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Chapter 1 Introduction

1.0 INTRODUCTION
The importance of antibodies is no longer restricted to the medical field, their selective 

binding makes them highly suitable for industrial application. With the increasing 

commercial demand, there is a need for an efficient and low cost production process 

(Holliger and Hoogenboom, 1998). Traditionally monoclonal antibodies have been 

produced by mammalian cell culture, but these can be too complex and uneconomical 

for large-scale production. Microbial systems where growth may be performed by 

straightforward fermentation have been used as an alternative system.

Antibody fragments, consisting only of the binding site (the variable domain (Fv) of the 

parent monoclonal antibody), are increasingly being utilised in medical applications. 

These are mostly concerned with cancer (Holliger and Hoogenboom, 1998) or 

autoimmune diseases such as immune rejection following transplantation (Hudson, 

1998). These aim to use them as ‘Magic bullets’ linking the fragment to either a drug or 

a tumour-imaging agent (Holliger and Hoogenboom, 1998; Hudson, 1998). The reduced 

size of antibody fragments is especially attractive as it allows rapid arrival at the target 

tissue, and faster clearance from the blood stream due to a shorter half life in 

comparison to monoclonal antibodies (Colcher et a l, 1990). The size may also allow 

penetration of dense tumour tissue and produce low antigenicity (Pliickthun, 1991). 

Their specific binding ability has also been utilised in diagnostic applications such as 

biosensors (Byfield and Abuknesha, 1994; Turner, 1994). Fusion of antibody fragments 

to lipids or alkaline phophatase increase the sensitivity of the diagnostic assay, by 

enabling signal amplification after the initial antibody binding interaction (Hudson, 

1998). Antibody fragments have also been utilised with immunoaffinity purification 

columns (Berry et a l, 1991). The fragments were found to be evenly distributed 

throughout the internal porous structure of the matrix, so increasing the column's 

capacity by fivefold.
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Microorganisms have been used as an alternative system for antibody fragment 

production. The antibody fragment gene is genetically engineered into the host 

microorganism, and then cultured in a fermenter. Genetic engineering has made it 

possible to generate recombinant antibodies not present in the natural repertoire 

(Prescott et a l, 1993). With recombinant DNA technology, a variety of organisms have 

been used to express antibody fragments, these include Escherichia coli, Pichia pastoris 

and filamentous fungi such as Aspergillus. The choice of host will have a significant 

effect on the isolation and purification procedures, required for recovery of the 

recombinant product.

Recombinant proteins can be expressed in two distinct locations; they can be retained 

within the cell, or secreted into the extracellular medium. Bacteria have a third location, 

the periplasmic space. Each location has its advantages and disadvantages in 

bioprocessing terms. Retention of the protein within the cell generally reduces the 

processing volume, however it requires a high protein loading in the subsequent 

processing stages. Secretion of the protein produces a purer product feedstream, but the 

processing volume can be very large. Periplasmic expression capitalises on the best 

attributes of the previous systems. As the protein is retained in the periplasm and 

selectively released into a smaller process volume, it will be present as a highly 

concentrated form. Compartmentalisation of the product reduces the protein loading in 

purification steps such as chromatography, compared to typical intracellular expression.

In this area the majority of work utilised E. coli as the host. The initial studies expressed 

the antibody fragments as inclusion bodies, which posed problems for large-scale 

production due to the complexity of protein renaturation process. Work performed at 

UCL (Harrison, 1996, 1997) has expressed antibody fragments in the periplasm of E. 

coli. With this system, downstream processing volume was low, however the 

feedstream was highly contaminated with cell debris. Extracellular expression produces 

a purer product feedstream, but the process volume can be very large. Secretion of high 

levels of functional antibody fragments into the culture medium, would make this 

process more desirable. Filamentous fungi have been utilised industrially due to their 

high secretion of native proteins. Research aims to harness this high secretion capability 

in the production of heterologous proteins.
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The industrial interest in antibody fragments is due to their specific binding. This in turn 

can be utilised in the recovery and purification processes, reducing the number of 

process steps. Consequently the overall aim of this project was to develop isolation and 

purification procedures, for the recovery of scFv extracellularly expressed by 

Aspergillus.

1.1 Structure of antibodies and antibody fragments
Antibodies are composed of four polypeptide chains, consisting of a pair of identical 

light chains and a pair of identical heavy chains (Fig. 1.1). Disulphide bonds and Van 

der Waals forces hold these components together in a shape resembling a Y (Prescott et 

a l, 1993). The structure can be divided into two different regions, constant and variable. 

The amino terminal of the heavy (H) and light (L) chains are characterised by a region 

in which the amino acid sequence is variable (V), hence they are referred to as Vh and 

V l regions. Together V h and V l form the antigen-binding site.

The remainder of the structure consists of a relatively constant amino acid sequence, 

hence this portion is referred to as Cr and Cl region. Cr is further divided into three 

structurally discrete regions Cri, Cr2 and Cr3 . The majority of the constant region forms 

the stalk of the antibody, and is termed the crystallizable fragment (Fc). This contains 

the site at which the antibody can bind to a cell. Glycosylation tends to occur in the 

constant domains, and is not involved with antigen binding. Unlike expression of other 

recombinant proteins, the ability of the host to perform such modifications has little 

effect on antigen binding properties.

Antibodies can be enzymatically cleaved at several places forming antibody fragments 

(Petermann and Pappenheimer, 1941; Porter, 1959). The antibody fragment (Fab) is 

formed when the hinge region, the area between C ri and C r2 is cleaved. Genetic 

engineering has lead to the formation of two other types of antibody fragments, Fv and 

scFv (Bird et a l, 1987; Glockshuber et a l, 1990; Prescott et a l, 1993). The Fv consist 

of V r and V l associated by extensive hydrophobic interactions, whilst single-chain Fv 

(scFv) consists of a single V r and V l domain connected by a short polypeptide linker 

(Bird et a l, 1987; Glockshuber et a l, 1990).
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Figure 1.1 Schematic representation of an antibody and derived antibody fragments 

(Harrison, 1996)
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This research utilised a 30KDa scFv fragment directed against hen-egg lysozyme 

(HEL), which had been engineered into Aspergillus awamori genome. HEL was the first 

enzyme to have its 3D structure determined by X-ray diffraction techniques (Blake et 

a l, 1965; Archer et a l, 1990). Since then it has been studied intensively by a wide 

range of physical and chemical methods, in order to gain a fundamental understanding 

of the nature and properties of protein molecules. Due to the wealth of knowledge and 

availability, HEL is often used as a model antigen.

There are a number of monoclonal antibodies directed against HEL, one of the most 

documented was the D1.3 monoclonal antibody. This was found to have very little 

cross-reactivity with other avian lysozymes (Harper et a l, 1987). Previous research 

performed at UCL, successfully expressed and recovered D1.3 scFv directed against 

HEL, from E. coli (Harrison, 1996). However E. coli cells had to be disrupted in order 

to release the scFv. Microorganisms that are able to secrete the protein of interest in the 

culture medium are generally preferred as they ease downstream processing (Frenken et 

a l, 1998). Frenken et a l, (1998) investigated expression of scFv fragments by 

Saccharomyces cerevisiae and yf. awamori. Their research successfully expressed 1)1.3 

scFv directed against HEL from A. awamori. This research aimed to use their strain 

(AXCL 4159) to express high levels of scFv in the fermentation broth.

As previously mentioned scFv molecules consist of a single Vh and V l domain 

connected by a short polypeptide linker (Bird et a l, 1987; Glockshuber et a l, 1990). 

