

tPA: 

where 

and 

dtPA = dGlCH -k dX1 
dt q tPA dt tP,t dt 

tPA is the product titre (mg/L) 
CltPA is the Gl specific productivity rate 
G ICH is the volumetric GI phase cell-hours 
ku>A is the product degradation rate constant 

M-13 

finally, equations were incorporated for the cumulative volumetric cell-hours for the viable population and for the GI 

phase fraction of the population: 

Cell-Hours: 

CH = f Xv dt M-14 



page 161 

Gl Phase Cell Hours: 

GICH = I GI dt M-15 

The rCHO cell line was observed to pass through three metabolic phases over the course of a batch culture (Section 

4.3.1). Several of the parameters altered value with switches in metabolism. The two metabolic switches appeared to 

coincide with depletion of glucose to a steady state concentration and depletion of glutamine to a steady state 

concentration, respectively. The depletion points were as&m1ed to be the triggers for the metabolic switches resulting 

in step changes in the values of some of the parameters (Table 4.3.5). 

The model was tested by simulating the batch culture dynamics observed in the experiment analyzed in Sections 4. I. I 

and 4.3. I. Once the parameter values were determined and the initial values of the variables were set, the simulation 

was achieved through a process of orthogonal collocation The model contains a total of 15 equations and 24 

parameters, 19 of which were determined from experimental data Four of the five estimated parameters were used as 

adjustable parameters to fit the observed batch culture dynamics. The four adjustable parameters were the specific 

biosynthetic energy rate (A), the specific maintenance energy rate (B}, the fraction of consumed lactate utilized for 

serine synthesis (and ultimately glycine synthesis) (tj }, and the fraction of consumed alanine utilized for serine 

synthesis (and ultimately glycine synthesis) (fi ). From the simulation results are presented graphically in Figure 

4.3.10, it is apparent that the model fits the data well, with the exception of ammonia during the last half of the culture 

period (Figure 4.3. IOg}. 

The third step in modeling comprises model refinement through simulations of different sets of experimental data ( see 

Section 2.3). To this end, the dynamics of a second dispersed suspension batch culture were simulated. The 

simulation results are presented in graphical form in Appendix B. The model was successful in simulating the first 

metabolic phase and the first metabolic switch, but failed to accurately simulate the remainder of the batch culture 

dynamics. It was concluded that the assumptions that steady state glucose and glutamine concentrations are the sole 

controlling elements determining metabolic phases were incorrect. at least in as much as the specific values assigned. 

The impact of the initial substrate concentrations on the batch culture dynamics were then investigated in an 

exploratory factorial experiment. Four factors were considered: lactate concentration, glucose concentration, 

glutamine concentration, and the presence of serum. Due to equipment and time constraints, only two levels of each 

variable were tested, in an experimental matrix with only a single replicate of eight separate treatment combinations 
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Table 4.3.S: Modd parameten and initial conditions ror a dispened suspension batch culture orCHOI-5!500 
cells. 

Initial Conditions 

Glucose: 8 mmol/L 

Glutamine: 5.5 nunol/L 

Lactate: 0 nunol/L 

Alanine: 0.2 mrnol/L 

Serine: 0.0225 nnnol/L 

Glycine: 0.30 mmol/L 

Ammonia: 0 nunol/L 

tPA: 0rns'L 

Xv: 0.25 E6 c/mL 

Xd: 0.0075 E6 c/mL 

XI: 0c/mL 

XGI: 0.175E6c/mL 

XGO: 0c/mL 

Pop-CHvol: 0 c-h/mL 

G 1-CHvol: 0 c-h/mL 

Parameter Values 

A: 50 

B: 0.2 

CltPA.01 : 0.0975 pg/c-h 

ktPA: 35 pg/c-h 

Yamm.gln: 0.016 moVmol 

Ylac.glc: 1.25 moVmol 

qALA: 0.006 nmoVc-h 

qLAC: 0.036 nmoVc-h 

qSER: 0.0012 nmoVc-h 

mmm--+gly: 0 

fgln➔amm: 1.2 

Gs: 0.365 

fl: 0.725 

f2: 0.367 

0: 0.035 

f4: 0.010 

5: 0.85 

ckgln: 0.002 

µmax: 0.0155 h-1 

kd-1: 0.0001 h-1 

kd-2: 0.0035 h-1 

kd-3: 0.0046 h-1 
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Figure 4.3.l0a: Model sinwlations of the batch culture dynamics of dispersed suspension CHOl-5500 cells in a 

stirred tank bioreactor with serum-free medium. symbols= data '. solid squares- viable cells ; x-in-squares- dead cells 
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(Table 4.3.6). The available degrees of freedom for the design did not allow for examination of treatment interactions 

on a statistical basis (Systat 6.0 for Windows, SPSS Inc .• Chicago, Ill). although strong interactions were to be 

expected. Some important trends are. however, quite apparent and are presented in Tables 4.3.7 through 4.3.11. 

£n Table 4.3.7 it can be seen that growth is viability is depressed in the presence of high lactate levels (Xvavg), while 

the biological capacity for production is enhanced when serum containing medium is used (CHvol). £n Table 4.3.8 it 

can be seen that product titre is depressed by low gfutamine levels and/or by the presence of serum. The volumetric 

productivity and the specific productivity appear to be enhanced by a combination of high glutamine levels and high 

lactate levels. Metabolic trends were difficult to discern from this preliminary experiment, but it was observed that the 

glucose consumption rate is significantly increased at high glucose levels in the absence of serum (not surprising). 

Initial substrate concentration experiments are likely to provide valuable insight into the metabolism of the cell line, 

and it is recommended that such investigations be undertaken, using multiple replicates of each treatment 

The general model framework appears to be adequate to descnbe the batch culture dynamics of the CHOl-5500 cell 

line. It is recommended that model refinement be pursued, as this may in tum lead to refinements in the understanding 

of the metabolism and ultimately the productivity of this cCHO cell line. 



Table 4.3.6: Initial substrate concentrations for I 00 mL spinner flask batch cultures of rCHO in dispersed suspension. 

CULTURE 

1 
2 
3 
4 
5 
6 
7 
8 

(GLUCOSE} 
mmol L"1 

10.5 
41.3 
10.3 
28.5 
31.5 
37.0 
35.8 
30.2 

(GLUTAMINEJ 
mmol L"1 

1.56 
1.46 
8.38 
8,27 
1.31 
8.16 
1.07 
7,92 

(LACTATE] 
mmol L"1 

15.9 
16.5 
18.9 
18.2 
0.27 
0.18 
2.02 
1.82 

(SERUM} 
v/vo/o 

0 
0 
0 
0 
0 
0 
10 
10 

f 
~ 

' l I 
:I 

I 
""' i::! 



Table 4.3. 7: Population growth parameters of the spinner flask initial substrate concentration experiment. 

CULTURE Xvmu Xv.v1 CHvol µm .. kctavg k1av8 
E-6c/mL E-6 c/mL E-6 c-h/mL h"I h"I h"I 

1 0,73 0,53 288 0.0153 0,0025 0.0011 
2 0.71 0.48 253 0,0100 0,0030 0,0014 
3 0,59 0,30 130 0.0162 0.0060 0,0029 
4 0.97 0,70 374 0,0258 0.0023 0,0011 
5 2.12 1.01 443 0.0100 0,0137 0.0055 
6 1.71 0,79 345 0.0270 0,0083 0,0045 
7 2.92 2.20 1008 0,0300 0.0035 0,0022 
8 2.26 1.33 605 0,0310 0,0047 0,0007 
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Table 4.3.8: Production parameters of the spinner flask initial substrate concentration experiment 

CULTURE [tPA)mn %,PA,pro P1PA1vg QtPAavg QrPA·Ml QrPA•M2 QrPA·M3 
mgL·1 

mgmg·1 mg L"1 h"1 l!G c-h·' l!G c-h·' l!G c-h"1 l!G c-h"1 

1 5.70 l.78 0.026 0.008 0.187 0.008 -0.025 
2 5.96 l.86 0.026 0.017 0.131 0.011 -0.022 
3 9.15 2.86 0.075 0.053 0.098 0.013 NA 
4 10.62 3.32 0.088 0,027 0.173 -0,002 NA 
5 9.50 2.97 0,028 0,021 0.058 0,030 0.015 
6 10.4 3.25 0,034 0,023 0,083 0,014 -0.016 
7 6.99 0.29 0.021 0.007 0.020 0.013 0.004 
8 7.00 0.29 0.030 0.008 0.045 0.000 -0.006 
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Table 4.3.9: Substrate and ammonia concentrations at the switches between metabolic phases in the spinner flask initial substrate f concentration experiment 

~ 

CULTURE CHvol (GLUCOSE} (GLUTAMINEJ (LACTATE} (AMMONIA} r E6 c-h mL"1 mmol L"1 mmol L"1 mmol L"1 mmol L"1 

FIRST METABOLIC SWITCH l 

r l NA NA NA NA NA 
2 40.16 34.71 0.63 21.83 1.53 
3 77.34 2.64 4.09 22.44 4.51 
4 60.44 15.89 5.97 23.72 4.24 
5 49.15 26.62 0.14 10.89 1.85 
6 74.49 32.34 5.43 14.94 4.28 
7 65.10 21.87 0.26 17.50 1.68 
8 141.00 16.67 3.50 16.67 4.83 

SECOND METABOLIC SWITCH 

1 63.20 3.97 0.25 25.06 1.81 
2 125.65 29.58 0.14 20.17 2.32 
3 NA I NA NA NA NA 
4 NA NA NA NA NA 
5 74.75 23.34 0.14 11.94 2.09 
6 280.58 11.56 1.03 20.00 8.06 
7 281.00 15.77 0.04 15.77 1.89 
8 334.00 12.56 1.53 22.56 6.88 

I ... 
~ 



Table 4.3.10: Specific substrate consumption rates during the metabolic phases for the spinner flask initial substrate i 
1:-

concentration experiment (units are pmol c-h"1) 

I 
FIRST METABOLIC PHASE SECOND METABOLIC PHASE TlfiRD METABOLIC PHASE l CULTURE QcLC QGLN QLAc QA.LA QGLC QGLN Que QALA QcLC QGLN Que 9ALA 

r 1 0.090 0.020 NA NA 0.000 NA NA NA 0.000 0.000 0.036 0.001 
2 0.176 0.023 NA NA 0.060 0.006 0.004 0.001 0.094 0.001 0.004 0.004 
3 0.088 0.054 NA NA 0.022 0.043 -0.044 0.019 NA NA NA NA 
4 0.214 0.030 NA NA 0.044 0.014 -0.060 0.002 NA NA NA NA 
5 0.095 0.023 NA NA 0.128 0.000 -0.041 -0.014 0.034 0.000 -0.014 0.002 
6 0.062 0.034 NA NA 0.087 0.011 -0.009 -0.008 0.060 0.004 -0.095 0,001 
7 0.096 0.120 NA NA 0.025 O.QOl NA NA 0.008 0.000 0.012 0.012 
8 0.092 0.027 NA NA 0.021 0.010 -0.027 -0.007 0.030 0.003 0.015 -0.011 

i 
""' ~ 



Table 4.3.11: Yields of byproducts on substrates during the three metabolic phases for the spinner flask intitial substrate f concentration experiment 
~ 

CULTURE y LAC,GLc(Ml) y AMM,GLN(Ml) Y AMM,GLNCM2) Y AMM,GLNCM3) y ALA,GLNCMl) Y ALA,GLNCM2) Y ALA,GLN(M3) I mol mor1 mol mor1 mol mor1 mol mor1 mol mor1 mol mor1 mol mor1 

l 
l 1.36 1.33 1.33 0,76 0.56 -l.32 -1.32 

r 2 0,69 1.40 1.08 0,21 0,86 -0,04 -4.43 
3 0.48 0,96 0,67 NA 0,56 -0.41 NA 
4 0.22 1.03 0,56 NA 0.54 0.10 NA :a 
5 l.86 1.49 ND -0,05 0,72 ND -2.11 
6 2.94 1.43 1.60 0,78 0.84 0,71 -2,60 
7 1.07 1.83 0,92 -0,57 0.90 0,96 -3.46 
8 1.11 1.07 0,96 0.89 0.69 0,55 1.86 

I, 

I .... 
~ 



5. Conclusions and Recommendations 

5.1 Conclusions 

In contrast to microbial cells, in mammalian cells the production of proteins and proliferation of cells lie within time 

domains of different orders. The epigenetic time domain is in the order of hours while the genetic time domain is in 

the order of days. Protein production is not usually restricted to a single cell cycle phase within cycling fraction ( eg. S 

phase) of the genetic time domain, and. in any case.. the proportion of the population in any given physiological state 

does not remain constant through a batch run. Hence. correlations of protein production to growth rate are 

impractical. These two important aspects of animal cell culture (growth and production) can be placed on the same 

basis by considering growth in tenns of cell-hours, which represent the biological capacity for production. 

Frequently, protein productivity changes with the average physiological state of the population. This is observed as 

growth-phase-association or partial-growth-phase-association. The rCHO cell line investigated in this study exlubited 

growth-phase-association., with specific productivity maxima in the lag and early decline phases. 

Compartmentaliz.ation of the population in to the cell cycle phases, quiescent phase, and apoptotic phase revealed that 

protein production was directly proportional to the GI phase cell-hours. This is in agreement with the observed 

partial-growth-phase-association pattern, as the proportion of the population in the GI cell cycle phase is maximal in 

the lag and early decline growth phases. 

The dlyi--based system of producing foreign proteins in mammalian cells likely results in incidental transcription of the 

protein-gene with transcription of dlifr. However, it must not be assumed that synthesis of the protein occurs 

simuhaneously with synthesis ofDHFR. Ahhough the plasmid is designed for co-transcription of tP A and dlyr, there 

is no reason to assume that post-transcriptional modifications of the IPA transcript are under the control of the 

regulatory mechanisms for the post-transcriptional modifications of the dJyi- transcript. Also, the definition of protein 

177 
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production of secretory glycoproteins usually is inclusive of transcription. post-transcriptional modifications, 

translation. post-translational modifications, and secretion. while DHFR is an intracellular protein. Secretion is usually 

the rate limiting step in the appearance of secretory proteins in the supernatant. Therefore, there is a time and space 

separation between the rate of appearance of DHFR within the cell and the rate of appearance of the recombinant 

protein outside of the cell. If this time lag is not accounted for, correlations of emacel1ular protein appearance to 

intracellular DHFR appearance are phenomenological at best. and should not be used as a basis of concluding the 

degree of co-regulation of the translation of the two molecules. In this study, while the production of the recombinant 

tP A strongly correlated with the G 1 cell cycle phase. DHFR content increased sharply in the S cell cycle phase. 

The transformed and genetically engineered mammalian cell investigated in this study exhibited unusual patterns in the 

appearance and disappearance of metabolites in the culture medium On the basis of these patterns three population­

averaged metabolic phases were identified during a batch culture run. The first metabolic phase is similar to that 

observed in hybridoma cuhure. with glutamine and glucose being co-utilized., and ammonia. alanine. and lactate 

accumulating. When glucose is depleted to a constant level. lactate accumulation also ceases. During this second 

metabolic phase. lactate and glucose levels are constant. glutamine is being utilized and alanine and ammonia are 

accumulating. When glutamine is depleted to a constant level. the culture switches to a third metabolic phase in which 

alanine and lactate are consumed. glucose is constant. glutamine is disappearing at a rate consistent with its chemical 

degradation. and ammonia is accumulating. These observations may be due to the utilization of the phase I 

gluconeogenesis metabolic pathway. 