The structure of the polypeptide linker will effect stability of the fragment, as well as its 

affinity for the ligand. Huston et al. (1988) determined that 15 residue peptides would 

be sufficient to join the two domains in a functional form. Linkers ideally should be 

sufficiently long to span the distance between the two variable domains, flexible to 

allow Vh and V l association, and hydrophilic to enable a surface location on the 

molecule. The secondary structure of the antibody fragment, must not be so complex 

that it is difficult to fold or interferes with antigen binding.
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The design of scFv molecules and a number of linker polypeptides have been 

extensively reviewed (Bird and Walker, 1991; Johnson and Bird, 1991; Huston et a l, 

1988; Sandhu, 1992). The most common linkers contain (Gly4 Ser) 3  (Huston et a l,

1988), where serine residues confer hydrophilicity and glycine allows flexibility. Many 

linkers are known to reduce the affinity of the scFv for the antigen when compared with 

the Fab fragment (Bird and Walker, 1991), however Colcher et a l (1990) linker was 

reported to have a slight increase in affinity. Aggregation of scFv molecules into dimers 

and other multimers has also been observed (Desplancq et a l, 1994). Aggregation may 

influence antigen binding due to effects of avidity (McGregor et a l, 1994). However 

careful linker design can reduce aggregation (Whitlow et a l, 1993).

1.2 Expression systems for heterologous protein
Escherichia coli is a genetically versatile organism in which recombinant DNA 

technology is well established. It is also an attractive host for large-scale production due 

to fast growth rate and comparatively simple cultivation. However the organism does 

have some disadvantages, including pyrogen (fever-inducing material) production, 

improper folding of the protein, protein insolubility, and the inability to perform certain 

post-translational modification such as glycosylation, which eukaryotic proteins tend to 

require for activation. These short-comings have led to research into other hosts, 

including Gram-positive bacteria (Ueda et a l, 1993; Wu et a l, 1993; Schnappinger et 

a l, 1995), yeast (Fischer et a l, 1999; Frenken et a l, 2000), filamentous fungi, and 

plants (Smith, 1996; Conrad et a l, 1998; De Jaeger et a l, 1999) for the production of 

antibody fragments.
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Filamentous fungi have a long history of industrial involvement, particularly with the 

production of hydrolytic enzymes. Aspergillus niger has been reported to produce 20 

gL"̂  of enzyme from a single gene copy (van Brunt, 1986). The success of filamentous 

fungi in the secretion of heterologous proteins has lead to their use in the expression of 

mammalian proteins. These include Trichoderma reesei secretion of antibody fragments 

at the level of 150 mgL'^ (Nyyssdnen et a l, 1993), and Acremonium chrysogenum 

secretion of human lysozyme at 40 mgL'’ (Morita et a l, 1995). However some 

filamentous fungi produce high levels of protease, which often results in degradation of 

proteins (Archer et a l, 1992; Gouka et a l, 1997; Johannes et a l, 1997). On the whole 

filamentous fungi appear to be good candidates for antibody fragment expression.

1.3 Aspergillus and its use in industry
Aspergillus is a member of the order Eurotiales, which produce their asci within 

cleistothecia (fruiting body). The generic name is derived from the Latin aspergillum, a 

mop for distributing holy water. This refers to the appearance of mature conidiophores, 

which are the means of asexual sporulation in the genus.

Filamentous fungi have been fundamentally important in the agricultural, chemical and 

pharmaceutical industries. These include the production of enzymes, organic acids, 

polysaccharides, foods and beverages. The genus is used in industrial scale production 

of organic acids such as gluconic acid and itaconic acid, and the most important being 

citric acid production by A. niger (Davies, 1994). The total world-wide market for 

industrial enzymes in 1990 was estimated to be $1500 m (Campbell-Platt and Cook,

1989), a substantial part of this total was produced by filamentous fungi. The major 

enzyme produced in terms of bulk is glucoamylase, this is expressed at over 20 gL'  ̂ by 

A. niger (van Brunt, 1986). High secretion rates of native proteins by Aspergillus, have 

made them targets for the production of high valued therapeutic proteins, such as 

recombinant growth factors, cytokines and protein hormones (Table 1.1).
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Table 1.1 Heterologous proteins expressed in Aspergillus (adapted from Jeenes et 

a l, 1991; Davies, 1994; Gouka e ta l ,  1997; Radzio and Kiick, 1997)

Protein Source
species

Expression
Host

Promoter Yield Location

Vertebrate
prochymosin cow

interferon a2

tPA

EOF
GMCSF
CBG
SOD
GH
IL6

egg-white lysozyme

PLAZ

GATA-1
lactoferrin

human

human

human
human
human
human
human
human

chicken

pig
mouse
human

A. niger

A. awamori 
Aspergillus 
oryzae

Aspergillus.
nidulans

A. nidulans

A. nidulans 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidulans 
A. nidulans 
A. niger 
A. awamori 
A. niger

A. niger

A. nidulans 
A. oryzae

(glaA)

(glaA)
(amyA)

(alcA)

{glaA)

(alcC)

(adhA)

(alcA)
(adhA)
(alcA)
(alcA)
(alcA)
{glaA)
{glaA)
{glaA)
{glaA)

(HEWL)

{glaA)

{gpdA)
{RlaA)

11.3 mgL 
1.3gL'

1-10 mgL

1 mgL
-1

1 mgL ^

1 mgL ^

1 mgL

0.5 mgL"'

100 mgL" ' 
5 mgL" ' 

5-10 mgL" '

50 mgL 

10 mgL

Filamentous fungal
aspartyl-protease

phytase

glucoamylase

lipase

Mucor miehei

Aspergillus 
ficuum 
A. niger

Humicola
lanuginosus

A. oryzae 

A. niger

A. awamori 

A. oryzae

{glaA)

{glaA)

{gpdA)

(amyA)

1.97 gL 

2.8 gL
-1

4.6 gL

Bacterial
endoglucanase

endotoxin subunit B

P-galactosidase
P-glucuronidase

Cellulomonas 
fimi 
E. coli

E. coli 
E. coli

A. nidulans

A. nidulans

A. niger 
A. niger

(alcA)

(amdS)

{gpdA)
{gpdA)

20 mgL

24 pg.g 
1- 10%  

&5%
Insect
BM86 (gut cell 
surface)______

Boophilus
microplus

A. nidulans (amdS) 1.8 mgL-1

Abbreviations: tPA, tissue plasminogen activator; EGF, epidermal growth factor; GMCSF, granulocyte- 
macrophage colony stimulating factor, CBG, corticosteriod binding globulin; SOD, superoxide 
dismutase; GH, growth hormone; IL6, interleukin 6; PLAZ, Pancreatic phospholipase; GATS-1 is a 
transacting transcriptional activator of the mammalian erythroid lineage. S, secreted; I, internal cellular 
location.
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1.4 Fermentation strategy
This report focuses on the downstream processing of Aspergillus, therefore only a brief 

summary of fermentation strategy will be included. The fermentation was performed in 

a stirred tank bioreactor, as growth conditions are relatively easy to control. The 

inoculum consisted of condial suspension that was first allowed to germinate in a shake 

flask. Aspergillus was cultivated in a defined medium, which included undefined yeast 

extract. A fed-batch regime was utilised to minimise catabolite repression, which may 

occur with media containing a high carbon concentration. As A. awamori had an 

inducible expression system, fed-batch provided the means of gradual addition of the 

inducer during the fermentation.

Depending upon fermentation conditions, fungus morphology occurs as one of two 

major forms, clump or pellet (Gibbs et a l, 2000; Pazouki and Panda, 2000). Clumps are 

determined as loose hyphal aggregates, which causes the fermentation broth to become 

viscous. This can have detrimental effects on mass transport, especially oxygen transfer. 

Furthermore, clump morphology behaves in a non-Newtonian manner, exhibiting 

pseudoplastic or shear-thinning behaviour. Whilst pelleted suspensions are less viscous, 

the pellets behave as discrete spheres, thus having less of an impact on the feedstream 

behaviour. Factors that affect morphology include level and type of inoculum, shear, 

medium constituents and pH. As protein secretion occurs at the hyphal ends (Wosten et 

a l, 1991; Docking et a l, 1999; Gordon et a l, 2000), increasing their number should 

improve product yield. Docking et a l (1999) found that a high level of branching did 

not increase yield, but reduced viscosity of the feedstream.

One cause of low yields has been recognised as proteolytic degradation of the 

recombinant protein by host proteases. Protease deficient mutants have been used to 

reduce the problem with homologous proteins, and this procedure has also been 

implemented with heterologous protein expressed in A. niger (Archer et a l,  1992). The 

same approach has been utilised with Bacillus’, although the strain was deficient in six 

extracellular proteases, there was still some degradation of the scFv (Wu et a l, 1993). 

Control of pH and low temperatures may help reduce the level of proteases.
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1.5 Downstream processing
Downstream processing is the recovery and purification of a product from a feedstream 

in which it was expressed. The majority of biochemical reactions take place as 

fermentations. Consequently, products have to be recovered from complex broths 

consisting of cells, soluble extracellular components, intracellular products, and 

unconverted substrates. The recovery process is determined by the product’s location 

and physical characteristics, in addition to process size and product value.

The value and the acceptable quality of the product influences the type of recovery 

processes employed, so low cost products will be recovered as crude extracts. Quality is 

normally measured in terms of product purity. For pharmaceutical applications, the 

product must be in the order of 99% pure. Therefore contaminants, such as endotoxins 

and host DNA, have to be limited to below the parts per million level. It is generally 

considered that the higher the purity the lower the product yield, since increasing 

product purity frequently requires additional separation steps. The length and number of 

steps performed in the process will also influence product cost. Consequently, a process 

with minimal steps and maximum purity is desirable.

Once the value and acceptable purity of the product has been established, then the 

process can be developed. The following points have to be considered: the position of 

the product in the process stream (intracellular or extracellular); presence of impurities; 

has the product or impurities have any unusual physiochemical properties that can be 

utilised in separation; and finally what economical alternative are there to the current 

process.

The recovery process generally focuses on the product. This is initially recovered from 

the fermentation broth and if intracellular, is released from the cell then purified. 

Alternatively, the removal of components can be used to determine the process. So the 

most plentiful component is removed first (usually water), followed by the removal of 

the easiest contaminant. However decisions on the downstream process are taken, there 

appears to be a systematic approach, whereby certain processes occur at set stages in the 

purification scheme, such as centrifugation occurring before chromatography 

(Bonneijea etal ,  1986; Wheelwright, 1987).

10
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Finally, when recovering proteins, a number of factors should be taken into account, 

such as the effect of physical and chemical conditions on the protein, sterile operation 

conditions to avoid contamination, and prevention of the release of hazardous or 

noxious substances.

Since A. awamori produces scFv extracellularly, the first step will be the removal of 

mycelium from the product-containing liquid phase. Once this has been achieved, it is 

hoped that the feedstream clarity is high enough to be purified. As the product is an 

antibody fragment, affinity processes may enable specific selection. Chromatography 

has been applied in the purification of high value products, and was used for this 

project. An alternative one-step affinity process, in which scFv is directly removed from 

the fermentation broth utilising magnetic particles (section 1.8), will also be 

investigated.

1.6 Solid-liquid separation
Solid-liquid separation can be achieved through several methods: screening; gravity 

sedimentation; gravity filtration; floatation; cake filtration; membrane filtration; 

centrifugal sedimentation and centrifugal filtration (Purchas, 1981; Osborne, 1990). 

Which method is utilised depends on whether a clear liquid or a dry solid is the ultimate 

requirement. Filamentous organisms are routinely removed by filtration methods, the 

three major methods being filter press, vacuum rotary drum and microfiltration. Filter 

press and vacuum rotary drum are classed as cake filtration, whilst microfiltration is a 

membrane filtration method.

Vacuum rotary drum
The vacuum rotary drum consists of a filter medium stretched along a cylindrical 

chamber or drum, to which a vacuum is applied. It is commonly utilised in the antibiotic 

industry (Crueger and Crueger, 1989). Solid discharge is by knife, however for mycelial 

material string mechanism is used. Vacuum rotary drums are applied to suspensions that 

contain high solid concentrations, between 20-60% mycelial volume (Crueger and 

Crueger, 1989).

11
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Filter press
The filter press consists of a series of parallel-corrugated plates mounted horizontally. 

Between the plates is the filter cloth. The feedstream passes from chambers into 

alternate plates via the filter cloths, then through the corrugations to the header where 

the filtrate is collected. This method is best suited for solutions with low solid 

concentration. In the production of injectable-grade calcium gluconate by A. niger 

fermentation, mycelia were removed by filter press at a rate of 4 Lh'^ (Shah and 

Kothari, 1991, 1993).

Microfiltration
Separation occurs by cross-flow filtration, which operates by applying a driving force 

across the membrane, whilst the feedstream flows parallel to the membrane surface. 

This parallel feedstream flow provides sufficient force to minimise the formation of a 

layer of solids. Microfiltration is utilised in the separation of particles between 0.05-10 

pm. One disadvantage of this system is that it is affected by antifoam.

The major disadvantage of filtration methods is process time. Compared to 

centrifugation, filtration is a lengthy process and often expensive. However, centrifuges 

are usually unsuitable for highly viscous fungal broth, or feedstreams with no 

significant difference in specific gravity of the solid and liquid phase. Centrifugal 

filtration combines filtration with centrifugation, thus reducing the process time of 

filtration. Consequently, centrifugal filtration was chosen as the method for solid-liquid 

separation.

1.6.1 Centrifugal filtration

A faster alternative to filtration is centrifugal filtration. Feedstream passes through a 

rotating filter membrane, hence centrifugal force drives the liquid through pores 

between particles held against the rotating bowl wall (Bradley, 1965). The process can 

be run batch or continuously. Good separation of fine and slow draining solids is 

achievable, as well with medium to coarse particles. The resulting filter cake can have 

low moisture content, and can easily be washed.

12
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Centrifugal filters fall into two main groups fixed or moving beds. Fixed bed, the 

centrifuge cake forms on the bowl wall until discharged, batch operation. Discharge can 

be manual, or automatic by means of a knife mechanism. Alternatively there are moving 

bed centrifuges, where solids are formed on the bowl, which passes through zones of 

washing and drying, a continuous operation. The four main centrifuges used in industry 

are described in Table 1.2.

Table 1.2 Major process characteristics of filtration centrifuges (Morris, 1966)

Characteristic Basket
centrifuge

Peeler
type

Conveyor 
discharge conical 

screen

Pusher

Breakage low high medium medium
Wash
efficiency

good good fair excellent

Cake dryness good excellent variable good
Cake
thickness

13-180 mm 13-101 mm 3-127 mm 13-635 mm

Nature of 
particles in 
slurry

Fine to 
coarse. 
Filter cloth 
can be used

Fine to 
coarse. 
Filter cloth 
can be used

Majority greater 
than 200 mesh. 
Free draining

Majority 
greater than 
200 mesh. 
Free draining

Other
features

Complete 
removal of 
solid.