Throughout the batch culture run. glycine accumulates. Glycine may be formed from serine. which in turn may be 

formed from a molecule synthesized in the phase I gluconeogenesis pathway. Tetrahydrofolate functions as the 

carbon acceptor in the cleavage of serine to form glycine. The carbon is removed from the folic acid derivative by the 

formation of thymidine compounds from uridine compounds. leaving this B complex vitamin in the dihydrofolate 

form. The restoration of dihydrofolate to tetrahydrofolate is catalyzed by DHFR. Hence DHFR may drive glycine 

production. which in tum drives the formation of serine from the consumption of alanine and lactate. Thus the high 

levels of DHFR in this CHOI-5500 cell line may serve to enhance the utilization of the phase I gluconeogenesis 

pathway. 

TISSUe plasminogen activator is apparently not produced during the third metabolic phase. while the percentage of the 

population in apoptosis increases sharply when the culture enters the second metabolic phase. Maximal population 

expansion and tP A production should correlate to maximal extension of the first metabolic phase. Initial substrate 

concentrations may impact on the duration of the first metabolic phase. Relative levels of the various metabolites 

might trigger the different metabolic phases and might therefore form the basis of fed-batch protocols designed to 

extend the first metabolic phase. 
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The extracellular concentration oftPA from the CHOl-5
500 

cell line reaches 20 apparent ceiling of approximately 10 

mg L"1
. This maxinrum of the extracellular level of tissue plasminogen activator is likely a consequence of natural 

regulatory mechanisms. Further processing and/or genetic manipulations are known to improve the tP A titers. 

Degradation of accumulated tP A occurs during the late decline phase, which is correlated to the dead cell and lysed 

cell concentrations. Batch cultures should not be permitted to proceed into the late decline phase, and harvest should 

take place before the second metabolic switch into the third metabolic phase takes place. 

The CHOl-5500 cell line was found to be capable of growth in three morphological types (substratum adherent, 

aggregated, and dispersed suspension) which are easily induced by agitation rate and serum content. The most 

favourable growth kinetics (J.lmu = 0.026 h"1 

) and volumetric productivity (0.041 mg L"1 h"1 

) are IWOCiated with the 

substratum-attached growth behavior type. Dispersed suspension culture exhibits a similar volumetric productivity to 

that observed in microcarrier suspension culture. Dispersed suspension culture is therefore the most attractive format 

as it is both simpler and cheaper than microcarrier suspension culture. Aggregate suspension culture exhibited the 

least favourable growth and production kinetics. However, aggregate suspension culture may have an advantage at a 

larger scale, in terms of better resistance to shear damage. 

Extensive cytoplasmic bridging was observed between aggregated and substratum-attached cells. The cytoplasmic 

bridges apparently function to strengthen aggregates with large void volumes. The large void volumes(= 50°/c,) 

within aggregates are assumed to preclude mass transfer limitations. The cytoplasmic bridges may be instrumental in 

the cell-sheet detachment pattern observed in substratum-attached culture, and this may result in the premature failure 

of these systems. 

Modeling of growth, production, and metabolism dynamics can improve the understanding of the system. Successful 

models can be used for optimization and prediction of culture behavior. A partially structured and partially segregated 

metabolic cell-cycle model which was developed in this study could successfully simulate the first metabolic phase of 

batch culture of the CHO 1-5
500 

cell line, substantiating the assumed major metabolic pathways utiliz.ation. Initial 

substrate conditions impact significantly on the metabolic patterns of the CHOl-5500 cell line during batch culture. 

Further model development could shed light on the metabolic patterns and controls of this and other transformed and 

transfected cell lines. 

A better understanding of metabolism and growth behavior, and their impacts on growth and production kinetics. may 

enable further optimization of batch mammalian cell culture. In this study some of the unique aspects of the 

metabolism, growth behavior, and growth and production kinetics of the CHOl-5500 cell line have been identified. 
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5.2 Recommendations 

The comple,c metabolism of thfa transformed and transfected cell line should be investigated in greater detail through 

the use of bioassay methodologies. The concentrations of metabolic enzymes such as pyruvate carbox:ylase, 

thymidylate synthase, serine hydroxymethyl transferase., and phosphoserine transaminase should be measured. The 

dynamics of the rest of the amino acids should be investigated. The impact of initial concentrations of major 

substrates should be studied in depth. This would enable the identification of the major inputs and outputs to 

population metabolism, with their associated overall kinetics. This information can then be used to refine modeling 

and thence to facilitate optimization of the system. 

The relationship oftPA synthesis and tPA secretion to the cell cycle phases should be investigated. Intracellular levels 

of tP A protein and of tP A mRNA should be measured. Synchronized cell populatons should be employed in these 

investigations., but the synchronization method must be carefully chosen so that metabolic and production dynamics 

are not significantly influenced by the process of synchronization. This information could be used to refine modeling 

and to optimize the system. 

The impact of scale-up (and hence increasing shear) on the growth and production dynamics of the three 

morphological types should be investigated. Relative dynamics observed at the I liter scale may not hold at the larger 

scales employed industrially. 

Model development should be continued. Fme tuning of the model may serve to improve simulations as well as to 

augment the understanding of the metabolism and related growth and production kinetics of this cell line. An accurate 

model can be used to simulate the impacts of process variations without the need to actually perform costly and 

lengthy experiments. 
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Microcarrier Suspension: Spinner #1 1-bft\'S. f 12. ""' 1th Io rw f BS 

NUNC polystyrene microcarrier beads (90-180 um) 1 L spinner@60 rpm 10g/L of beads 
• Time cellelbead viable CHvol tPA tPA-0 GLC LAC 

· : h ES c/ml E8 ch/ml mg/L mg/L mM mM 

0 
24 
96 

120 
144 
168 
192 
264 
288 
312 
336 
360 

0 0.25 0 1.979 
79 0.243683 5.9238775 4.154 

523 1.613246 58.093995 8.432 
571 1.761307 98.562625 10.46 
724 2.23325 146.27344 10.03 
834 2.572556 203.84717 9.865 
461 1.422001 250.4256 10.42 
354 1.091948 340.40536 10.45 
213 0.65702 360.95298 10.51 
255 0. 786573 378.22949 11.22 
109 0.336221 390.94656 10.91 
145 0.447267 400.28512 9.08 

0 
2.175 
6.453 
8.476 
8.048 
7.886 
8.436 
8.47 

8.526 
9.239 
8.926 

7.38 3.95 
7.25 4.2 

6 
7.1 6.48 

5.98 
5.42 
5.34 
4.19 
3.77 10.51 
3.12 
2.08 
2.18 

t 
:... .. 

I 
r 

~ -~ 
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Microcarrier Suspension: Spinner #2 H/..~ 'S. f 12. u.:. .ih 1;.; 1/.:· f 8<:i 
NUNC polystyrene microcarrier beads (90-180 um) 1 L spinner@ 60 rpm 10g, 
Time cellllbead viable CHvol tPA tPA-0 GLC LAC 

. h · El c/mL El ch/ml mg/L mg/L mM mM 1 
0 0 0.23 0 2.92 0 8 r 

24 74 0.22826 5.4990984 3.31 0.39 7.82 3.65 
48 162 0.499705 13.813604 4.83 1.91 6.33 

120 184 0.567566 52.183548 6.04 3.12 5.28 
144 343 1.058018 71.08357 7.86 4.94 4.86 6.79 
168 229 0. 706373 91.9729 8.934 6.014 4.01 
192 137 0.42259 105.23016 10.35 7.43 2.84 
216 49 0.151145 111.5664 10.07 7.147 1.91 
288 23 0.070946 119.20116 8.153 5.233 1.17 10.23 

I -el 



Microcarrier Suspension: Spinner #3 
NUNC polystyrene beads (90 - 180 um) 

HO.M's r-,z. ~-. ~h ID¼- f'BS 
1 L spinner @ 60 rpm 1 0g/l of beads 

tPA tPA-0 GLC LAC Tilll8 cellllbead viable CHvol 
. • h E6 c/mL E6 ch/ml mg/L mg/L mM mM 

0 0 0.28 0 0.574 0 9.88 2.06 
24 149 0.459605 8.697972 1.2 0.626 7.35 2.28 
48 277 0.854434 23.979913 2.368 1.794 6.64 4.42 
72 448 1.381901 50.310689 4.552 3.978 5.63 6.91 
96 374 1.15364 80.65481 6.555 5.981 4.84 8.24 

168 383 1.181402 164.71237 7.055 6,481 3.77 9.96 
192 134 0.413336 182.26489 7.4 6.826 4.25 11.02 
216 64 0.197414 189.27765 7.53 6.956 3.58 10.86 
240 24 0.07403 192.29674 9.055 8.481 3.53 11.04 
264 20 0.061692 193.92091 8.81 8.236 2.81 11.4 

l .. .. 

1 r 

I -r 



Microcarrier Suspension: Spinner #4 
NUNC polystyrene beads (90 -180 um) 

HalY\ '-':. f 12. u.: .~ I c•1;, PBS 

. Time cellllbead viable CHvol 
. h . • E6 clmL E6 ch/ml 

0 
24 
48 
72 
96 

168 
192 
216 
240 
264 

0 0.128 0 
34 0.104876 2. 7853082 

226 0.69712 10.289283 
415 1.280109 33.311734 
497 1.533046 66.978431 
538 1.659515 181.85048 
177 0.545974 205.89003 
193 0.595328 219.57711 
84 0.259106 229.27728 
65 0.200499 234. 76252 

1 L spinner @ 60 rpm 1 0g/L of beads 
IPA tPA-0 GLC LAC 

mglL mg/L mM mM 

1.1 0 
1.814 0.714 
2.478 1.378 
4.706 3.606 
6.984 5.8835 
7.966 6.866 
8.95 7.85 
9.75 8.65 

11.56 10.456 
12.26 11.16 

11.5 
9.26 1.997 

8 5.5 
88 

7.1 7.98 
6.41 
4.56 
5.27 10.15 
4.88 
4.72 11.33 

t 
:.. .. 

1 
r 

I 
00 
u, 
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Aggregate Suspension: Spin Serum Free HB-CHO Sp,nriel.< I\ 
1 L ; 60 rpm ; 0-200s amorphous aggregates in suspension 

Sample Time pH [Total] V..frac [Viable] CHvol GLC LAC 
h E6c/mL E6c/mL E6c-h/mL mM mM 

0 0 7.5 0.112 0.82 0.09184 0.00 14.6 0 
1 22 7.4 0.148 0.97 0.14356 2.55 13.2 0.44 
2 46 7.5 0.187 0.94 0.17578 6.37 13 0.49 
3 70 7.4 0.246 0.9 0.2214 11.11 12.9 
4 98 7.5 0.255 0.965 0.24608 17.65 12.6 1.24 
5 120 7.6 0.275 0.72 0.198 22.52 12.7 1.61 
6 144 7.6 0.293 0.64 0.18752 27.14 13 2.56 
7 166 7.5 0.289 0.69 0. 19941 31.40 11.7 2.84 
8 190 7.4 0.288 0.68 0. 19584 36.14 10.1 3.8 
9 215 7.4 0.311 0.81 0.25191 41.71 9.92 3.8 

10 239 7.4 0.338 0. 79 0.26702 47.93 8.38 5.45 
11 261 7.4 0.358 0.8 0.2864 54.02 7.09 6.11 
12 311 7.2 0.703 0.83 0.58349 74.89 5.94 9.51 
13 334 7.1 0.754 0. 79 0.59566 88.45 6.94 12 
14 358 7 1.029 0. 77 0. 79233 104.99 5.06 13.3 
15 383 6.9 1.302 0.6 0.7812 124.66 3.28 14.4 
16 407 6.9 1.51 0.55 0.8305 144.00 2.82 14.6 
17 430 6.9 1.49 0.49 0.7301 161.92 1.72 13.3 
18 473 6.8 1.45 0.5 0.725 193.20 1.38 15.2 
19 505 6.8 1.375 0.4 0.55 213.47 0.81 16.9 
20 527 6.9 1.199 0.35 0.41965 224.08 15.9 
21 550 6.9 1.49 0.45 0.6705 236.39 0.56 14 
22 571 7 0.979 0.4 0.3916 247.28 11.2 
23 595 7 0.981 0.2 0.1962 254.07 
24 626 6.9 0.985 0.18 0.1773 259.85 13.2 
25 647 7 1.02 0.16 0.1632 263.42 12 
26 667 7 0.85 0.13 0.1105 266.13 12.3 
27 691 7 0.845 0.22 0.1859 269.60 
28 715 6.9 0.985 0.23 0.22655 274.54 
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Aggregate Suspension: Spinner '#2 Serum Free HB-CHO 
1 L ; 60 rpm ; 0-200s amorphous aggregates in suspension 

Sample Time pH [Total] V-frac [Viable] CHvol GLC LAC tPA-0 
h E6c/mL E8c/mL E6c-h/mL mM mM mg/L 

0 0 7.2 0.099 0.85 0.08415 0.00 16.5 0 0 
1 22 7.2 0.15 0.98 0.147 2.48 15.7 0 
2 46 7.2 0.216 0.97 0.20952 6.71 14.3 0.42 0.1 
3 70 7.3 0.176 0.96 0.16896 11.24 13.1 0.44 
4 98 7.3 0.162 0.96 0.15552 15.78 12.9 0.96 0.3 
5 120 7.4 0.164 0.87 0.14268 19.06 12.5 1.02 
6 144 7.3 0.315 0.9 0.2835 23.98 10 1.21 0.3 
7 166 7.2 0.404 0.97 0.39188 31.34 9.75 2.38 
8 190 7.1 0.646 0.94 0.60724 43.14 8.76 3.23 0.73 
9 215 7.1 0.701 0.9 0.6309 58.62 8.31 3.92 

10 239 7 0.98 0.75 0.735 74.98 5.7 4.97 2 
11 261 6.8 0.96 0.74 0.7104 90.88 4.91 6.98 
12 311 6.8 0.96 0.63 0.6048 123.68 3.91 9.65 2.2 
13 334 6.9 1.48 0.55 0.814 139.88 3.83 9.16 
14 358 6.8 1.57 0.42 0.6594 157.50 3.68 9.32 2.4 
15 383 6.8 1.63 0.37 0.6031 173.27 3.71 9.43 
16 407 6.8 1.36 0.34 0.4624 185.98 3.5 9.34 3.44 
17 430 6.8 1.66 0.27 0.4482 196.45 3.06 9.46 
18 473 6.7 1.85 0.3 0.555 217.94 2.96 9.68 3.61 
19 505 6.8 1.67 0.29 0.4843 234.54 2.6 9.03 
20 527 6.8 1.585 0.21 0.33285 243.43 2.39 8.55 3.8 
21 550 6.8 1.37 0.29 0.3973 251.80 1.71 7.6 
22 571 6.8 1.03 0.29 0.2987 259.06 1.76 8.34 4.4 
23 595 6.8 1.051 0.27 0.28377 266.05 1.15 7.74 
24 626 6.8 1.12 0.23 0.2576 274.43 1.28 8.4 4.5 
25 647 6.8 0.958 0.19 0.18202 279.00 1.22 8.51 
26 667 6.8 0.951 0.2 0.1902 282.72 8.44 5.3 
27 691 6.8 0.995 0.24 0.2388 287.85 7.53 
28 715 6.8 0.925 0.18 0.1665 292.66 