Suitable for 
pressurised & 
low temp, 
work

High throughputs 
obtainable.
Fairly low power 
consumption

Suitable for 
crystals greater 
than 100 mesh

Overall
comparison

Great
flexibility.
Normally
batch
operated.

Great
flexibility.
Continuous
operation.

Cheap, simple, 
continuous 
operation. 
Excellent when 
used on correct 
applications.

Useful 
compromise 
between the 
previous three 
types.

Industrial
usage

Raw sugar 
production

Penicillin
production

De-juicing fhiits in 
the food industry

-

Choice of filtration centrifuge is more of an art compared to selection of sedimentation 

centrifuge. Qualitative requirements, pilot-plant data or previous experience with 

similar products has been used to decide which machine to use (Morris, 1966). For this 

project the basket centrifuge was chosen, as this equipment was familiar to UCL.

13



Chapter 1 Introduction

1.6.2 Basket centrifuge

Since the fermentations were performed at the working volume of 4.5 L, a laboratory 

scale centrifugal filter was required. The MSB 0.5 L basket centrifuge (Fisher Scientific 

UK Limited, Loughborough, UK) was ideal (Fig. 1.2). This machine consisted of a 

vertical perforated bowl, mounted on top of the motor. The bowl rotated inside a 

shielding vessel, called a curb (Hsien-Wen, 1981). MSB 0.5 L basket centrifuge was 

capable of ten speed settings ranging between 3000-10000 rpm. A filter cloth in the 

shape of a bag, was place inside the perforated bowl. The feedstream was introduced 

into the filter cloth, whilst the bowl rotated. Centrifugal forces pushed the liquid through 

the filter cloth, and perforated walls of the bowl. Liquid collected in the curb and from 

here it exited the centrifuge, whilst the solids were retained by the filter cloth. Once the 

filter cloth was full the machine was stopped, and the cloth removed to discharge the 

solids by hand.

Very little has been published regarding the use of basket centrifuges in biochemical 

engineering processes. Nematodes have been successfully separated from fermentation 

broth, using a Sharpies Pennwalt machine (Surrey and Davies, 1996). The process was 

run at 3000 rpm with a feed flow containing 1.03x10^ mL"  ̂ live nematodes. Similar 

work performed at UCL (Young, 1998) also separated nematodes from fermentation 

broth, using the MSB 0.5 L basket centrifuge at 3500 rpm. The basket centrifugation has 

also been utilised in the chemical industry for the recovery of precipitates, such as 

calcium gluconate (Shah and Kothari, 1991), and cellulase (Ramamurthy et al, 1992). 

Both processes were run at 1700 rpm and 27 °C.

14
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Figure 1.2 Schematic diagram of the laboratory scale MSB basket centrifuge
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1.7 Chromatography
In order to achieve high levels of product purity, resolution techniques are required. The 

most common technique is chromatography, in which components of a sample migrate 

through a column at different velocities. Separation of components relies on particle 

interaction with the column stationary phase. Chromatography is a batch process that 

consists of the sample binding to the stationary phase, followed by the dissociation from 

the column.

Chromatographic system consists of a column, which contains the stationary phase 

(matrix), detection unit and a fraction collector. Liquid leaving the column passes 

through a detector, either ultraviolet, conductivity or pH, to monitor the elution profile.

Chromatography can be classified by the type of interaction occurring between solid 

phase and sample. The five major types are gel filtration, ion exchange, hydrophobic 

interaction, reverse phase, and affinity chromatography. As scFv is an antibody 

fragment and has a specific interaction with the antigen hen-egg lysozyme, affinity 

chromatography was employed.

1.7.1 Affinity Chromatography

Many biological products have specific interactions with other molecules, such as an 

enzyme and its inhibitor. These specific interactions can be exploited in 

chromatography. One of the interacting pair is covalently bound to the matrix, and used 

to adsorb the other molecule. With the appropriate elution buffer, the bound molecule 

can be recovered from the solid phase. The most common systems exploit the 

interaction between antigens and antibodies. This interaction can be very strong, so 

harsh elution buffers are required. Unfortunately, there is a high risk of irreversible 

dénaturation and degradation of product.

16
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The majority of affinity purification procedures exploit the binding ability antibodies, 

especially monoclonal antibodies. Their affinity with the interacting antigen ranges 

from 10  ̂ to 10̂  ̂ L mole"’ (Jack and Wade, 1987). Hence, they have the ability to 

concentrate antigens from very dilute solution. Binding occurs at the V l and Vh region 

(Fig. 1.1), which is a relatively small section of the antibody. However, this high 

affinity causes major problems when attempting dissociation of the complex. This can 

be alleviated by choosing a ligand with lower affinity in the order 10  ̂L m ole'\

Monoclonal antibodies have been used to resolve human pituitary glycoproteins, a 

group of proteins sharing a high degree of homology (Jack and Wade, 1987). One 

disadvantage of monoclonal antibodies is their size. Most of the molecule is not 

required for specific binding to the antigen. Large ligands require wide-pore matrix for 

efficient immobilisation, even so their presence may still reduce the pore size. A wide- 

pore matrix often leads to poor specific capacity or band spreading.

Several antibody fragments have successfully been utilised as affinity ligands (Table

1.3). Their small size enables narrow-pore matrix to be used. In addition, antibody 

fragments also have a higher capacity for antigens on a weight for weight basis. Fv and 

scFv fragments specific for hen-egg lysozyme, have been successful in recovering the 

antigen in a single step (Berry et a l, 1991; Berry and Pierce, 1993). However, small 

fragments such as Vh (Fig. 1.1), and paralog peptides containing the complementarity- 

determining region (cdr), had little or no affinity activity (Berry and Davies, 1992). 

Consequently antibody fragments are more efficient affinity ligands than monoclonal 

antibodies, nevertheless there is a size limit.

17



Chapter 1 Introduction

Table 1.3 Summary of antibody fragments used in affinity chromatography

Antibody
fragment

Antigen Matrix Elution buffer Recovery

Fv hen-egg
lysozyme

(l)porous silica
(2,3)CNBr-activated
sepharose

4M MgCl] 
pH 7

(1)75%
(3)61%

scFv hen-egg
lysozyme

(3)CNBr-activated
sepharose

4M MgCl] 
pH 7

(3)76%

scFv carcino-
embryonic
antigen

(4) CNBr-activated 
sepharose

3M potassium 
thiocyanate

2 mgL'^

Fv hen-egg
lysozyme

(5) cross-linked 
amylose

- then ion 
exchange

scFv hen-egg
lysozyme

(5) cross-linked 
amylose

- then ion 
exchange

scFv Mouse c-myc 
mAB

(6) Hydrazide-
derivatized
azlactone-activated

O.IM glycine- 
HCl pH2.8

then ion 
exchange

scFv P. aeruinosa (7) anti-human Fab O.IM glycine- 
HCl pH2.8

-

Fab P. aeruinosa (7) anti-human Fab O.IM glycine- 
HCl pH2.8

-

(1) Berry et a l ,  1991. (2) Berry and Davies, 1992. (3) Berry 
(5) Brégégère et a l ,  1994. (6) Laroche-Traineau et a l, 2000.

and Pierce, 1993. (4) Pérez et a l ,  1996. 
(7) McGregor et a l ,  1994

Solid phase
There are several commercially available matrices for affinity chromatography (Table

1.4). One of the major problems with these matrices is leaching of the ligand during 

product elution. For this project, NHS-activated sepharose (HiTrap) Pharmacia column 

was utilised.