Appa,dixA: F.xpaimsrta/Data page 188 

Aggregate Suspension: Spinner #3 Serum Free HB-CHO 
1 L ; 60 rpm ; 0-200s amorphous aggregates in suspension 

Sample Time pH [TotaQ V-frac [Viable] CHvol GLC LAC tPA-0 
h E6c/mL E6c/mL Elc-h/mL mM mM mg/L 

0 0 7.5 0.092 0.91 0.08372 0.00 7.19 0 0 
1 22 7.5 0.137 0.96 0.13152 2.33 6.29 0.38 
2 46 7.4 0.192 0.96 0.18432 6.08 6.3 0.89 1.1 
3 70 7.5 0.286 0.95 0.2717 11.49 5.97 0.62 
4 98 7.5 0.276 0.95 0.2622 18.96 5.68 0.76 
5 120 7.6 0.276 0.92 0.25392 24.64 3.36 0.58 
6 144 7.4 0.351 0.88 0.30888 31.37 3.17 2.18 1.9 
7 166 7.4 0.397 0.91 0.36127 38.73 2.48 3.67 
8 190 7.3 0.549 0.85 0.46665 48.61 1.97 5 3.9 
9 215 7.3 0.757 0.79 0.59803 61.85 0.74 5.56 

10 239 7.3 0.992 0.5 0.496 74.94 0.31 6.57 3.7 
11 261 7.4 0.995 0.423 0.42089 85.00 0.14 6.35 
12 311 7.4 1.71 0.24 0.4104 105.78 0.17 4.89 0.6 
13 334 7.5 1.64 0.13 0.2132 112.71 0.29 4.32 
14 358 7.5 1.57 0.15 0.2355 118.09 0.51 3.93 0.4 
15 383 7.5 1.62 0.093 0.15066 122.84 0.69 4.04 



AppmdixA: Experillll!llta Dtlla page 189 

Dispersed Suspension: Spinner #1 Serum Free HB-CHO 
1 L; 150 rpm 

Sample Time pH [Total] V-frac (Viable] CHvol GLC LAC GLN ALA AMM tPA-0 
h ElclmL El c/mL El c-h/mL mM mM mM mM mM mgll. 
0 0.2763 0.00 

0 0.5 7.6 0.333 0.83 0.27639 0.14 8.056 0.009 5.354 0.174 0.433 0 
1 19.5 7.4 0.413 0.75 0.30975 5.70 8.089 1.514 3.85 0.232 o.n5 0.5 
2 44 7.4 0.595 0.9 0.5355 15.80 4.578 2.291 2.562 0.32 1.215 1.2 
3 94 6.9 0.897 0.95 0.85215 49.88 1.178 9.367 1.88 0.834 2.532 2 
4 117.7 6.9 1.048 0.91 0.95186 71.21 0.728 9.464 1.6 1.108 2.763 2.5 
5 141.7 6.9 1.662 o.n 1.27974 97.80 0.85 9.678 1.558 1.382 2.869 3 
6 166 7 1.568 0.71 1.11328 126.86 0.456 9.402 1.425 1.805 3.13 3.5 
7 190.2 7 1.132 0.74 0.83768 150.28 0.417 9.364 1.299 2.228 3.386 3.85 
8 213.5 7 1.21 0.64 O.TT44 169.08 0.606 8.381 1.163 2.266 3.743 4.35 
9 256.5 7 1.09 0.67 0.7303 201.42 0.55 5.491 1.074 1.603 3.91 4.5 

10 288 7.1 1.35 0.52 0.702 223.97 0.7 6.189 0.635 2.3 4.082 5.9 
11 310.3 7.1 1.845 0.4 0.738 240.05 0.289 5.953 0.788 2.418 4.171 6.9 
12 333.3 7.2 1.471 0.46 0.67666 256.31 0.161 5.4 0.66 2 4.34 7 
13 354.5 7.2 1.63 0.4 0.652 270.37 0.389 3.086 0.533 1.608 4.385 7.5 
14 378 7.2 1.38 0.38 0.5244 284.14 0.511 4.089 0.475 1.45 4.474 8.15 
15 409 7.2 1.55 0.29 0.4495 299.20 0.428 3.178 0.401 1.25 4.741 8.88 
16 429.5 7.2 1.48 0.24 0.3552 307.41 0.528 3.956 0.483 1.2 4.89 8.32 
17 451 7.2 1.35 0.16 0.216 313.43 0.361 4.422 0.483 1.4 5.044 7.85 
18 474.7 7.3 1.68 0.17 0.2856 319.33 0.4 4.322 0.154 1.25 5.41 7.3 
19 499.5 7.3 1.4 0.25 0.35 327.19 0.478 3.2 0.346 0.992 5.n5 6.6 
20 528 7.3 1.52 0.21 0.3192 336.72 0.544 3.489 0.403 1.3 5.864 6.2 
21 549 7.3 1.49 0.15 0.2235 342.36 0.322 2.378 0.413 1.35 5.985 5.9 
22 596 7.3 1.21 0.09 0.1089 349.85 0.156 2.089 0.447 1.48 6.112 5.4 



Appmdix A: &pe,u,,a,tal Dai page 190 

Dispersed Suspension: Spinner #2 Serum Free HB-CHO 
1 L ; 150 rpm 

Sample Time pH (TotaQ V~c (VtableJ CHvol GLC LAC GLN ALA AMM tPA-0 Protein 
h Elc/mL El chnL El c-hlml. mM mM mM mM mM mglL mglL 
0 0.3693 0.00 

0 0.5 8.8 0.445 0.83 0.36935 0.18 7.96 0 4.72 0.17 0.119 0 141.89 
1 21.3 7 0.626 0.92 0.57592 9.87 7.14 0.71 0.28 0.462 2.6 121.3 
2 45.3 7 0.531 0.86 0.45666 22.21 6.87 1.61 3.87 0.48 1.118 1.8 148.75 
3 70 7 0.751 0.91 0.68341 36.08 6.46 1.96 0.73 2.018 3.2 112.91 
4 94.2 6.8 0.859 0.87 0.74733 53.36 4.n 2.53 3.01 1.4 3.6 154.85 
5 118 6.8 1.015 0.85 0.86275 72.11 3.13 5.57 2.22 1.4 6.6 179.26 
6 161 6.7 0.825 0.48 0.396 97.88 6.04 1.29 1.27 4.046 7.6 204.43 

6p 192 6.7 0.935 0.5 0.4675 111.45 2.76 6.49 4.42 8.9 167.06 
7 214 6.8 1.635 0.42 0.6867 124.18 2.45 6.59 1.05 1.76 4.598 10 205.19 
8 238 6.8 1.532 0.48 0.73536 141.24 1.04 6.16 10.95 203.67 
9 260 6.8 1.68 0.54 0.9072 158.56 0.62 6.13 0.57 2.57 5.186 11.65 225.79 

10 283 6.8 1.36 0.52 0.7072 177.44 0.28 4.64 0.4 9.5 162.48 
11 314 6.9 1.48 0.4 0.592 197.52 0.24 4.72 0.26 2.79 5.311 7.8 187.65 
12 335 6.9 1.52 0.38 0.5776 209.51 0.46 4.09 0.17 5.4 205.96 
13 356 7 1.96 0.21 0.4116 220.04 0.52 3 0.18 2.04 4.9 177.74 
14 380 7 2.09 0.28 0.5852 231.80 2.4 222.73 
15 405 7.1 2.14 0.25 0.535 245.60 0.57 2.56 0.17 1.97 275.36 
16 432 7.1 2.26 0.18 0.4068 258.47 0.41 2.11 0.24 5.579 6.6 237.23 
17 454 7.1 2.35 0.16 0.376 267.08 0.72 1.99 0.17 2.1 219.68 
18 501 7.2 1.05 0.05 0.0525 274.80 0.71 0.22 2.15 6 141.89 



Appendix A: Expai,,,a,tal Dais page 191 

Dispersed Suspension: Spinner #3 Serum Free HB-CHO 
1 L ; 150 rpm 

Semple Time pH [TotaQ V-trac: [Viable) CHvof GLC LAC GLN Al.A AMM tPA-0 Protein 
h Elc/ml El c/mL El c-hlmL mM mM mM mM mM mg/1. mglL 
0 0.1618 0.00 

0 1 7.9 0.195 0.83 0.16185 0.16 8.74 0.03 3.87 0.2 0.018 0 343.37 
1 21.5 7.8 0.26 0.9 0.234 4.17 7.97 0.54 0.249 1.259 287.71 
2 43 7.7 0.398 0.92 0.36616 10.52 7.7 1.48 3.11 0.35 1.14 1.949 296.85 
3 69.3 7.5 0.624 0.94 0.58656 22.84 6.99 2.61 1.799 198 
4 92.5 7.4 1.027 0.92 0.94484 40.25 6.86 3.59 2.18 0.76 3.26 281.07 
5 117 7.2 1.217 0.93 1.13181 65.27 6.09 3.207 308.48 
6 139 7 0.942 0.91 0.85722 86.85 9.92 1.04 1.01 3.653 8.686 359.16 
7 162 7.1 1.254 0.78 0.97812 108.38 9.89 4.276 12.01 346.69 
8 186 7.1 1.515 0.61 0.92415 131.20 1.39 9.51 0.81 1.12 4.686 13.02 295.19 
9 214 7.1 1.635 0.44 0.7194 153.68 7.87 300.17 

10 236 7.2 1.48 0.41 0.6068 168.68 0.47 8.59 0.64 1.19 4.401 11.91 199.66 
11 271 7.2 1.38 0.42 0.5796 189.44 0.22 7.81 0.49 1.27 4.757 283.56 
12 306 7.2 1.19 0.45 0.5355 208.85 0.12 7.33 0.38 1.09 5.238 11.66 310.97 
13 331 7.1 2.075 0.28 0.581 222.89 0.11 6.78 395.71 
14 354 7.2 2.223 0.21 0.46683 234.63 0.1 6.14 0.32 1.04 5.541 12.3 465.49 
15 378 7.3 2.091 0.17 0.35547 244.51 0.03 5.53 5.882 459.67 
16 403 7.4 2.17 0.19 0.4123 253.96 0.01 5.83 0.39 1.27 5.648 423.12 
17 430 7.5 2.05 0.29 0.5945 267.57 0.01 5.39 5.844 13.02 442.23 
18 458 7.5 2.21 0.22 0.4862 282.55 0.03 5.12 0.36 1.4 5.951 13.02 392.38 



Appendix A: Experi,,,o,tal DtllB page 192 

Dispersed Suspension: Spinner #4 Serum Free HB-CHO 
1 L; 150 rpm 

Sampla Time pH [fotaQ V-frac (Viable) CHvol GLC LAC GLN ALA AMM tPA-o 
h. Elc/mL ES chnLEI c,.h/mL mM mM mM mM mM mglL 
0 0.15 0.00 

0 1 7.6 0.181 0.83 0.15023 0.15 8.34 0 3.3 0.16 0.196 o 
1 21.5 7.6 0.208 0.91 0.18928 3.61 0.5 0.553 0.195 
2 43 7.5 0.32 0.92 0.2944 8.73 7.46 1.21 4.11 0.43 1.052 0.2 
3 69.3 7.4 0.556 0.91 0.50596 19.02 2.22 1.925 1.3 
4 92.5 7.4 0.82 0.91 0.7462 33.34 6.89 2.89 2.67 0.77 2.691 4.1 
5 117 7.2 0.81 0.95 0.7695 51.66 2.74 3.135 
6 139 7.2 0.911 0.87 0.79257 68.71 2.69 4.41 1.58 1.05 3.601 5.2 
7 162 7.1 1.021 0.89 0.90869 88.67 0.93 7.04 4.012 5.1 
8 186 6.9 1.42 0.9 1.278 114.66 0.51 7.43 0.89 1.18 3.994 7.83 
9 214 7 1.581 0.83 1.31223 150.27 0.27 8.23 4.67 8.5 

10 236 7 1.95 0.64 1.248 179.28 7.94 0.6 1.22 4.812 7.8 
11 271 7.1 1.575 0.56 0.882 216.19 7.29 0.46 1.18 4.777 6 
12 306 7.1 1.79 0.41 0.7339 244.25 0.07 6.29 0.55 1.28 4.973 5.9 
13 331 7.1 1.62 0.47 0.7614 263.06 0.02 6.18 5.062 5.5 
14 354 7.2 1.855 0.21 0.38955 275.55 5.33 0.35 1.23 5.006 5.3 
15 378 7.3 2.105 0.13 0.27365 283.48 5.41 4.884 5 
16 403 7.4 2.153 0. 11 0.23683 289.76 5.38 0.44 1.23 5.383 3.1 
17 430 7.4 2.06 0.13 0.2678 296.65 5.73 5.543 2.7 
18 458 7.5 1.87 0.15 0.2805 304.28 5.7 0.48 1.22 5.489 2.4 



AppoulixA: ~ Dalll page l9J 

Factorial: Initial Substrate Concentrations Spinner #1 
100 ml; 156 rpm; dispersed suspension LAe: high; GLe: low; GLN: low; Serum: zero 
Hour Sample. pH •• [Total] V-fnictlon NH3 LAC GLC tPA-0 • GLN ALA 

0 
30.25 

54.5 
72.92 

98.1 
121.3 
140.8 
167.5 
190.5 
223.8 
237.3 
264.5 
285.8 
310.5 
334.8 
336.8 
366.4 
387.5 
434.5 
481.3 
553.5 

• • ES c/mL mM mM mM mg/L mM mM 
medium 7.7 0.119 18.89 12.32 1.398 0.144 

0 7.6 5.14 0.6575875 0.13 15.89 10.54 0 1.556 0.181 
1 7.8 6.42 0.8365759 0.875 21.89 7 .006 2.0191 1.094 0.335 
2 7.7 6.1 0.8114754 1.419 22.17 5.678 4.TT09 0.625 0.625 
3 7.8 7.85 0.TT07006 1.68 23.22 5.111 4.6803 0.454 0.716 
4 7.8 7.45 0.7263158 1.765 24.04 4.994 4.8842 0.455 0.986 
5 7.9 7.2 0.8333333 1.809 25.06 3.967 5.005 0.246 1.071 
6 7.9 7.3 0.8287671 1.818 23.89 3.239 5.0061 0.093 0.742 
7 8 8.25 0.7378049 1.925 23.22 2.683 4.8993 0.166 0.834 
8 8 9.35 0.7807487 2.05 23.17 1.839 5.4809 0.089 0.728 
9 8.1 9.55 0. 7329843 2.299 22.89 2.25 5.6999 0.153 0. 776 

10 8.1 9.9 0.5858586 2.335 21.89 2.044 5.2996 0.081 0.556 
11 8.1 10.5 0.5672515 2.174 21.28 1.839 5.6697 0.088 0.656 
12 8.2 11.6 0.5431034 2.174 20.33 1.728 5.5262 0.086 0.725 
13 8.2 9.4 0.5319149 1.996 19.94 1.617 5.3525 0.072 0.591 
14 8.2 9.15 0.5901639 2.062 19.94 1.444 5.2618 0.266 0.661 
15 8.3 9.35 0.4965986 2.121 19.67 1.272 5.1032 0.185 0.926 
16 8.3 9.15 0.4590164 2.469 18.72 1.172 4.7331 0.131 0.611 
17 8.3 8.85 0.6327684 2.085 18.5 1.161 4.0005 0.065 0.597 
18 8.3 8.45 0.4733728 2.264 18.33 1.094 3.4869 0.079 0.544 
19 8.3 8.2 0.554878 2.148 18 1.056 3.3736 0.033 0.619 
20 8.3 8.6 0.3488372 16.61 1.028 2.5579 0.058 0.663 

(Viable) CHvol . (G1/G.01 rSI rG:vMl . . rAl CH~1/GO _ . .CH-S .CH-G2/M CH-A. 
£.~,, ... t,, (:;{,cM,1(. ~5'f•L f,SC{,rrf, li~c.{Ml.e G("c.(..,l, Gt,c-41.-, Ei,C·h/..,1, tl.~-u .. 1. r;,,-1iu 

3.38 0.00 
5.37 13.00 
4.95 25.51 
6.05 35.61 
5.41 50.02 
6.00 63.22 
6.05 74.97 
6.09 91.20 
7.30 106.55 
7.00 130.32 
5.80 138.94 
5.96 154.96 
6.30 167.97 
5.00 181.90 
5.40 194.50 
4.64 195.50 
4.20 208.61 
5.60 218.87 
4.00 241.22 
4.55 261.18 
3.00 288.06 

1.55 
3.97 
4.18 
4.08 
4.19 
3.47 
3.31 
7.01 
2.72 

1.93 

0.66 

0.28 

0.05 

0.21 

0.99 
0.64 
0.39 
1.03 
0.58 
1.65 
2.20 
1.78 
1.61 

1.19 

0.59 

0.03 

0.02 

0.04 

0.54 
0.53 
0.31 
0.28 
0.23 
0.73 
0.45 
0.68 
0.53 

0.16 

0.07 

0.01 

0.00 

0.01 

0.29 
0.21 
0.07 
0.65 
0.41 
0.15 
0.10 
0.59 
2.45 

2.52 

5.02 

5.10 

4.13 

4.32 

0.00 
7.79 

17.67 
25.28 
35.69 
44.53 
51.13 
64.33 
74.75 

85.50 

91.25 

93.43 

93.84 

95.10 

0.00 
2.43 
3.65 
4.86 
6.83 
9.21 

12.94 
18.23 
22.12 

28.60 

32.75 

33.65 

33.72 

34.01 

0.00 0.00 
1.62 0.75 
2.61 1.07 
3.16 1.55 
3.81 2.85 
4.81 3.45 
5.94 3.69 
7.42 4.42 
8.80 7.42 

10.26 19.02 

10.79 36.61 

10.91 61.40 

10.93 75.96 

11.00 124.50 



Factorial: Initial Substrate Concentrations Spinner#2 

0 
30.25 
54.5 

72.92 
98.1 

121.3 
140.8 
167.5 
190.5 
223.8 
237.3 
264.5 
285.8 
310.5 
334.8 
336.8 

. 366.4 
387.5 
434.5 
481.3 
553.5 

medium 7.65 
0 7.7 
1 7.84 
2 7.75 
3 7.8 
4 7.76 
5 7.78 
6 7.78 
7 7.84 
8 7.82 
9 7.87 

10 7.87 
11 7.89 
12 7.93 
13 7.96 
14 8.04 
15 8.07 
16 8.12 
17 8.11 
18 8.13 
19 8.14 
20 8.15 

0.12 16 44.23 1.517 0.17 
4.45 0.7162162 0.123 16.5 41.28 0 1.462 0.197 

4.8 0.8333333 1.005 19.83 40.7 1.7321 1.285 0.408 
5 0.8125 1.287 20.67 37.52 4.2573 0.757 0.563 

5.4 0.7946429 1.506 22 36.56 4.4461 0.7 0.876 
6 0.86 1.533 21.83 34.71 5.0428 0.631 1.092 

7.2 0.8958333 1.773 20.17 33.79 5.1259 0.457 1.141 
9.4 0.8297872 1.693 19.39 29.99 5.4129 0.307 1.281 

9.25 0.76 1.818 20.17 29.98 5.5035 0.213 1.272 
8.95 0.7924528 1.943 19.11 29.83 5.6319 0.15 1.089 
9.25 0.6787879 2.317 20.17 29.58 5.8812 0.136 0.982 

8.9 0.6814159 2.317 19.33 28.03 5.9491 0.116 0.933 
7.2 0.6181818 2.21 21.44 27.73 5.9567 0.079 0.818 

7.05 0.7375887 2.174 19.78 27.07 5.9265 0.081 0.8 
7 0.7071429 2.424 20 26.17 5.7075 0.07 0.79 

7.05 0.6764706 2.103 20 25.33 5.5262 0.074 0.778 
6.95 0.622807 2.273 20.28 23.84 5.4658 0.065 0.7 

6.8 0.6041667 2.29 20.63 23.11 5.3751 0.059 0.673 
5.7 0.5505618 2.273 20.94 23.03 5.2241 0.055 0.672 

5.65 0.5755396 2.29 19.94 21.53 4.4366 0.05 0.6 
5.5 0.556701 2.397 19.78 19 4.4084 0.047 0.576 

4.85 0.4758621 2.301 18.33 17.36 3.721 0.04 

l 
~ 
'• 

1 r 

I -'i 



3.187162 0 1.526651 0.927464 0.487636 0.245411 
4 10.824076 2.952 0.416 0.436 0.196 

4.0625 20.599662 3.343438 0.325 0.255938 0.138125 
4.291071 28.291381 2.647591 1.012693 0.15877 0.472018 

5.16 40.156677 1.92984 1.7286 0.13932 1.36224 
6.45 53.539766 3.02505 2.58 0.6837 0.1419 
7.8 67.39185 3.2448 1.1076 2.7066 0.7488 

7.03 87.209138 4.10552 2.19336 0.47804 0.25308 
7.092453 103.44985 2.822796 2.354694 0.687968 1.234087 
6.278788 125.65207 

0 0 0 0 
6.5387293 1.9297071 1.3955426 0.6648369 

14.1621 2.8236345 2.2152238 1.0658789 
19.654935 3.9381812 2.59007 43 1.5663686 
25.370376 7.3095259 2.964836 3.6813277 
31.011009 12.231127 3.757068 4.9303918 
37.121609 15.626587 6.6239704 5.641881 
46.907561 19.877527 10.062404 6.8643111 
54. 783241 25.105594 11.388697 8.2884103 

6.064602 133.98303 2.080158 0.849044 0.424522 2.692683 66.15571 32.006119 13.939785 17.02832 
4.450909 148.19723 

5.2 158.43069 1.5444 1.3208 0.3224 1.9604 74.880873 37.184012 15.739728 28.218268 
4.95 170.98878 

4.769118 182.77185 
4.328509 183.6809 

0.6486 0.529372 0.123997 3.500532 79.940288 41.425498 16.757141 41.234971 

4.108333 196.19411 0.275258 0.110925 0.008217 3.734475 81.319782 42.273457 16.892242 52.687611 
3.138202 203.78611 
3.251799 218.80103 . . 
3.061856 233.55474 0.174526 0.03368 0.009186 2.844464 83.858449 43.017623 16.992054 90.229024 
2.307931 252.82496 

l .. .. 

1 
r 

i 
~ 



Factorial: lnttial Substrate Concentrations Spinner#3 

medium 7.65 
0 0 7.61 

30.25 1 7.8 
54.5 2 7.76 

72.92 3 7.77 
98.1 4 7.75 

121.3 5 7.83 
140.8 6 7.83 
167.5 7 7.95 
190.5 8 7.96 
223.8 9 8.03 
237.3 10 8 
264.5 11 8.02 
285.8 12 8.03 
310.5 13 8.04 
334.8 14 8.07 
336.8 15 8.07 
366.4 16 8.09 
387.5 17 8.09 
434.5 18 8.1 

0.328 17 .72 11.81 8.555 
5.18 0.6911197 0.189 18.94 10.31 0 8.378 
6.8 0.8602941 1.822 21.89 6.861 3.8797 7.442 

7.75 0.8129032 3.087 21.89 5.883 6.0297 7.249 
7.6 0.7746479 3.992 23.39 4.711 7.4396 6.527 
7.4 0.7905405 4.189 22.89 3.983 8.3233 5.464 

6.95 0.7563025 4.67 22.39 3.344 9.1465 4.92 
6.55 0.7309942 4.509 22.44 2.639 7.3716 4.093 
6.55 0.7175573 4.848 22.56 2.489 7.5 3.178 
6.4 0.5952381 5.418 20.56 2.328 7.636 3.407 

6.05 0.3801653 5.828 21 2.317 6.7296 3.676 
4.55 0.3186813 6.096 20.67 2.139 7.9305 3.242 
4.05 0.4074074 6.269 23.06 2.044 6.5257 2.79 
4.45 0.2857143 5.614 22.67 1.978 7.281 2.204 
4.25 0.2 6.666 22.5 1.911 7.5151 2.585 

3.7 0.1818182 6.274 21.5 1.789 7.4698 2.694 
3.2 0.2021277 6.817 22.67 1.761 7.2734 2.434 

3.25 0.2 6.568 23.83 1.761 6.9411 1.716 
4.7 0.1276596 6.176 26.22 1.467 6.5332 1 .. 9,14 

2.95 0.220339 6.978 24.67 1.433 6.3746 1.192 
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Factorial: lnltial Substrate Concentrations Spinner#4 

0 
30.25 
54.5 

72.92 
98.1 

121.3 
140.8 
167.5 
190.5 
223.8 
237.3 
264.5 
285.8 
310.5 
334.8 
336.8 
366.4 
387.5 
434.5 
481.3 
553.5 

medium 7.65 
0 7.67 
1 7.74 
2 7.65 
3 7.66 
4 7.61 
5 7.66 
6 7.64 
7 7.67 
8 7.61 
9 7.62 

10 7.6 
11 7.61 
12 7.59 
13 7.59 
14 7.61 
15 7.56 
16 7.54 
17 7.52 
18 7.45 
19 7.36 
20 7.2 

0.321 17.06 27.92 
4.12 0.6359223 0.207 18.22 28.49 0 
6.35 0.9011976 1.716 22.94 29.35 3.4693 
7.8 0.8782051 3.009 23.67 25.35 6.002 
8.7 0.8548387 3.681 23.83 23.68 9.139 

9.55 0.8931298 4.242 23.72 15.88 10.34 
10.85 0.8686131 4.349 19.39 24.69 10.619 
11.05 0.8733032 4.492 24 19.48 8.074 
11.2 0.8571429 4.848 22.56 18.62 9 

11.35 0.7665198 4.937 22.11 18.74 7.281 
10.6 0.745283 6.381 24.83 20.06 8.2704 
9.9 0.6717172 4.866 24.44 17.92 9.0408 

9.75 0.6296296 5.686 30.44 17.32 7.1526 
10.7 0.728972 6,096 26.61 15 9.3882 

11.15 0.5964126 6.488 34.61 13.75 8.9577 
12.4 0.6129032 5.436 27.78 12.22 8.3082 
11.1 0.6483516 6. 728 36.06 18.58 8.5423 

10.05 0.6132597 5.98 29.5 12.03 8.0816 
~:85 0.6091371 6.051 34.11 10.58 7.5755 
9.85 0.601227 6.283 35 9.251 7.432 
9.75 0.5589744 6.408 38.06 8.806 10.264 

8.7 0.4597701 7.862 9.8716 

l .. .. 
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2.62 0 1.21044 0.75456 0.40348 0.25414 
5.722605 12.013289 4.332012 0.606596 0.618041 0.137343 

6.85 27.216626 5.5074 0.6987 0.5343 0.1096 
7.437097 40.367632 4.930795 1.346115 0.379292 0.788332 
8.529389 60.438039 4.349989 2.524699 0.469116 1.177056 
9.424453 81.202383 5.814887 2.450358 0.914172 0.245036 

9.65 99.799107 3.86 3,667 1.93 0.2316 
9.6 125.54592 5.3952 2.688 0.9984 0.5184 
8.7 146.57395 3.2103 2.958 0.6438 1.8966 
7.9 174.15007 

6.65 183.94711 2.86615 1.064 0.3458 2.4073 
6.138889 201.36269 

7.8 216.10238 1.1232 0.3822 0.078 6.2556 
6.65 233.94644 
7.6 251.19894 1.2312 0.1824 0.1216 6.0952 

7 .196703 252.67824 
6.16326 272.45815 0.739591 0.117102 0.055469 5.27575 

6 285.27746 
5.922086 313.29396 

5.45 339.86093 0.4905 0.09265 0.02725 4.8396 
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Factorial: Initial Substrate Concentrations Spinner #5 

-

10~ ml· t2~,.~e~;_disP-e_rsed ~~~pen~i~n . . _ . _, , _ 

.1,1- ITotal].fractlon • .-:' NH3 • ,_ LAC ~~,GbC-::. LOH '.. tPA;.o•'!'tGlNr·,~AUA 
.illll■?e· ·s~~'l' ...... • ,ii".!, ;.·~·•;,i;_ ,V .M'.: 'M' .. ,:!)'"•;•M\i:;f ·u· IL'"''·\.""'~•-.. ~•-· • .:-M•j ·;;).i! ..... M. ·11 
---- ,wm1. F'-<::·· r'i\.l'~,'!;i.,~.m :··,,•m .ei'm lV'I; •:,l .m ' m 11:fr◄ m 

~ •• " • ·"• • , ,- , • ,, •• •·· •. '.1L • •• ., , ' " . ·•, • ,' ••• . :.1,. J, " 

medium 7.7 0.121 0.167 30.05 1.364 0.115 
0 0 7.8 4.26 0.6713615 0.127 0.267 31.46 2.09 0 1.307 0.036 

30.25 1 7.9 7.7 0.8441558 0.868 5.644 27.88 16.72 0.8056 0.832 0.38 
54.5 2 7.7 11 0.8136364 1.476 9 26.17 12.12 2.1501 0.427 0.629 

t .. 
'• 

1 
72.92 3 7.7 10.75 0.9023256 1.854 10.89 26.62 15.45 2.7694 0.141 0.899 

98.1 4 7.6 11.25 0.9463415 2.085 11.94 23.34 24.24 3.5473 0.146 1.262 r 
121.3 5 7.5 14.5 0.9034483 1.889 11.61 24.03 24.15 4.1138 0.165 1.145 
140.8 6 7.5 18.3 0.8797814 1.854 13.17 20.03 19.23 5.1 0.168 0.796 
167.5 7 7.5 21.4 0.8785047 1.818 13.5 19.67 64.37 5.0126 0.049 1.01 
190.5 8 7.4 25.5 0.829582 1.818 13.83 18.24 92.8 6.5911 0.009 1.02 
223.8 9 7.4 22.5 0.7556561 1.978 14.28 18.51 107 6.7044 0.087 0.798 
237.3 10 7.4 22.3 0.7639752 1.836 15 16.49 131.8 7.792 0.058 0.425 
264.5 11 7.3 23.4 0.5746269 1.961 15 15.17 148 8.5624 0.02 0.666 
285.8 12 7.3 18.4 0.6141304 1.961 15.28 14.62 235.4 9.0836 0.009 0.567 
310.5 13 7.3 19.4 0.4587629 1.916 16.22 13.89 339 9.1062 0.006 0.411 
334.8 14 7.3 12.7 0.503937 1.729 16.72 12.89 353.6 9.499 0.128 0.655 
336.8 15 7.3 12 0.36875 1.782 16.67 11.58 352 9.2875 0.076 0.824 
366.4 16 7.3 12.3 0.2926829 1.961 16.94 10.36 370.8 8.4416 0.05 0.7 
387.5 17 7.3 9.3 0.1530055 1.907 17.56 9.195 380 8.1546 0.021 0.64 
434.5 18 7.3 7.35 0.122449 2.085 18.06 8.889 384.2 7.7392 0.097 0.616 

I 
i 



···=••"••,;- -•;rnv,,· .:G ,,.,,_o ,., .. , _., •.• ,,s· 'E•i'''G2/M • .... , A:·tc 'G1./Go··.L• ···c S"·'•r···~·,_r··» "'ii"',:•·._ C ,.·, FactorlaliiiiV~r (continued) . VO· . "' •. ' . . iii.till I ,, . •. I .. ..... • .. ,,r, ~--•'"·, .• I 

filab,.1~] ·1,1 JtJ1· -~~~lJ,, .. J . ,,!,J ~r ·'.,[ .]Ir, J:t .... •,, _'_,,;r•:•\1(,Jt11W·.i'-•·•1hl.k.;:;L.™H,;:Aw· 
s ar,J!; EAYft Es"-" ... ~ CA~ -iz ee· c/mL'ir. es c/mL: • 

1
ES'.c .. 'mL:·. eerc"~ .. ,~ L~cA • .cAffi •• iitr.~ _ MJ1•.1.. ·~Y..11! . . . ,...,m.. '"',..,,~m .. .. . . . . -~ .. . . .... , .l"' .. ,, .... , . .,.m."'. ~ 1~Y .. V m. 