During prolong use deterioration of affinity separation has been observed. This is 

normally caused by inactivation of ligand, fouling or ligand leakage. The majority of 

work has been performed on ligand leakage. This is due to cleavage of the bond 

between the resin and ligand, as many of the linkages are unstable (Wilchek, 1978). 

However, the addition of polyvalent spacers which cross-link the agarose, have lowered 

leakage caused by bond breakage (Wilchek, 1978). Berry and Pierce (1993) investigated 

the effect of 100 cycles of purification on Fv and scFv affinity columns. Both systems 

were found to be stable, however the low loss in capacity was due to ligand leakage.
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Table 1.4 Summary of the properties of commercial matrices (adapted from Jake 

and Wade, 1987)

Matrix Supplier Bonds between solid phase and sample

CNBr-activated
Sepharose

Pharmacia
Under mild alkaline conditions, isourea linkage with 
alkylamino groups on protein surfaces.
Bonds stable over a wide range of pH.
(Isourea at acid pH)

N-hydroxy- 
succinimide esters

Bio-Rad
On coupling at pH near neutral N-hydroxy- 
succinimide (NHS) is displaced, allowing a stable 
amide bond with free alkyl/aryl amino groups. 
Bonds stable over a wide range of pH

NHS-activated
sepharose
(HiTrap) Pharmacia

Designed for covalent coupling of primary amino 
groups of ligands. Highly crossed linked agarose 
beads with 6 atom spacer arms attached to the matrix 
by epichlorohydrine and activated by 
N-hydroxysuccinimide

Tresyl-activated
Sepharose

Pharmacia Immobilise proteins through free amino or 
sulphydryl groups

Trisacryl LKB
Matrix is synthetic poly-N-acryloyl-2-amino-2- 
hydroxymethyl-1,3 propanediol 
Activated by a range of chemistries

Fractogel TSK Merck Hydrophilic vinyl polymer

Dissociation
Dissociation is commonly performed with low pH (pH 2-4), occasionally in the 

presence of denaturing agents such as urea or guanidium. Alternatively chaotropic 

agents such as iodide or thiocyanate, these induce reversible dénaturation of protein 

molecules. The ease at which the antibody-antigen complex disrupts will determine the 

conditions of elution. With sensitive proteins, a compromise may have to be made with 

respect to affinity of the ligand. Low affinity will permit mild elution.
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1.8 One step recovery and purification process
Recovery and purification process often consists of a number of unit operations that 

lead to high operation cost and low product yield. A one step purification system that 

selectively adsorbs the target protein directly from the crude feedstream, containing 

solid fouling matter, would be advantageous. Affinity processes are suited to one step 

system, as they combine recovery and purification. Jones (1991) found the yield and 

purity of a single affinity chromatography step to be significantly higher than multiple 

purification steps. To maximise purification, the affinity step should be implemented as 

early as possible. There are several affinity operations that can be utilised (Table 1.5).

Table 1.5 Modes of affinity adsorption and their suitability for a one step process 

(Zulqarnain, 2000)

Modes of 
operation

Resolution Suitability for 
primary 
recovery

Considerations

Batch 3 5 Recovery dependent on kinetics 
of adsorption.

Pack bed 5 1 Fouling of column prevents use of 
feedstreams containing 
particulates.

Expanded bed 4 4 Throughput limited by adsorption 
design and feedstream 
composition.

Fluidised bed 3 4 Throughput limited by adsorption 
design.

Magnetically
stabilised
fluidised

3 3 Specialist media required and 
poorer resolution than fluidised 
bed.

Magnetic affinity 3 5 Recovery requires special 
supports.

Affinity
membrane

3 3 Fouling of membranes and low 
capacity.

Resolution and Suitability columns, figures are scored out of 5 where 1 is bad and 5 is good.
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Magnetic affinity was selected for two reasons, ease of recovery and reusability of 

particles (Munro et a l, 1981), and because selectivity can be created by chemically 

coating the particles, so that functional groups protrude from surface. Ion oxide particles 

were used for this project. These ion oxide particles had amine groups on the surface to 

facilitate attachment of affinity ligand (Zulqarnain, 2000). Polyglutaraldehyde was used 

to attach the ligand to the ion oxide particles. Magnetic particles have been used in 

biological operations such as radioimmunoassay (Setchell, 1985; Kronick and Gilpin, 

1986; Haukanes and Kvan, 1993), enzyme and cell immobilisation (Munro et a l, 1977; 

Hailing and Dunnill, 1979; Whitesides et a l, 1983), affinity separation (Lochmuller and 

Wigman, 1987; Ennis and Wisdom, 1991) and effluent processing (Chen et a l, 1991; 

Pieter et a l, 1992). Zulqarnain (2000) successfully recovered Fv fragments from E. coli 

lysate.

1.9 Laboratory to commercial production
Once a process has been shown to be successful at laboratory scale, it needs to be 

scaled-up to pilot plant then eventually to commercial levels. Scale-up success is shown 

by how close rate, yield and purity at large-scale matches the small-scale results. Scale- 

up from laboratory to pilot plant has been found to be a formidable task. Pilot plant 

equipment generally does not perform as well as laboratory scale, because it is not 

possible to keep all chemical and physical parameters constant on changing scale 

(Sweere, 1987; Atkinson and Mavituna, 1991; Reisman, 1993). Scale-up studies are 

commonly time consuming and costly part of process development (Rosen, 1985).
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Fermenter scale-up has been relatively successful as long as the geometric relationship 

or operating variables are maintained (Oosterhuis and Kossen, 1983; Jem, 1989), 

however similar results have not been obtained with downstream equipment (Rosen, 

1985; Reisman, 1993). Difficulty of maintaining the “environmental conditions” which 

the feedstream faces as it passes through the equipment, at the various scales is the 

major problem. In addition, the number of possible operations considered as part of the 

downstream process increases the potential for scale-up problems. Since the production 

cost is split fermentatiomdownstream 1:8 or 1:10 (Reisman, 1993), it is important to 

chose the most suitable equipment for the process, and that scale-up is performed 

correctly.

1.9.1 Downstream studies

During development of a bioprocess, product yields are often small in the range of ng or 

pg per mL. As laboratory equipment is often difficult to scale-up, the alternative is to 

operate at pilot plant scale. Since the majority of equipment requires feedstreams of litre 

volume, many upstream runs such as fermentations are required, to produce a large 

enough volume for downstream trials. The major problem with this is maintaining the 

reproducibility between sequential fermentations.

The alternative is to scaling-down, so that pilot plant equipment functions at the 

laboratory level. This can be achieved by three methods, running the pilot plant 

equipment at laboratory conditions, mimicking a large-scale operation in smaller scale 

equipment or constructing a laboratory scale version. The disk stack centrifuge was 

scaled-down by taking an existing pilot scale equipment and altering its configuration, 

so that it operates at lower throughput in a fashion which is representative of the full- 

scale machine (Mannweiler and Hoare, 1992). Separation in the multichamber-bowl 

was replicated using and laboratory centrifuge and shear device (Boychyn, 2000). For 

this project, a scale-down mimic of the basket centrifuge was constructed in-house.
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Scale-down and ultrascale-down studies aim to reproduce process conditions at 

laboratory scale. Consequently greater number of experiments can be performed, with 

reduced quantity of feedstream. Eventually the scale-down approach should eliminate 

costly and time consuming pilot plant runs, thus reducing time taken to optimise 

biochemical processes. Ultimately shortening the product’s time to market.