0.286 0 0.129844 0.079794 0.048906 0.025168 
0.65 13.412011 0.43225 0.1105 0.09165 0.01105 

0.895 31.987045 0.65156 0.129775 0.0895 0.01253 
0.97 49.154432 0.52671 0.21534 0.06984 0.09991 

1.064634 74.751993 0.487602 0.215056 0.100076 0.108593 
1.31 102.14028 0.52793 0.43885 0.13755 0.03668 
1.61 130.50983 0.27048 0.40411 0.42021 0.03381 
1.88 177.0953 0.31584 1.01332 0.24064 0.09588 

2.115434 222.98956 0.306738 1.197336 0.236929 0.069809 
1.700226 286.17374 0.30264 0.736198 0.588278 0.07311 
1.703665 309.15 0.311771 0.512803 0.553691 0.078369 
1.344627 350.49019 0.363049 0.45045 0.356326 0.154632 

1.13 376. 71704 0.17967 0.43844 0.12882 0.20792 
0.89 401.59647 0.24119 0.27679 0.11748 0.25454 
0.64 419.98143 0.18048 0.14848 0.05312 0.24768 

0.4425 421.05181 0.07257 0.035843 0.015045 0.319043 
0.36 432.91484 0.045 0.00792 0.00216 0.30816 

0.142295 437.85905 
0.09 443.22448 

0 0 0 0 
7.6062249 2.8530407 2.0586747 0.5188279 
20.56606 5. 7601149 4.2550153 0.8043596 

31.377191 8.8723928 5.7150593 1.5796139 
44.141054 14.291079 7.8315237 4.2031445 
55.889661 21.554682 10.559085 5.7369763 
63.39644 29. 768887 15.494644 6.4238738 

71.222799 47.495814 24.111516 8.0168006 
78.381935 72.859528 29.603445 9.9063978 
88.512696 104.38553 42.449109 12.282005 
92.659664 112.7256 50.155044 13.304072 
101.83636 125.83157 62.357123 16.361904 
107.37619 135.27546 67.108805 20.186119 
112.54702 143.97361 70.154612 25.889622 
117.62425 148.96955 72.120974 31.978661 
117 .86114 149.12805 72.181338 32.542375 
120. 71336 149.6768 72.378304 41.845991 
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Appaulix A: Expaima,tal Data 

• 

Factorial: Initial Substrate Concentrations 

·~= 

0 
30.25 

54.5 
72.92 

98.1 
121.3 
140.8 
167.5 
190.5 
223.8 
237.3 
264.5 
285.8 
310.5 
334.8 
336.8 
366.4 
387.5 
434.5 

medium 7.65 
0 7.72 
1 7.82 
2 7.65 
3 7.59 
4 7.42 
5 7.31 
6 7.23 
7 7.2 
8 7.17 
9 7.16 

10 7.15 
11 7.08 
12 7.07 
13 7.06 
14 7.02 
15 7.03 
16 7.04 
17 7.03 
18 7.04 

4.62 0.6320346 
7.7 0.8571429 

8.55 0.8245614 
12.2 0.8606557 

12.95 0.9305019 
15.3 0.9019608 
20.5 0.8341463 
19.2 o. n62112 
16.6 0.6596386 

21 0.6142857 
17.8 0.4494382 
19.5 0.3641026 
24.1 0.3029046 
23.1 0.3246753 
25.1 0.1434263 
17.3 0.1676301 
17.2 0.1337209 
20.4 0.0735294 

16.05 0.0939227 

Spinner #6 

.·_ G!--· Sis~ 
' . • . .•i;:'V:l~ d3ii~ - . .,mg .. , ,.-.-m , 

0.303 0.167 38.01 7.292 
0.228 0.178 37.01 0 8.162 
1.777 6.133 35.46 1.7925 6.447 
2.934 9.833 34.24 2.7304 6.285 
4.001 10.56 33.17 4.1352 5.358 
4.278 14.94 32.34 6.37 46 5.425 
5.276 15. 72 30.4 6. 756 3.16 
5.311 18.83 23.65 7.3026 2.596 
6.416 17.61 22.69 8.0816 2.223 
6.666 18.33 14.86 8.4517 1.938 
7.201 19.67 15.42 8.5876 1.337 
7. 771 18.33 12. 75 8.8973 1 .366 
8.056 20 11.56 9.7508 1.026 
8.199 19.44 11 10.317 0.99 
8.341 20.39 10.97 10.4 0.984 
7.236 21.67 11.08 9.7054 1.06 
8.422 22.61 10.56 9.5242 0.933 
7 .976 23.11 8.806 9.2372 0.89 
7.949 24.56 7.639 9.0559 0.847 
8.208 26.64 7 .306 9.1616 0.586 
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AppaulbcA: E:xpaiwnlal Dala page 202 

2.92 0 1.45416 0.81468 0.58108 0.0438 0 0 
6.6 13.650755 3.5904 1.584 0.792 0.6336 7.1496728 3.4999953 

7.05 30.195382 2.7918 2.41815 0.5499 0.7614 14.847533 8.2815015 
10.5 46.148533 5.8275 1.9425 0.7875 0.84 22.446048 12.281681 

12.05 74.494215 6.3383 2.2172 1.3496 0.49405 37.753786 17.511122 
13.8 104.36982 4.9266 4.416 1.5042 0.4002 50.724361 24.899078 
17 .1 134.38243 5.3523 6.6006 1.197 1.5732 60.740556 35.497963 

14.90441 1TT.12109 4.456418 5.663675 1.311588 2.310183 73.823153 51.869469 
10.95 206.62035 6.7452 1.43445 0.79935 1.81TT 86.523704 58.95261 

12.9 246.18246 86.523704 58.95261 
8 260.02758 2.272 2.4 0.888 2.16 105.74147 67.722881 

7 .1 280.57694 ERR ERR 
7.3 295.87596 1.5184 1.3651 0.2701 3.8033 114.81078 76.618485 
7.5 314.18984 ERR ERR 
3.6 327.07526 0.9108 0.234 0.09 2.3616 120.63606 79.761032 
2.9 327.72274 ERR ERR 
2.3 335.40258 0.1656 0.0345 0.0138 2.0953 122.02046 80.091072 
1.5 339.3479 

1.507459 346.41541 



Appendix A: &perimenral Dara 

0 0 0 
2.0603446 0.6677729 1.3650755 

3.669589 2.35446n 3.01953823 
4.8882645 3.828172 4.61485332 
7.5156404 5.4693914 7.4494215 

10.81568 6.5006744 10.4369824 
13.437956 8.1716113 13.4382434 
16.790857 13.30267 17.7121091 
19.170016 18.027126 20.6620345 
19.170016 18.027126 24.6182459 
23.110565 27.302003 26.0027577 

ERR ERR 28.0576941 
25.628517 41.389235 29.5875957 

ERR ERR 31.4189842 
26.431523 56.213766 32.7075261 

ERR ERR 32.TT2274 
26.56022 63.26286 33.5402583 

33.9347895 
34.6415408 
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Appendix A: Experimental Data page 204 

Factorial: Initial Substrate Concentrations Spinner #7 

u~,%~Jl?m;dfSpersed SUS ension ___ -:r"r--.! ~% f,~_§--·:.-. --·.· _ ---,.•·=,----~--"7' 
· nour,.-Samo~ff'.'.c-·,..-?• .o a~ ~ actron,,:,NH3:.'.t.~Oi'·GCC.,:_,LDH tPA:.o, •. GlN:·•.'~ 

-~- •• -.~,-:.l-.,.::ei•3;:~";'&'.";!:'~,:-:-E•~-i1=,1>~·'·\~•-·:,r:" .,,,.~•:--•,.M-.-=:=-"'C•rriM•'""''"'r S•,<.:o:-cM•,•-;-- ~; u-:n'"" • ·•. -M,-.. · .. · ,_.M • ... ·.:c- •• -:,:-,--. • - - • ·<"'.".<_··.,::. :7
.•~-::::. ::3!.C'1ffla;::; -s .:' ~ ~-- -- , m .• ______ ._.m_:·_,~- __ m_· m ___ m~t: 

medium 7 .65 0.123 1 .611 39.89 54.57 0.2452 1.285 0.178 
0 0 7.77 5.52 0.7355072 0.128 2.022 35.82 65.02 0 1.074 0.114 

30.25 1 7.77 14.2 0.9577465 0.982 7.6 32.31 63.4 0.0252 0.495 0.238 
54.5 2 7.22 21.5 0.972093 1.679 17.5 21.87 65.49 1.2513 0.263 0.978 

72.92 3 7.07 25.15 0.9561753 1.729 20.78 19.01 66.18 2.4295 0.2 1.16 
98.1 4 7.01 25.9 0.9737991 1.814 21.33 17.26 83.37 3.4038 0.135 1.504 

121.3 5 7.05 27.6 0.9673913 1.875 19.83 17.28 109.4 3.721 0.102 1.162 
140.8 6 7 .14 29.5 0.9207547 1 .889 18.56 15. 77 4.1289 0.013 1.24 
167.5 7 7.21 33.9 0.8967552 2.103 17.17 15.24 147.5 4.9068 0.042 1.332 
190.5 8 7.25 34 0.8588235 2.05 16.06 15.12 172.1 4.9673 0.04 1.085 
223.8 9 7.32 34 0.847619 2.157 16.56 14.4 201.6 5.5111 0.01 1.352 
237.3 10 7.37 34.7 0.8027211 1.943 14.28 13.7 5.783 0.006 0.746 
264.5 11 7.39 34.6 0.7641509 2.085 14.28 13.1 244.8 6.6667 0.04 0.631 
285.8 12 7.41 33.2 0.8793103 2.174 13.06 12.58 6.8026 0.049 0.801 
310.5 13 7.44 33 0.8532423 2.055 12.94 12.36 263.1 6.5685 0.005 0.411 
334.8 14 7.48 29.1 0.7591623 1.925 12.11 11.89 281.1 6.9839 0.01 0.607 
336.8 15 7.46 26.1 0.796875 1.952 11.67 11.75 6.8102 0.093 0.842 
366.4 16 7.53 24.05 0.7544484 2.103 10.83 11.25 6.6062 0.01 0.7 
387.5 17 7.55 24.15 0.7907801 1.943 10.11 10.1 6.9914 0.009 0.5 
434.5 18 7.62 19.8 0.7777778 1.952 10.17 9.5 6.2286 0.01 0.443 
481.3 19 7.66 16.65 0.7440273 2.014 8.889 8.222 5.0881 0.008 0.494 
553.5 20 7.68 15.9 o.n21893 7.611 6.5 1.8479 0.006 o.306 



Factorial: S Inner #7 contln.ed 
.,,-..,, •➔o· --'"':r:· ·,'iia·· ~·r1·~G. M;i?~·~1> 1( ''.!¢:~$0/.GJ.·;1-•t:-.CH .. s:·c·r····(;•: ·-~1

·:• _:-·""rnll • · , · ~J -~~c¥-r,··• ·l~r:efc~'/ ~f ili:l~cr11,·· ·· · ~~!E6•1c:fii· ·•· -J~~lli.~ .. A~ .~ mil!lf!~ --~-~-____ , [Q. WI ~-~ 9Ztt\Jj. ~... .m •llt!lJii rfi~llll• __ ,.. . m,- - .m ~[1mlJ/JD.I!! .~Y.m., ~ 

4.06 0 1.6849 1.1368 0.68614 0.55622 
13.6 23.871962 6.188 4.352 2.5976 0.4488 
20.9 65.071287 9.7394 5.643 3.5739 1.9646 

24.04781 106.40045 14.30845 3.607171 3.51098 2.621211 
25.2214 168.41865 11.52618 3.959759 4.69118 5.044279 

26.7 228.50142 9.1848 12.3087 3.6045 1.602 
27.16226 281.01584 7.822732 10.26734 5.405291 3.694068 

30.4 357.9241 6.688 18.1488 2.3104 3.2528 
29.2 426.45484 12.0304 11. 7676 2.2776 3.1244 

28.81905 522.91012 
27.85442 561.16102 5.877283 6.462226 4.150309 11.3646 
26.43962 635.11991 
29.1931 694.18138 6.831186 15.41396 5.0796 1.868359 
28.157 765.14441 . 

22.09162 825.77379 6.207746 9.742406 3.424202 2.71727 
20.79844 830.0615 
18.14448 887.74378 7.584394 3.374874 2.558372 4.644988 
19.09734 926.98809 

15.4 1007.7455 
12.38805 1072.4449 2.07495 0.356057 0.098222 9.760859 
12.27781 1161.5497 
21.99773 

0 0 0 0 0 
10.471072 7.2451192 4.3433738 1.5142865 2.3871962 
29.458639 19.296359 11.763474 4.003889 6.5071287 
51.337581 27.67639 18.288477 8.1983988 10.640045 
83. 737234 37 .196257 28.543331 17 .51877 16.841865 
107.60771 54.238321 38.090405 24.466341 22.850142 
124.15455 76.189835 46.756702 29.349228 28.101584 
143.52302 113.20099 56.496991 38.628154 35.79241 
164.45142 147.0766 61.773101 45.960943 42.645484 

52.291012 
204.60796 188.45733 76.363154 75. 794527 56.116102 

63.511991 
235.36803 238.40087 98.669846 101.30449 69.418138 

76.514441 
267.28906 298.97518 119.23828 112.40974 82.577379 

83.00615 
289.05619 317.99735 128.64517 123.7964 88.774378 

92.698809 
100.77455 

337.86587 333.41074 137.31107 202.90522 107.24449 
116.15497 

t 
~ .. 

1 
r 
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Factorial: Initial Substrate Cancer Spinner #8: GLC=high, GLN=high, LAC=0, Seru 
100 ml; 150 m; dis ersed sus ension 10% FBS 

}~~~~~~~ .. ,.. -;~ o_ a • ~~~ - ,. >"ffiM'lli;-ri.!~~~~--~:!lri~~ii'ill~~--~•~-:-w.,~F;;:m_<;n,_Mli!~ 1 
medium 7.65 0.356 1.567 30.22 7.209 

0 0 7.74 4.52 0.7477876 0.274 1.822 28.55 0 7.921 
30.25 1 7 .82 11.5 0.9391304 1. 732 5.689 27 .58 2.9859 5. 724 

54.5 2 7.35 19.1 0.973822 2.994 8.889 23.65 3.2402 5.287 
72.92 3 7 .14 20.5 0.9756098 3.85 13.89 18.43 6.0272 4.607 

98.1 4 7.05 21.6 0.962963 4.831 16.67 16.67 6.7145 3.5 
121.3 5 7.04 26.2 0.8778626 5.704 18.56 15.39 6.2613 2.658 
140.8 6 7 .07 29.1 o. 7766323 5.864 19.44 13.93 6.2236 1.823 
167.5 7 7 .11 27.6 0.6521739 6.809 19. 78 13.38 6.3897 1.814 
190.5 8 7 .13 30.9 0.6479218 6.88 22.56 12.56 6.5785 1.534 
223.8 9 7.17 30.8 0.4837662 7.058 23.28 12.18 6.3444 1.308 
237.3 10 7.21 29.3 0.492228 6.916 22.06 11.76 7.0091 1.262 
264.5 11 7 .16 26.1 0.5186335 6.948 22 10.98 6.3595 0.665 
285.8 12 7.14 23.2 0.4439655 7.103 21.28 9.472 5.9819 1 
310.5 13 7.13 25.95 0.4420063 7.156 21.67 7.945 5.4758 0.943 
334.8 14 7.14 24 0.4392857 7.254 20.11 7.689 5.2568 1.045 
336.8 15 7 .11 21.6 0.3965517 7.468 20.06 7 .222 5. 7553 1 .006 
366.4 16 7.13 15.8 0.2848101 7.664 19.89 6.728 5.6495 0.9 
387.5 17 7.14 20.7 0.352657 7.735 19.61 6.378 5.0529 0.66 
434.5 18 7.14 21.35 0.5682819 8.065 19.39 5.783 5.8384 0.47 
481.3 19 7.12 19.2 0.5260417 8.145 19.06 5.889 6.5483 0.299 
553.5 20 7.05 19.1 0.1675393 19.06 5.783 6.1556 0.067 
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MODEL COMPUTER CODE: 

600 

'DIFFERENTIAL EQUATIONS 

'first equation (GLUT AMINE) 

IF Y(l) < 0 THEN Y(l) = 0 

IF Y{2) < .5 AND nFLAG = 1 THEN 'delay between glucose e.xhaustion and growth cessation 
teatime= X 
nFLAG=0 
END IF 

IF Y(l) > l AND Y(2) > .5 THEN 
spgr = con(l l) 
frac = I 
ELSE 
IF Y(2) < .5 THEN frac = .5 
IF Y{l) < l THEN frac = .03 
spgr= 0 
IF X- teatime< (.5 * LOG(2) / con(l l)) THEN spgr = con(l l) 
END IF 

FGl = Y(lO) I Y(3) 'GI fraction 
demand = 2 * FG I + ( I - FG I) 'demand for substrate 

Gs= con(l9) 
fl =.725 
f2 = .367 
ckGLN= .002 

IF Y(2) > .5 THEN 

'.00275 

DY= -demand * Y{l) * Y(3) * (con(l) • spgr + frac * con(2)) 
DY= DY I (Gs* Y(l) * (9 + 18 *fl)+ Y(2) * (2 + 36 * f2)) 
DY= DY - ckGLN * Y(l) 
ELSE 
DY= -demand * Y(3) * frac * con(2) / (9 + 18 • fl) 
DY= DY - ckGLN * Y(l) 
END IF 

IF Y(2) <= .5 AND Y(l) <= .5 THEN 
'DY= -ckGLN * Y(l) 
END IF 

dYdt(l)=DY 

RETURN 

page 208 



Appendix B: ,Vot/d Om,patu C«ie and Sinadation Graphs 

'second equation (GLUCOSE) 

605 
IF Y(2) < .495 TiiEN Y(2) = .495 

IF Y(2) > .5 TiiEN 
DY= (1 / Gs) • (Y(2) / Y(l)) • (dYdt(l) + ckGLN • Y(l)) 
ELSE 
DY=O 
END IF 

dYdt(2) =DY 

RETURN 

'third equation (VIABLE CELLS) 
610 

IF Y(3) < 0 TIIEN Y(3) = 0 

IF X <= 24 TIIEN 
DY= .I• spgr • Y(3) 
ELSE 

IF Y(l) > I AND Y(2) > .5 THEN 
DY= spgr • Y(3) -con(l2) • Y(3) 
END IF 

IF Y(l) > I AND Y(2) <= .5 THEN 
DY= spgr • Y(3) - con(l3) • Y(3) 
END IF 

IF Y(l) <= I AND Y(2) <= .5 TiiEN 
DY= spgr • Y(3) - con(l4) • Y(3) 
END IF 

END IF 

dYdt(3) = DY 

RETURN 
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'fourth equation (ALANINE) 

615 
IF Y(4) < 0 THEN Y(4) = 0 

IF Y(l) > I THEN 
DY= con(4) • Y(3) 
ELSE 
DY= -coo(S) • Y(3) 
END IF 

c1Ydt(4) = DY 

RETURN 

'fifth equation (LACTATE) 

620 
IF Y(5) < 0 THEN Y(5) = 0 

IF Y(2) > .5 THEN 
DY= -1.25 • c1Ydt(2) 
END IF 

IF Y(2) <= .5 AND Y(l) > I THEN 
DY=O 
END IF 

IF Y(2) <= .5 AND Y(l) <= I THEN 
DY= -con(6) • Y(3) 'prefered form 
END IF 

dYdt(5) = DY 

RETURN 
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'sixth equation (TPA) 

625 
IF Y(6) <= 0 THEN Y(6) = 0 
DY= con(3) * dYdt(l5) - con(l7) * dYdt(l3) 

dYdt(6) = DY 

RETURN 

'seventh equation (SERINE) 
630 

IF Y(7) < .001 THEN Y(7) = .001 

IF Y(2) > .5 THEN 
DY = -con(7) * Y(3) 
ELSE 
DY=0 
END IF 

dYdt(7) = DY 

RETURN 

'eighth equation (AMMONIA) 
635 

DY= -con(4) * dYdt(l) - (1 - con(4)) * con(20) * dYdt(l) - con(8) * dYdt(7) 

IF Y(l) < .5 THEN 
DY= -2 * dYdt(l) - con(8) * dYdt(7) 
END IF 

dYdt(8) = DY 

RETURN 
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'ninth equation (GLYCINE) 
640 

f3 =con(9) 
f4 = con(IO) 
IF Y(9) < 0 THEN Y(9) = 0 

IF Y(l) > 1 AND Y(2) > .5 TIIEN 
DY= -dYdt(7) 
ELSE 
DY= -f3 * dYdt(5) - f4 * dYdt(4) 
END IF 

dYdt(9) = DY 

RETURN 

'tenth equation (G 1 PHASE) 
6-JS 

IF Y{l0) < 0 THEN Y(IO) = 0 

IFX<24 THEN 
YO(IO) = .8 * Y(3) 
Y(l0) = YO(l0) 
END IF 

IF X= 24 THEN 
YO(IO) = .2 * Y(J) 
Y(l0) = YO(l0) 
END IF 

' re-define G 1 fraction 

IF Y(l) <= 1 AND GIFLAG = 0 THEN 
YO(lO) = .44 * Y(J) 're-define GI fraction 
Y(l0) = YO(l0) 
GlFLAG= 1 
END IF 

DY= dYdt(3) * Y(l0) / Y(J) 

dYdt(l0) = DY 

RETURN 
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'eleventh equation (GO PHASE CELLS) 

650 
IFY(ll) < 0 THEN Y(ll) = 0 

IF Y(l) <= 1 AND Y(2) <= .5 THEN 
DY= -.4 • dYdt(lO) 
ELSE 
DY=O 
END IF 

dYdt(l l) = DY 

RETURN 

'twelveth equation (DEAD CELLS) 

655 

IF Y(l) > 1 AND Y(2) > .5 THEN 
DY= con(l2) • Y(3) 
END IF 

IF Y(l) > 1 AND Y(2) <= .5 THEN 
DY= con(l3) • Y(3) 
END IF 

IF Y(l) <= 1 AND Y(2) <= .5 THEN 
DY= con(l4) • Y(3) 
END IF 

dYdt(l2) = DY 

RETURN 
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660 
DY=0 

'thirteenth equation (L YSED CELLS) 

IF Y(l) <= .6 THEN 
DY= con(l8) * dYdt(l2) 
END IF 

dYdt(13) = DY 

RETURN 

'fourteenth equation (CELL HOURS) 

665 

DY= Y(3) 
dYdt(l4) = DY 
RETURN 

'fifteenth equation (G l PHASE CELL HOURS) 

670 
DY=Y(l0) 
dYdt(lS) = DY 
RETURN 
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Preliminary Experiments 

A set of preliminary experiments were undertaken. The goals of this preliminary 

investigation included: 

identify a cell line, representative of a commercial host/plasmid system, for use 

as the research model. 

identify and/or develop a reliable assay for the rDNA protein product. 

assess reproducibility/suitability of the chosen research model. 

establish population parameters of the chosen research model. 

establish culture requirements of the chosen research model. 

The cell line chosen for preliminary investigation was a rCHO cell line expressing h-t­

PA, as mentioned above. This cell line is derived from a DHFR" CHO mutant, which 

has been tranfected with an expression vector coding for DHFR and for h-t-PA The 

expression vector contains an SV40 promoter for each of the two proteins. 

HB-CHO, a commercially available serum-free medium specifically designed to support 

CHO cell populations, was employed ·in the preliminary investigation. Initially, the cells 

were placed in HB-CHO containing 10% {v/v) FBS. The cells were maintained as a 

surface adherent monolayer in T-flasks, in a 5% CO2, 37 °C incubator. Following 5 

days of maintainance as a confluent monolayer, the populations were adapted to 

serum-free HB-CHO by step reductions in the concentration of serum over a two week 
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period. At 2% (v/v) FBS, the cells began to detach from the surface, and once 0% 

serum conditions were achieved, no cells remained attached to the surface. 

Two days after serum-free conditions were achieved, the suspended cells began to 

form aggregates. Aggregates were loose with respect to cell-to-cell proximity. 

Aggregates were amorphous in shape, attaining a maximum longitudinal axis of 

approximately 2 mm. Aggregates were maintained in serum-free HB-CHO medium in 

T-flasks, in a 5% CO2, 37 °C incubator for three weeks. Viability and growth remained 

high. 

In a second preliminary experiment, ease of cell line adaptability to serum-free 

conditions was evaluated. The cells were initially grown to confluence (about 5 days) 

in HB-CHO containing 10% (v/v) serum. The confluent population was then subjected 

to a step change to 0% serum. The cells detached from the surface over approximately 

12 hours, and then continued to grow, and to form aggregates. These suspended 

aggregates were once again maintained in serum-free conditions for three weeks. No 

impairment of growth or viability was observed. Indeed, the maximum cell 

concentration was at least 2-fold greater than concentrations attained as monolayers of 

cells in medium containing 10% (v/v) serum (data not shown). 

The h-t-PA concentration was determined using the Chromozym t-PA method 

(Boehringer Mannheim). Single chain t-PA cleaves the Chromozym t-PA (N­

Mehtylsulfonyl-D-Pher-Gly-Arg-4-nitranilide acetate) to 4-nitraniline. The 4-nitraniline 

is a chromophore which absorbs at 405 nm. The absorbance is linearly proportional to 

the concentration of 4-nitraniline, and therefore to the concentration of single chain t­

PA, up to a concentration of 1.5 µg/ml of single chain t-PA. The absorbance was 

calibrated against pure h-t-PA (Sigma). Concentrations of h-t-PA in the three week 

rCHO cultures were determined to be greater than 1.5 µg/ml of medium. The 

Chromozym t-PA assay, which requires a total volume of 1.6 ml, was adapted to 
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microassay be performed as a microassay in 96 well microplates (Section 5.4.9). h-t­

PA concentrations from sample replicates, using the microassay technique, were found 

to be accurate to within 11 %. 

Reproducibility and population parameters were assessed from twelve 200 ml, 

stationary batch runs in T-flasks cultured under 5% CO2 at 37 °C. Cell concentration 

could not be determined directly from cells growing as aggregates. Initially, cells were 

dispersed into single cell suspension by the addition of DNase I. However, 

dissaggregation via this method required at least six hours to achieve. Therefore, this 

method was not used during this experiment Instead, aggregates were disrupted into 

a nuclear suspension by the addition of citric acid and Triton-X 100. Whole nuclei were 

then counted, corresponding to total cell concentration. Viability could not be 

quantitatively determined. By qualitative visual inspection, it was apparent that viability 

was high, even in the largest aggregates, until the decline phase of the batch runs. 

Total cell concentrations of the twelve runs had an average standard deviation of the 

between population means of less than 12% (Figure 1), indicating high reproducibility 

between batch stationary runs. The maximum cell concentration was similar to the 

maximum cell concentrations obtained as microcarrier adherent monolayers suspended 

in stirred tanks (Phillips, not published). The maximum apparent growth rate of the 

total cell population, JJ.app, was 0.024 h·1
; which corresponds to a maximum doubling 

time of 30 hours. This growth rate is similar to that found in microcarrier adherent 

monolayers suspended in stirred tanks (Phillips, not published). 

The batch stationary suspended aggregate rCHO cell cultures attained a maximum h-t­

PA titre of 4.0 µg/ml after 15 days (Figure 2). The average standard deviation of the 

population means of the h-t-PA concentration measurments was approximately 14%. 

The specific productivity was found to be partially growth associated (Figure 3). 
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Figure 1: CHO aggregates in suspension in serum-free, 200 ml stationary 

batch culture. Data points are the between population means of 12 

separate runs. 
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Specific productivity of single chain h-t-PA by CHO cell aggregates 

in suspension in serum-free, 200 ml stationary batch culture. 

Data points are the between population means of 12 separate 

runs. 
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It was calculated to be 0.018 µg/million cell-hours during the population lag and early 

exponential phases, and 0.005 µg/million cell-hours thereafter. The productivity of 

suspended aggregate cultures is approximately 20 to 25% greater than that seen in 

suspended microcarrier-adherent cultures. 

Aggregate suspension culture, as a bioprocessing type, has inherent potential benefits 

when compared with microcarrier-adherent suspension culture. For example, 1) 

aggregates do not require serum proteins, or specific proteins, to act as ligands in their 

formation; 2) aggregates do not require a surface for cell growth; 3) aggregates require 

no bioprocessing prepatory steps; etc. 

Population RNA/DNA ratios were also measured during the first eight days of the batch 

runs. An interesting pattern of RNA/DNA population ratios during the batch cultivations 

was observed (Figure 4). It may be possible to correlate RNA/DNA population ratios to 

population growth phase, and perhaps to percent viability. This may be of particular 

value in cases where cell concentrations and/or viabilities are difficult or impossible to 

measure directly. 