Centrifuge are generally scaled-up utilising sigma theory (Ambler, 1952), which 

describes centrifugation in terms of a separation area. Sigma value (E) indicates the 

required area of a gravity settling tank required to produce the same clarifying capacity 

as the centrifuge. Consequently it determines the settling velocity of the centrifuge. 

However since the basket centrifuge is a filtering device, it separates on the principle of 

size rather than density of particles. Consequently two other scale-down criteria were 

investigated, energy dissipation and relative centrifugal force. Energy dissipation 

determines the force driving separation, with the friction created by the feedstream 

passing through the device. Values for energy dissipation calculation were obtained 

using computational fluid dynamics (CED) techniques. Whilst RCFmax calculates the 

centrifugal force occurring within the device.

1.10 Aims
With the growing demand for antibody fragments, an efficient scalable and low cost 

process is required. Previous work at UCL (Harrison, 1996) successfully expressed 

D1.3 scFv directed against HEL in the periplasm of E. coli. With this system 

downstream processing volume was low. However the feedstream was highly 

contaminated with cell debris. The aim of this project was to exploit the high secretion 

capabilities of A. awamori in the expression of D 1.3 scFv directed against HEL. Since 

the scFv was expressed extracellularly, removal of mycelium from the liquid containing 

scFv was to be the first step of the recovery process. Filamentous organisms are 

routinely removed by filtration methods, generally these processes are more expensive 

and time consuming compared to centrifugation. Consequently centrifugal filtration 

utilising the basket centrifuge was investigated as an alternative solid-liquid removal 

system.
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Laboratory developed processes need to be scaleable to pilot plant and manufacturing 

levels. This research aimed to determine a criterion that could be used to scale the 

basket centrifuge from ml to L volume. Furthermore, scale-down and ultrascale-down 

studies aimed to reproduce process conditions at laboratory scale, so a greater number 

of experiments could be performed with reduced quantity of feedstream.

Since the product is an antibody fragment, the specific interaction between antibody and 

antigen can be exploited by affinity recovery. Affinity chromatography was to be 

implemented in the recovery of scFv from the clarified filtrate. The affinity 

chromatography method utilised had to be able to recover scFv from the other proteins 

and nucleic acids present in the clarified filtrate. So recovering scFv to a sufficient 

purity that it could be utilised as a standard for the monitoring assays, such as ELISA.

Affinity processes are suited to one step recovery/purification process. The final aim of 

this project was to determine whether scFv could be recovered from fermentation broth 

in a one step process. This was to be achieved using magnetic particles coated with 

HEL. The scFv would bind to the HEL attached to the magnetic particles, and these 

particles were recovered from the fermentation broth by magnetism.
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2.0 ELISA, BIOSENSOR AND COOMASSIE ASSAY
During the fermentation, Aspergillus awamori expressed numerous proteins in addition 

to scFv. The efficiency of the recovery and purification processes could be shown by 

monitoring protein and scFv levels. Throughout the project the amount of scFv was 

determined by ELISA or Biosensor, whilst the Coomassie assay was used to ascertain 

the amount of total protein present. These methods of analysis were chosen, as 

procedures were established in the department. The reliability of data depends upon the 

quality of the assays. This is influenced by the condition of reagents, as well as the 

quality of implementation and execution of the assay.

ELISA

Over the last 40 years immunoassays have become established laboratory procedures in 

the study of physiological, pathological and pharmacological processes. Of these 

procedures, the Enzyme-Linked Immunosorbent Assay (ELISA) is a commonly utilised 

technique (Blake and Gould, 1984; Edwards, 1985; Voiler and Bidwell, 1985; Kemeny, 

1991). It detects antibody-antigen interaction by an enzyme reaction. Assays consist of 

four major steps. The first, coating the antigen to a solid phase, such as the micro titre 

plate or in this case nylon pegs. Second, one or more layers of immune complex attach 

to the solid phase. The third step is the binding of an antibody chemically coupled to an 

enzyme, to the immune complex. Finally, the reaction between this enzyme and its 

substrate results in a measurable coloured product. For a schematic diagram of the assay 

see Figure 2.1.

Biosensor

The scFv concentration can be accurately determined by ELISA. Unfortunately, the 

assay takes at least three hours. A faster and simpler method is the biosensor. In general 

terms, a biosensor consists of a biological sensing element such as an antibody, enzyme 

or cell, in close contact with a physico-chemical transducer such as an electrode or 

optical fibre (Coulet, 1991; Canh, 1993; Byfield and Abuknesha, 1994; Eggins, 1996).
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Figure 2.1 Sehematic representation of the ELISA (Harrison, 1996)

1. Solid Phase - Ridged nylon pegs sensitised with the antigen (hen-egg lysozyme) 

covalently linked using glutaraldehyde

2. Analyte - scFv antibody fragment (sample)

3. Serum - From rabbit containing polyclonal antibodies directed against antibody 

fragments

4. Antibody-Enzyme Conjugate - Commercially available antibody directed against 

rabbit IgG, affinity isolated from goat antiserum and conjugated to alkaline 

phosphatase by protein cross linking with glutaraldehyde

5. Enzyme Substrate - p-nitrophenyl phosphate (pNPP) hydrolysed by alkaline 

phosphatase to p-nitrophenol which produces a yellow colour measurable at 405 

nm, and inorganic phosphate
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The biosensor used here, like the ELISA, was able to measure the interaction of pairs of 

molecules, such as antibody-antigen binding. It consists of a biological sensing element 

upon which one of the specific binding partners was immobilised, whilst the other was 

free in solution. In this case, the interaction of the molecules was measured optically 

with the lAsys Cuvette machine (Labsystems Affinity Sensors, Cambridge, UK), which 

utilised evanescent waves and wave-guiding techniques to produce a ‘resonant mirror’ 

(Cush et a l, 1993; Gill, 1996a). Finally, because association of the soluble molecule 

with the ligand was reversible, elution and regeneration of the surface matrix allowed 

multiple re-use of the immobilised antigen.

Coomassie assay

The Coomassie assay (Pierce, Rockford, US) is a manufactured assay kit. The assay 

works on the principle of Coomassie Brilliant Blue G-250 dye binding to protein 

(Bradford, 1976), which causes a shift in the absorption maximum of the dye from 465 

to 595 nm. This is observed as a colour change from brown to blue. The advantage of 

this protein assay over others such as Lowry, was the rapid reaction time and colour 

stability of 1 h. Furthermore, there is little or no interference from common buffers.

2.1 Methods and Materials for ELISA, Biosensor and 
Coomassie assay
All reagents were purchased from BDH chemicals (Merck Ltd., Lutterworth, UK) 

unless specified, and were of the highest available grade.

The ELISA was utilised in the quantification of scFv present in the samples. Improved 

ELISA analysis was investigated by diluting the scFv standard and the samples across 

the 96 well plate. The stability of the scFv standard was determined by performing UV 

wavelength scan on the freshly prepared standard, and then on the same standard after 6  

months storage. The effect of peg storage on ELISA signal was investigated by assaying 

pegs from the same batch, stored for 6  months, 9 months and 1 year, and their response 

was compared to freshly prepared pegs. Two controls were analysed by ELISA to 

determine whether there were background signals: fermentation broth free of 

Aspergillus, and broth passed through the affinity chromatography column so that the 

scFv was removed.
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These two broths were also spiked with a known quantity of scFv standard, so that any 

signal distortion by the broth components could be identified. Three methods of 

removing solid from samples were investigated for their effect on the ELISA signal: 

centrifugation, filtration through glass fibre filters and puradisc syringe filters. The 

biosensor’s ability to determine scFv concentration was also investigated, and compared 

to the ELISA. Total protein concentration was determined by Coomassie assay, and the 

Coomassie dye’s affinity for scFv was also investigated.

2.1.1 ELISA Method

The ELISA method utilised was designed to detect scFv and Fv raised against Hen egg 

lysozyme (HEL, grade 3 L6876, supplied by Sigma-Aldrich Company Ltd., Gillingham, 

Dorset, UK) (Berry and Pierce, 1993; Harrison, 1996) (Fig. 2.1). The ELISA consisted 

of four steps. A new plate was used for each step, because the HEL was bound to nylon 

pegs designed to fit microtitre plate wells. Between steps, the pegs were washed in 

distilled water three times. For each step, 150 pL of reagent was added to each well and 

incubated for 30 min at room temperature.

The nylon pegs were provided by Unilever Research (Colworth, Bedford, UK). Pegs 

were utilised, as they have an increased surface area compared to the internal surface of 

the microtitre plate. Once the pegs were prepared they were stored at 5 °C, and could be 

used for at least 1 year (section 2.1.2). The activity per peg within a batch of pegs was 

identical, whereas plates vary as they are prepared when required. Furthermore the 

obligatory washing steps were simpler for pegs compared to plates. For ease of use, 

pegs were assembled onto holder bars in rows of 12. To maintain stability during 

storage, the pegs were coated with sucrose Tris buffer (sucrose 10%, Tris 0.05M pH 8 ). 

Consequently before use, the pegs were washed for 10 min in distilled water to remove 

the sucrose coating.
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To reduce non-specific binding signals, samples were diluted in a solution of 0.3% 

bovine serum albumin (BSA, supplied by Sigma-Aldrich Company Ltd.) in PBS 

(Phosphate buffered saline, supplied by Sigma-Aldrich Company Ltd.). If solid was 

present in the sample, it had to be removed as it interfered with the binding process of 

the assay. Therefore, solid was removed by filtration through 0.2 pm polysulphone 

puradisc syringe filters (Whatman Ltd., Maidstone, UK) (section 2.1.5).

The following dilutions of the scFv standard were prepared in PBS with 0.3% BSA: 

1000 ngm L'\ 500 ngmL'% 250 ngmL"\ 100 ngm L'\ 50 ngm L'\ 25 ngm L'\

12.5 ngm L'\ 10 ngm L'\ 5 ngmL'^ and 0 ngmL'\ 150 pL of the standards and samples 

were added as duplicates to the wells. Then the pegs were placed in the wells and 

incubated. The second step was the addition of rabbit polyclonal antibody raised against 

the Fv fragment (Unilever Research, Colworth). This was diluted 1 in 2000 in PBSTA 

(PBS, 0.15% Tween 20, 0.02% sodium azide). In the third step, the pegs were incubated 

in goat anti-rabbit alkaline phosphatase conjugate (Sigma-Aldrich Company Ltd.) 

diluted 1 in 1000 in PBSTA. The final step was the enzyme substrate, p-nitrophenyl 

phosphate (Sigma-Aldrich Company Ltd.) diluted to 1 mgmL'^ in IM diethanolamine 

buffer pH 9.8 (diethanolamine 105.1 gL’’ (Sigma-Aldrich Company Ltd.), 0.2M MgCU 

1 mLL'^). Development of colour was measured by a Dynatech MR7000 plate reader 

(Dynatech, Guernsey, UK) at the wavelength of 405 nm. Once the standard of 1000 

ngmL'^ had an absorbance reading of about 1.0 the assay was finished and the plate 

read.

Sample concentration was determined from a scFv standard curve (Fig. 2.2). From this 

curve the concentration could be calculated, taking into account the dilution factor.
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Figure 2.2 ELISA scFv standard curve. Squares (■) represent the ELISA readings for 

the scFv standard, and the red line (-) indicates the linear region of the curve utilised in 

the calculation of sample scFv concentration.
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2.1.2 ELISA Improved Method

Due to inconsistency of the ELISA results, an alternative procedure was implemented. 

The improved ELISA method was as previously described, however the first step was 

changed. 300 \xL of the scFv standard (1 pgmL'^) and samples (if necessary were 

diluted to approximately 1 pgmL'^), were added to the first vertical row of the microtitre 

plate. These were serially diluted (1/2) across the plate in PBS with 0.3% BSA, 

consequently the final volume in each well was 150 |aL. Then the pegs were placed in 

the wells and incubated.

2.1.3 scFv standard stability

Since the sample scFv concentration was determined from an scFv standard curve, the 

stability of the scFv standard was very important. Preparation of the scFv standard is 

discussed in chapter 6. The standard was stored at 5 °C, and the effect of storage was 

monitored by UV wavelength scan between 250 to 290 nm. Newly prepared scFv 

standard was analysed, then after 6  months storage it was analysed again.

2.1.4 Effect of peg stability on ELISA signal

As the antigen was present on the pegs, the effect of peg storage on the ELISA signal 

was investigated. From one batch, pegs were tested after 6  months, 9 months and 1 year 

storage at 5 °C, and compared to their activity when newly prepared. An scFv standard 

curve was used to measure peg activity. The original ELISA method was used for 

analysis of freshly prepared pegs, and pegs stored for 6  and 9 months, whilst the pegs 

stored for 1 year were analysed by the improved ELISA method.
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2.1.5 Negative controls for ELISA

It was important to know if there was anything other than the scFv that could cause an 

ELISA response. The majority of samples were present in fermentation broth, which 

may have caused background readings or inhibited the response. To obtain samples not 

containing scFv, broth not inoculated with Aspergillus, and fermentation broth passed 

through the affinity column so the scFv was removed, were analysed by ELISA.

To confirm these results and ensure that the broth components did not inhibit or distort 

the response, another ELISA was performed. This time the broth samples were spiked 

with 95 mgL'^ of scFv standard, thus determining the effect of background signal on a 

known response.

2.1.6 Preparation of samples for ELISA

Before fermentation samples could be analysed by ELISA, the solid content had to be 

removed. Biomass analysis of fermentation broth was performed by filtering 10 mL 

through glass fibre filters (Whatman Ltd.) (section 3.1.3). To determine whether the 

filtrate could be used for ELISA analysis, results were compared to two other methods 

of solid removal, 0.2 pm polysulphone puradisc syringe filters (Whatman Ltd.) and 

centrifugation. Glass fibre filtration was performed as the control. The puradisc syringe 

filter was tested as it could handle smaller sample quantities, than the glass fibre 

filtration system that required at least 5 mL. Centrifugation was evaluated, as it was a 

low shear system. Approximately 1.5 mL was pipetted into an Eppendorf tube and spun 

for 10 min at 12000 rpm in a bench top centrifuge (Biofuge 13, Heraeus Sepatech 

GmbH, Osterode/Harz, Germany). Fermentation broth from run 5 was utilised for this 

experiment. Triplicate samples of clarified broths from the three methods were analysed 

by ELISA (section 2.1.3).