The preliminary findings, which are summarized in Table 1, formed the basis for the 

formulation of the specific research objectives. This preliminary investigation 

demonstrated that: 1) the cell line is appropriate for use as a representative of the 

rCHO cell line type; 2) the productivity of the rDNA protein can be monitored reliably; 

and 3) the host/plasmid system can be cultured reproducibily. 
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Table 1: Summary of findings from preliminary investigation of rCHO cells 

producing h-t-PA 

PRELIMINARY FINDINGS 

rCHO grows and produces h-t-PA reproducibly in 
serum free stationary batch culture 

Pmax == 0.024 h-1 
( td == 30 h ) 

Pmax == 4 pg/ml 

productivity is partially growth associated 

rDNA protein assay accurate [t-PAJ + 11 % 

cells grow as non-surface adherent aggregates 

cell-cell adhesion very strong: can break with DNAse 
I in 6 -1 2 hours 

viability difficult to assess in aggregates: 
total cell counts can be made from whole nuclei 
counts of detergent disrupted aggregates 

RNA/DNA population ratios vary with population 
growth phase 

aggregates yield potential benefits w.r.t. 
bioprocessing 
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page 251 

2&:00 28:oo 

• .. pona. 
ln< --

St:arc Tl- End Tl--1 
tainf lainl 

525010.000 .. 2.IOO ). 700 

H5Jl2.U5 .. t.U7 s. 7'50 

l"UH.000 .. 1.100 '·"' t5HU.OOO .. 10.550 U.000 

UJ5'61.000 .. u.aoo 1).'°Q 

761156.tH .., 15."'7 17.56"'1 

11M l'1.567 11.2,., 
nu,11.000 .. 24.250 25. ,oo 

D 26.JOO 2,.150 .. J7.H7 Jt.150 



Appendix D: Standard Cima 

• .s 
~ '" • 0 .. • • 

uo.oo- u ... 
• ! • 

.:: 
'" 

100.00-

~ 
u • 
!: .. .. 

80.00- • ... . • 
~ 

60.00-

40.00-

20 .oo-

o 00-1-----

o.'oo 2.'00 6.'oo e .'oo 

I - ■•t-tion Tiali - -· , ...... 
I aaoartic .cld ).117 r- 0.5D0 

' olut..a.c acid ,.too ·- J.aoo 
l aapar..rtne 1.71J r- J.aoo 

• ••rtn• ll.lll ·- o.sao 

' vlut:.-.1.ne U.'100 r- 1.000 
r-• vlyctne 1'.H'7 r- 2.000 , alanine le.HO ·- c.aoa 

I 1'.JlJ -' 1'.550 -10 Jl.lU -II 21.IJJ -.. 
u Jt.100 -

R,wJtTabk 

I laa•lln• Stare. .... 11.ne Ind ,1_ taint Caiftl 

I J.150 J.tJJ o. 50,5)1 

' C.U'J 5.'1'7 O.C5H'1 
I I.Gil ,.,n O.'JJH,t 

• L0.5'7 11.tll -O.lJl5Jt 

' u.an 1'.000 O.JJHJD 

• ti.OJ) l'7.t50 O.Cl'511 , 2C.2'7 21.,00 0.55'UO 
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artu: at:id Calibration Curve 

9.000e+OS 
. . 

• • • • • ,• • • • • • • • • • • • '"; • • • • • • • • • • • • I • • • • • • • • 

8.000e+OS 

7.000e+OS . . . .................................................................................... 

: s.oooe+OS - - ...... - - .. - -.- - - - - - ... - - - - - .- - - ... - - - - - .... 

I : 

• 
l 

2 
3 
4 
5 
6 

S.OOOe+OS 

,.oooe+OS 

3.000•+05 

........ -:- ....... ·• .. :- ........... ~ ........... -:- ..... . 

- - .... - - - - - ,. - - - - - - - - . - - , - - - - - - - - - - - -,- - - - - - - - - - - -

- -·- - - - - - - - - - - - ._ - - - - - - - - - .. - J - - - - - - - - - - - -·- - .. - - - - - - - - -

I 
0.10 

Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

I 
0.20 

I 
0.30 

a.spartu: at:id Calibration Information 
roshni_29nov96 
SATIN 
LC 
3.119 min 
133084.950560 
0.000000 
0.000000 
0.997225 
24059.372197 

System 
Date 
Name 
Order 
B 
D 
F 
RA2 

aspartu: acid Point Table 

FLUORESCENCE_OPA 
02-DEC-96 
aspartic acid 
l 
1614111.180237 
0.000000 
0.000000 
0.994457 

Amount Response Cale . Amount 11 Deviation Manual Ignore? 

0.021875 207133.985197 0.045876 109.719 No No 

0.043750 189019.339700 0.034653 -20.792 No No 

0.087500 264105.000000 0.081172 -7.232 No No 

0.175000 401064.000000 0.166023 -5.130 No No 

0.250000 525010.000000 0.242812 -2.875 No No 

0.500000 952390.994656 0.507590 l.518 No No 

Table 'aspartu: at:id Average Table' contains no data. 
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• • 

1.800e+05 

1.500e+05 

1.,ooe+os 

1.200.+os 

8 1.000.+os 
Ill • 

lutamic ar:id. Calibration Curve 

- - - - - . - - - - - -,- ... - - . - - ... - - - - - - - : - - - - - - - .. - - - - - -

·------------------------·---·------. . 

. . ·---------·--··-------------- ----------·--·--·-·---------
.: 

• 
l 

2 
3 

4 
5 
6 

.... , .... i ............ : · . . . . . . . . . . . . . . . . . . . ............... . 
5 .OOOe+OS J -----· -· · -· · •. -· -----------• ---------------· · -· -------. -.. . 
.., .... ,. j . . . . . . . . . .. •. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................. . 
2.000e+OS J · · · · · · · · · · · · • · · · · · . · . · · · · · ............ . 

a.so 1.00 
.lm01mt 

1.so 

glutamic acid Calibration Information 
Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

roshni_29nov96 
SATIN 
LC 
4.875 min 
53492.989480 
0.000000 
0.000000 
0.998841 
35353.645397 

System 
Date 
Name 
Order 
B 
D 
F 
RA2 

glutamic acid Point Table 

Amount Response Cale . Amount 

0.087500 118187.000000 0.072003 

0.175000 165804.225655 0.125000 
0.250000 292794.000000 0.266338 
0.500000 549120.000000 0.551624 
l.000000 965332.285287 l.014860 
2.000000 1834901.162573 l. 982675 

FLUORESCENCE_OPA 
02-DEC-96 
glutamic acid 
l 
898487.410999 
0.000000 
0.000000 
0.997684 

\ Deviation Manual 

-17.711 No 

-28.571 No 

6.535 No 

10.325 No 

1.486 No 

-0.866 No 

Ignore? 

No 

No 
No 
No 
No 
No 

Table 'glutamic acid Average Table' contains no data. 
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2.100.+06 

2.600e+06 

2.,00.+06 

2.200.+06 

2.000e+06 

1.100.+06 

• 1.600e+06 • II 

e, 1.,ooe+06 

as ·ne Calibration Curoe 

- - - - - - - - - - ... - - - - - - ... - - - - - - - - - - .. - - - - - - - - -.- - - - - - - - - - - - - - - - - .. - -

- ... - - - - ...... - .. - - - - - - - - - ... - ... - ... - - - - - - ... - - .. - .. - -·- - - .... - - - ... - ... - - .. -

- - - - - - ... - ..... - - - .. - - - ... - - - - - ...... - .... - ..... - ...... - - ......... - ... - - - - ... - ... -

- ... - - - ........ - - - - - ...... - ... -· ... - - - - - - ..... - ..... - - .... - - - -·- - ... - - - - ...... - ... - .. - ... 

. . ................................................................................................ 

- - "' . - - .. - . -.- ... - - - - - - - - - - - - ...... - - -
:I 

1.200.+06 

1.000.+06 

8.000e+OS 

6.000e+OS 

,.oooe+OS 

2.000e+OS 

o.oooe+oo 

1.00 2.00 

asparagine Calibration Information 

t 

l 

2 
3 

4 
5 
6 

!?recessing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

roshni_29nov96 
SATIN 
LC 
8.739 min 
21682.355633 
0.000000 
0.000000 
0.999898 
16505.927327 

System 
Date 
Name 
Order 
B 
D 
F 
RA2 

asparagine Point Table 

Amount Response Cale. Amount 

0.093750 lll514.000000 0.096792 
0.187500 1883 ll. 000000 0.179540 
0.375000 370307.898563 0.375639 
0.750000 704410.000000 0.735628 
1.500000 1441166.000000 l. 529471 
3.000000 2795903.681988 2.989180 

Table 'asparagine Average Table' contains no data. 
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FLUORESCENCE_OPA 
02-DEC-96 
asparagine 
l 
928087.779345 
0.000000 
0.000000 
0.999795 

ts Deviation Manual 

3.245 No 

-4.245 No 
0.170 No 

-1.916 No 
1.965 No 

-0.361 No 

Ignore'? 

No 

No 
No 
No 
No 
No 
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, ........ 1 ................. '. ................... · :· .................. -1 
2. 800•+06 • • • • • • • • • - - - - - - •• J - - ••••••••••••••••••••••••••••••••• _ •• __ _ . . 
2. 600•+06 • • • • • • • • • - - - - - - • - J - - •••••••••••••••••••••••••• __ • _ • 

glut':'"'i.ne Calibration Curve 

2.,ooe+06 

2.200•+06 

2.000•+06 

1.800•+06 

• ~ 1.600•+06 
0 
Ill • : 1.,ooe+06 

1.200•+06 

1.000•+06 

8.000•+05 

6.000•+05 

,.oooe+o5 

2.000•+05 

o.oooe+oo 

... - ... - - ....... - ............ - ........... - ... - - - ...... - - ...... - ... ... ... ... - - ............ - ...... - - ..... - ...... - ... - - ... - -

. - - ...... - ... - - . - - - . - . - ............. - - - ... - ... - ... ... ... ... - ... - - -,· - - - - ... - - - ... - ... - - - .. - - - -

.............................................................................................................................. . . 
. . ··----·---------------····--··---·-·-----·------·----. . 
. . ......................................................................... 

. . ..................................................................... 

. . ............................................................................................................ 

- - .. - - ... - ... •' - ... - - . - - - - - - - .... - ... - ... - -·- - - ... - ......... - . - - - . -

Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

1.00 

glutamine Calibrati.on lnformati.on 
roshni_29nov96 
SATIN 
LC 
12.665 min 
2657.444395 
0.000000 
0.000000 
0.999695 
30292.076526 

System 
Date 
Name 
Orde::.-
8 
D 
F 
a~2 

glutamine Point Table 

2.00 

FLUORESCENCE_OPA 
02-DEC-96 
glutamine 
l 
986531. 484373 
0.000000 
0.000000 
0.999390 

It Alllount Response Cale. Amount ti Deviation Manual Ignore? 

l 0.093750 86395.514856 0.084881 -9.460 No No 

2 0.187500 179412.000000 0.179168 -4.444 No No 
3 0.375000 370691.922613 0.373059 -0.518 No No 
4 0.750000 730690.716205 0.737973 -l. 604 No No 

5 l.500000 1535968.000000 l. 554244 3.616 No No 
6 3.000000 2939488.092276 2.976925 -o. 769 No No 

Table 'glutami.ne Average Table' contains no data. 
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3.200•+06 

3.000e+06 

2.800e+06 

2.600•+06 

2.,ooe+06 

2.200e+05 

--·---·· ......................................... , ............................................................... ... 

' . - - - - - .. - - .... - - ... - . - - .. - - - - - - ; - - - - - - - - - - - ... - - -. - - - - - - ..... 
' . . ----------------·---·---------------------·-----. ' . 

- ......... - .................... ,_ - ... - - - ..... - - - - - - - !. ... - ... - - ..... - ...... - - ..... -· -

2.000e+05 
• 

..... - .............. - - .... •· - - - - .................. r - • - ........................ , ...... - ...................... .. 

• ! 1.800e+05 - - - - - - - - - .. - ....... - - ....... - ... - - ... - - ..... ; ... - - ...... - - - - - - - ... - -. - - - ... - - - - - - - - - - ... 

• • .,; 1.500•+06 . ' . - - - - ... - - - - ........ - - ........ - ... - - ...... - - - .. : ...... - - - - - - - - - - - - -, - ... .. ... - - - - - - ... - - - ... 

' l 

2 
3 
4 
5 
6 

' ' . 
1.,ooe+06 i · · · · · · · · · · · · '· · · · · · · · · · · · · · · ' · · -· -· · · · ...... · · ............. . 

' ' . . ' . 
1.200•+05 • • • · · · • • • • · - •• · - - - - • • • - •• • • • • - •• - ••••••.••.••••••....••..... 

' ' . 
' ' ' 

1.000e+06 • • • • • • • • • • • •a: - • - • • • • • • • • • • • • • - - - - - - • - - - - •••••••••••••••••• 

8.000•+05 

5.000•+05 

,.oooe+05 

2.000e+05 

..... , ..................................... r ....................................... , ..... - .............................. ... 

------·-------·---------' . 
' . -··---- ................................. ... 
' . 

.. - - - - - - - - ... - - ·- - ........... - ... - - - - ... - - ! - - - ... - ... - ... - - - - - - -· - - - .. - - - - - - - - - ... -

Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

1.00 2.00 
.lmomlt: 

alanine Calibration Information 
roshnU9nov96 
SATIN 
LC 
25.000 min 
l77l07.9l406l 
0.000000 
0.000000 
0.999513 
39791.408255 

System 
Date 
Name 
Order 
B 
D 
F 
R"2 

alanine Point Table 

3.00 

FLUORESCENCE_OPA 
02-DEC-96 
alanine 
l 
773169. 858021 
0.000000 
0.000000 
0.999021 

Amount Response Cale. Amount t Deviation Manual Ignore? 

0.175000 300149.784014 0.159140 -9.063 No No 

0.250000 319279. 919543 0.183882 -26.447 No No 

0.500000 596499.905621 0.542432 8.486 No No 

l.000000 998559.000000 l.062446 6.245 No No 

2.000000 l7l29l7.000000 l.986380 -0.681 No No 

4.000000 3262613.000000 3. 990721 -0.232 No No 

Table 'alanine Average Table' contains no data. 

Page: 5 of 7 



Appendix D: Standard Cana ~ 258 

• • 

1.200•+05 

1.100 •• 0, 

1.000•+05 

9.000•+05 

8, 8.000•+05 
• • 

l cine Calibration Curve 

--------------------·----------·------·· .. ·· .. -- ......... 

- .. - ... - - - .. - - - -...... - - ... - - - - - - ... - - - ... - .. - .. - - - - - - - - - .... - .. - - - - - -

- - - - - - - - - - - -·- - - - - - - - - - - - - - - ! 

....................................................................................... . . 

.. ■ 

• 
l 

2 
3 
4 

5 
6 

5.000e+05 

,.000.+05 

. . ·----------------------·----------------

...... ·•• .............. • ......... • • ... T ....... • • • ..... • • ... • .................................. •. • ... 

. . . 
- -·- - - - - --------·----------·---------------·-------

Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

. . 
I 

0.50 1.00 
Amcnmt: 

glycine Calibration Information 
roshni_29nov96 
SATIN 
LC 
16.856 min 
461262.522289 
0.000000 
0.000000 
0.993075 
37490.798845 

System 
Date 
Name 
Order 
B 
D 
F 
RA2 

glycine Point Table 

I 
1.50 

FLUORESCENCE_OPA 
02-DEC-96 
glycine 
l 
356l95.4l3ll2 
0.000000 
0.000000 
0.986199 

Amount Response Cale. Amount I Deviation Manual Ignore? 

0.087500 503664.434177 O.ll904l 36.047 No No 
0.175000 410692.497573 No Yes 
0.250000 552627.207109 0.256502 2.601 No No 
0.500000 659868.004895 0.557575 ll.515 No No 
l.000000 761156.985805 0 .841938 -15.806 No No 
2.000000 1195895.877277 2.062445 3 .122 No No 

Table 'glycine Auerage Table ' contains no data. 
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• • C: 

serine Calibration Curve 
8.500•+05 ........ - ........... -·- - ................. - ..... -·- - - ... - ....... - .. - .. ~ ...... - - - ....... - ... - -·- ... - - - .. - -

I O I I 

4 

: : : : 
I O I I 

I I I I 

8 .000e+05 - - - - - - - - -•- - - - - - - - - - - - - - - • • • - - - • - • • - - • • • • • • • - •• , • - - •• - - - •• - -
I I I O 

t o I I 

7.500e+05 
. . -----·---·------------------. . . . ------------·----------. . 

7.000•+05 - - - ~ - - ..... - ... - ... - - ... -· ... - - ... - - -

8, 6.500•+05 - i - ... - - - - - - - - - -. - - - -

• : 

• 
l 

2 
3 
4 

5 
6 

6.000•+05 

5.5ooe+o5 

5.oooe+05 

4.5ooe+05 

- - ...... - .. - .. -·· .. - .. - - ... - ... - - ... •• - - - ... - - ...... - - J ...... - .. - - - ... - ... - -·- - - - ......... - ..... -

• 
... • ........ • • ............ r • .. • • .............. , ......... • ......... ·, ....... • ............... ... 

• o I I .................................................................................................................................................. . . . 

0.10 

Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

• 
0.20 0.30 

serine Calibration Information 
roshni_29nov96 
SATIN 
LC 
ll.109 min 
557775.239390 
0.000000 
0.000000 
0.828(89 
64889.906604 

System 
Date 
Name 
Order 
B 
D 
F 
RA2 

serine Point Table 

o.,o 

FLUORESCENCE_OPA 
02-DEC-96 
serine 
l 
1015756.366449 
0.000000 
0.000000 
0 .686393 

Amount Response Cale. Amount 11 Deviation Manual Ignore? 

0.021875 837436.218688 No Yes 
0.043750 567529.466369 0.009603 -78.050 No No 
0.087500 698681.592534 0 .138721 58.538 No No 
0.175000 718190.046492 0.157926 -9.756 No No 

0.250000 459613.000000 No Yes 
0.500000 595158.000000 No Yes 

Table 'serine Average Table' contains no data. 
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Ar. • ine Calibration Curoe 

o.oooe+oo I - - - - - - - - - • - - - - - - - - ... - • - - - - - - - - - - - - • - - ..... - - - ... - - . - . - - - - - . - - -
..,'----r----.----.-----,---t"----.----.----,----,---i----,---....---.---....---4 

I 
300.00 100.00 200.00 

Arginine Calibration Information 
Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

OPAJ{ai-22 
SATIN 
LC 
l9.3l4 min 
-6269. 776804 
0.000000 
0.000000 
0.999856 
8644.863356 

System 
Date 
Name 
Order 
B 
D 
F 
R4 2 

.II I Arginine Point Table 

It P,'7t.- Amount f'/ l,, Response Cale. Amount 

l 0.0113 3.010000 11206.802090 3.725478 

2 n. 07.I "1 3.760000 9433. 881312 3.347545 

3 0.0"34~ 6.010000 22165.294833 6.061498 

4 1) .0ib?i 15.030000 61885. l0lll2 14.528560 

5 .1r2 t,, 30. 060000 122966.838846 27.549341 

6 I , -Z. i~"'.l 37. 580000 186474.079625 4l. 087165 

7 1 . 4 ~'" 75 .150000 341986. 367713 74.237685 

8 . "l ?Cb30o. 600000 l404l68.l00000 300.662728 

Table 'Arginine Average Table' contains no data. 

Page: l of 4 

FLUORESCENCE_OPA 
02-APR-96 
Arginine 
l 
4691.096519 
0.000000 
0.000000 
0.999713 

I Deviation Manual 

23.770 Yes 
-10.970 Yes 

0.857 Yes 
-3.336 Yes 
-8.352 Yes 

9.333 Yes 
-l.214 Yes 
0.021 Yes 

Ignore? 

No 

No 
No 
No 

No 
No 

No 
No 
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Threonine Calibration Curoe 
- - .. - - - - - ... .. - - - : - - - - - - - - - - - - - -• - .. ... . ... .. ... - - - - - - . _. - - ... - - - - - - .. - - - - : 

I I O 1 

2.000.+06 . . . ------·-------------------·--• ........................................ .. . . . 
1.800e+06 . . . -----------·---------------·------•• ..................... . . . . 

1.,ooe+06 
. . ---·------------------------------------

1.,ooe+06 

• 1.200 •• 0, • 
I 
_: 1.000•+06 

8.000•+05 

,.oooe+05 

,.oooe+05 

. . 

. . ---·-------·-----·--··--------·------. . 

. ' . . ----------------------------------------------------------1 • • • 

. . . ·----·----·--·--·-------·------. . . 
. . ------------·-·----------------------. . . 

. . ---------------------------·--------·---------------------
' I o • 

. . ----------------------------------·-------------• I • I 

I • • • , 
2. 000•+05 1 --- ----. ----~ --. ----. ------: ---. ----------·: . --. --... -. -. -~ 

O. 000•+00 "1 · --· · · · -· · · · · ; · · · · · · · · · · · · · . :- ... · . -. -..... -: ..... --..... -. ; I 
I l t ' i ' ' ' ' l i I I I I I I l I 

SO.DO 100.00 150.00 200.00 
Amcnmt: 

Threonine Calibration Information. 
Processing Method 
Channel 
Type 
Retention Time 
A 
C 
E 
R 
Standard Error 

OPl>J{ar22 
SATIN 
LC 
21.818 min 
l9797.667l3l 
0.000000 
0.000000 
0.999907 
10428.910961 

System 
Date 
Name 
Order 
B 
D 
F 
RA2 

.I Threonine Point Table 

• I~ Amount f'":.J/ L, Response Cale. Amount 

l r,.o,-:J. I 2.030000 40184 .125114 l.954323 
2 n.n-z.,-,, 2.540000 38910.687052 l.832246 
3 fln7,"'40G 4.060000 56825.224544 3.549601 
4 0-0~5°'1 l0.140000 111746.283269 8.814541 
5 o.,~n·) 20.280000 240149.1.56411 21.123724 
6 0,21'2.' 25.350000 300006.4331.50 26.861.869 
1 O.tn'-': 50.700000 554945.1.21.076 51.301252 
8 1.;.n-io.202.800000 2131778.500000 202.462444 

Table 'Threonine Auerage Table' contains no data. 
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FI.OORESCENCE_OPA 
02-APR-96 
Threonine 
l 
10431.469624 
0.000000 
0.000000 
0.999814 

I Deviation Manual 

-3. 728 Yes 
-27.864 Yes 
-12. 57l Yes 
-13.072 Yes 

4.1.60 Yes 
5.964 Yes 
l. l.86 Yes 

-0.1.66 Yes 

Ignore'? 

No 
No 
No 
No 
No 
No 
No 
No 
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......... 1··················;···················;···················1 . . . . 
. . . 

1.800•+06 • • - - - - - - - • - - - - - - - - ~ - - - - - - - - - - - - •• _ ••• _ ; ____________ _ 

T;yrosine Calibration Curve 

1.600•+06 

1.,ooe+06 

1.200.+06 

• • r:: 
& 1.oooe+06 
• 

................................................. ..: ..................................................... .t ... 

: 

It 

l 

2 
3 
4 

5 
6 
7 
8 

8.000e+OS 

6.000•+05 
. . ·----------------------------------------. . 

4. OOOe+OS - • - - • • - • • • 

.. ,. ..... i .... 

. . 
o.oooe+oo ·-----·---·---··----·-------------·--------··-------------

' . 
100.00 200.00 

Tyrosine Calibration Information 
Processing Method 
Channel 
Type 
Retention Ti.me 
A 
C 
E 
R 
Standard Error 

OPAJ{ar22 
SATIN 
LC 
28 .326 min 
12242.857527 
0.000000 
0.000000 
0.999660 

·18557.593728 

System 
Date 
Name 
Order 
B 
D 
F 
RA2 

' 
Tyrosine Point Table 

~._~unt 11. If,/ l Response Cale. Amount 

V f)Jltl.<2. 990000 28293.000000 2.442161 

0.02n&, 3.740000 24914.000000 l.928019 

0-0-:t~\ 5.990000 39290.000000 4.115445 

0.011.zb 14.970000 96915.157025 12.883587 

f'J.IJ..~2 29.940000 210203.260000 30.121303 

n. 1-n t..t. 37.430000 272703.268293 39.631193 

G·Lfl 31 74.850000 539756.714286 80.265571 
/ .e,c:;--,3 299. 400000 1970222.615385 297.922721 

FLUORESCENCE_OPA 
02-APR-96 
Tyrosine 
l 
6572.106187 
0.000000 
0.000000 
0.999320 

11 Deviation Manual 

-18.322 Yes 

-48.449 Yes 
-31.295 Yes 
-13.937 Yes 

0.606 Yes 
5.881 Yes 

7.235 Yes 
-0.493 Yes 

Ignore? 

No 
No 
No 
No 
No 
No 
No 
No 

Table 'Tyrosine Auerage Table' contains no data. 
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EIJSA Calibration 
...........__ 0.7 

a.a 

o.s ~ 

D.3 

02 

D.I 

Q 
-2 -1.s 

-~ 
' "'· ~ 

'---. 
-I -0.5 Q O.S 1.5 

tac (1'.111 c-tnlioD (me/QI 

ELISA MAb ASSAY Ver. S-VII-90 CiLH 

ELISA Cmbntion Error Analytis 

Alhorba A+B<los Con.:)+C(lol"? Conc)+OOo&"l Cone) 

Rqras,on Ouq,uc 
Consan, 
Sid Etr o( Y Esc 
R Squared 
So. o( Obscri,2QOns 
0q,ccs of F<=lam 

X Coctrteiau(sl 
Sid EtrofCocf. 

Cocf. foe Cuba: Soln. 
Al 1.4291156 
A? -8.58019 
Q 3.08rJ 
Al/3 0.476619 
-?"Ql'..S -3..SUI 

0.219181 
0.01-171-l 
0.996-'98 

28 
2" 

-0.26191 0.043616 0.030525 
0.00.568-1 0.00755 I 0.004?86 



A 

ALA 

A phase 

AS 

ATCC 

B 

BSA 

C 

c-h 

CH 

CHvol 

CHO 

CHOl-Ssoo 

CIP 

dhfr 

DHFR 

DMSO 

DS 

ed 

ELISA 

e-tPA 

f1 

f2 

tj 

~ 

fs 

FBS 

F-MTX 

List of Symbols 

specific biosynthetic energy rate (moles ATP/cell) 

alanine concentration 

apoptosis phase cells 

aggregate suspension 

American Type Culture Collection 

specific maintenance energy rate (moles ATP/cell/time) 

bovine serum albumin 

cells 

cell-hours (unit of measure) 

population cell-hours 

volumetric cell-hours (c-h/volume) 

Chinese Hamster Ovary 

a recombinant Chinese Hamster Ovary cell line expressing tissue plasminogen activator 

clean in place 

dihydrofolate reductase gene 

dihydrofolate reductase 

dimethyl sulfoxide 

dispersed suspension 

early decline phase 

enzyme-linked immunosorbent assay 

extracellular tissue plasminogen activator 

fraction of glutamine completely oxidized 

fraction of glucose completely oxidized 

fraction of lactate consumed for serine synthesis 

fraction of alanine consumed for serine synthesis 

GI fraction of the viable population 

fetal bovine serum 

ftuorescein-methotrexate 

265 
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~ 

fv 

FS 

GO 

GI 

GICH 

GO phase 

GI phase 

G2phase 

GLC 

GLN 

Gs 

GLY 

h-tPA 

IgG 

IgG1 

ITES 

i-tPA 

k.t 

lei 

kiPA 

LAC 

Id 

LOH 

m 

M4-I 

MAb 

mATP 

Mphase 

mRNA 

MS 

growth or cycling fraction of the viable population 

GI fraction of the viable population 

dihydrofolate 

tetrahydrofolate 

fractional viability 

forward light scatter 

concentration of cells in GO phase 

concentration of cells in GI phase 

GI phase cell-hours 

quiescent phase cells {associated with GI phase) 

Gap I phase of cell cycle 

Gap 2 phase of cell cycle 

glucose concentration 

glutarnine concentration 

substrate preference index 

glycine concentration 

human tissue plasminogen activator 

immunoglobulin G 

immunoglobulin G1 

insulin, transferrin, ethanolamine. and selenium 

intracellular tissue plasminogen activator 

specific death rate (time"1
) 

glutarnine chemical degradation rate (time·• ) 

specific rate of cell lysis (time·1 
) 

specific tP A degradation rate 

lactate concentration 

late decline phase 

lactate dehydrogenase 

maintenance coefficient (substrate/cell/time) 

hybridorr.a cell line 

monoclonal antibody 

maintenance energy requirement (mol ATP/cell//time) 

mitosis phase of cell cycle 

messenger RNA 

microcarrier attached suspension 

page Z66 
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MfX methotrexate 

N5 ,N10 CH2 Fili methylene tetrahydrofolate 

NH3 

PBS 

Pmax or[P1., 

Pvol or dP/dt 

qALA 

qAMM 

qCIDD 

qGLC 

qGLN 

qGLY 

qLAC 

qp 

qs 

qSER 

qtPA 

R 

R2 

rCHO 

rDNA 

rpm 

s 

SER 

s phase 

ss 
IPA 

tPA 

VI 

X 

x.i 
Xi 

ammonia concentration 

phosphate buffered saline 

maximum product concentration 

volwnetric productivity 

specific alanine consumption rate 

specific ammonia consumption rate 

specific consumption rate 

specific glucose consumption rate 

specific glutamine consumption rate 

specific glycine consumption rate 

specific lactate consumption rate 

specific protein productivity 

specific substrate consumption rate 

specific serine consumption rate 

specific tP A productivity 

restriction point of cell cycle 

quiescent phase cells (associated with G2 phase of cell cycle) 

recombinant Chinese Hamster Ovary 

recombinant DNA 

rotations per minute 

substrate concentration 

serine concentration 

DNA synthesis phase of cell cycle 

side light scatter 

tissue plasminogen activator gene 

tissue plasminogen activator 

viability index 

cell concentration 

dead cell concentration 

lysed cell concentration 

viable cell concentration 

total cell concentration 

yield 
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Y ATP yield of cells on ATP 

Y A.\O.LGLN yield of anunonia on glutamine 

YAL\.GLN yieldofalanineonglutamine 

Y L,\C<GLC yield of lactate on glucose 

Y s yield of cells on substrate 

Y x.s yield of cells on substrate 

ex growth association factor of productivity (Product/cell) 

13 non-growth association factor of productivity (Protein/cell/time) 

µ specific growth rate (time·' ) 

% V percent viability 
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