32



Chapter 2 ELISA, Biosensor and Coomassie Assay

2.1.7 Biosensor method

A cuvette was prepared following the protocol of Gill (1996a, 1996b), and the ligand 

HEL was bound to its surface. The cuvette was stored with 200 pL of PBSTS (PBS, 

0.05% v/v Tween 20, 0.5M sodium chloride) wrapped in parafilm at 5 °C. When 

required, the cuvette was place in the biosensor and left for 30 min to equilibrate to 

room temperature.

The procedure for analysis of scFv was devised by A. Gill (1996a). To ensure the 

surface was clean, the cuvette was washed in 180 pL of 50 mM hydrochloric acid (HCl) 

(Fig. 2.3). The environment was neutralised with three rapid washes of 180 pL of 

PBSTS, leaving the third wash in the cuvette to reach a base line. Then 20 pL of sample 

was added to the PBSTS. Once the response had levelled off, the surface was 

regenerated with 180 pL of 50 mM HCl, then neutralised with PBSTS.

The response curve was analysed using FAST fit (Erithacus software Ltd., Labsystems 

Affinity Sensors) computer software. This enabled the linear region of the response 

curve to be measured (Fig. 2.4). An scFv standard curve was prepared by measuring the 

response curves for a range of scFv concentrations.

2.1.8 Coomassie assay method

A protein standard curve was prepared with bovine serum albumin (BSA, Pierce), 1 to 

0.03 mgmL'\ To a 1 mL cuvette, 50 pL of sample and 950 pL of working solution 

(Coomassie assay. Pierce), were added. This was mixed by inversion, then incubated at 

room temperature for 5 min. An Uvikon 922 spectrophotometer (Kontron Instruments, 

Campania, Italy) was used to measure the absorbance at 595 nm. If the reading was 

higher than 0.8 units, then the sample was diluted using PBS and the above procedure 

repeated.
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Figure 2.3 An assay cycle showing a typical binding curve and regeneration for an scFv 

response. Region A corresponds to a buffer baseline, region B is  a binding event, region 

C a regeneration event using HCl as a regeneration buffer, and region D the buffer 

baseline of the next assay.
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Figure 2.4 Determining the amount of sample from the biosensor response curve. Where 

the black line (—) represents the biosensor scFv response, whilst the dash line (—) is 

the linear region of the response curve utilised in the calculation of sample 

concentration.
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2.1.9 Sensitivity of the Coomassie assay

Total protein concentration was determined by a standard curve prepared with BSA. 

This was the recommended standard as it has a strong affinity for the dye, however the 

protein to be analysed may not bind so well. As scFv was the protein of interest, a 

standard curve was prepared to determine how well scFv bound to the dye.
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2.2 Results
The improved ELISA method had inereased number of ELISA readings for each sample 

consequently improving the reliability of the results, compared to the original ELISA 

method. The UV wavelength scan for an seFv standard after 6  months storage was 

identical to the freshly prepared seFv standard. Analysis of the effect of peg storage on 

ELISA signal, found the highest signal to be achieved with pegs stored for 1 year, 

followed by pegs stored for 9 months, then freshly prepared pegs. Pegs stored for 6  

months gave the lowest signal. Neat fermentation broth free of Aspergillus, and 

fermentation broth that had the seFv removed by affinity chromatography, produced an 

ELISA absorbance reading of 0.1 units. When these two broths were spiked with 95 

mgL'^ of seFv they had a similar ELISA curve to the seFv standard, however their 

reading were approximately 0.1 units above the standard curve. Sample solid removal 

by glass fibre filter recovered 14 m gL '\ whilst filtering through puradisc syringe filters 

recovered 29 mgL'^ and centrifugation recovered 32 mgL"\ The seFv concentrations 

calculated by the biosensor readings were lower than the values calculated from the 

ELISA readings. Coomassie assay was used to determine total protein concentration. 

The Coomassie dye was found to have a lower affinity for scFv compared to the 

recommended BSA standard.

2.2.1 Comparison of the ELISA methods

With the original ELISA method, samples were diluted (if necessary) then added to 

duplicate wells of the plate (Table 2.1). Some of the duplicates readings had a large 

variation, which caused a discrepancy when calculating the scFv concentration (Table 

2.2). Furthermore the dilution of samples appeared to increase the variation of seFv 

concentration.

With the new ELISA method, the samples either neat or diluted, were added to the first 

row of the plate then serially diluted across the plate (Table 2.3). The overall seFv 

concentrations of a sample, calculated from the different dilutions, were very similar 

(Table 2.4).
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Table 2.1 ELISA readings from original ELISA method

Sample 

(Fermentation time)

Sample dilution

Neat 1 \ 1 0 1 \ 1 0 0 1 \ 1 0 0

Oh 0.179 0.15 0.128 0.145
15.5 h 0.663 0.628 0.253 0.278

2 0  h 0.788 0.825 0.485 0.51 0.205 0.187
23 h 0.926 0.892 0.727 0.677 0.341 0.329

38.5 h 0.885 &832 0.639 0.596 0.198 0.223
42.5 h &829 0.844 0.608 0.552 0.225 0 . 2 1

47 h 0.847 0.726 0.704 0.558 0.225 0.269
63 h 0.801 0.764 0.637 0.633 0.3 0.264
65 h 0.755 0.778 0.642 0.581 0.217 0.241

Table 2.2 scFv concentrations calculated from original ELISA method (Table 2.1)

Sample 

(Fermentation time)

Sample dilution

Neat 1 \ 1 0 1 \ 1 0 0 1 \ 1 0 0

Oh 0.007 0.006 0.058 0.063
15.5 h 0.060 0.051 0 . 1 0 0 0 . 1 1 2

2 0  h 0.103 0 . 1 2 1 0.276 0.307 0.813 0.752
23 h 0.189 0.163 0.792 0.637 1.471 1.396

38.5 h 1.577 1.252 5.396 4.473 7.886 8.794
42.5 h 1.236 1.319 4.714 3.692 8.871 8.310
47 h 1.337 0.789 7.164 3.790 10.75 8.871
63 h 1.094 0.931 5.349 5.256 12.30 10.52
65 h &895 0.989 5.467 4.190 8.567 9.513

Values are expressed as mgmL'

Table 2.3 ELISA readings from new ELISA method

Sample 

(Fermentation time)

Sample dilution

neat 1 \ 2 1\4 1 \ 8 1\16 1\32 1\64 1\128

Oh 0.137 0.134 0.133 0.132 0.135 0.13 0.144 0.153
16.5 h 1.216 1.073 &895 0.694 0.524 0.319 0.216 0.186
19.5 h 1.195 1.072 0.854 0 . 6 8 6 0.516 0.298 0.209 0.177
22.5 h 1.294 1.15 0.993 0.746 0.647 0.47 0.266 0.206
40.5 h 1.094 0.945 0.805 0.681 0.577 0.32 0.239 0.191
43.5 h 1.094 0.92 0.827 0.714 0.574 038 0.247 0.198
47.5 h 1.041 0.782 0.74 0.671 0.417 0.283 0.196 0.179
65.5 h 1.189 1.106 0.987 0.816 0.725 0.531 0.336 0.242

These dilutions are dilutions made on the plate, so a sample could be diluted before it is added to the 
plate.
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Table 2.4 scFv concentration calculated from new ELISA method (Table 2.3)

Sample 

(Fermentation time)

Sample dilution

neat 1 \ 2 1\4 1 \ 8 1\16 1\32 1\64 1\128

Oh - - - - - - - -

16.5 h - - 19.1 19.6 22/2 22.4 - -

19.5 h - - 6 6 . 8 76.2 86.4 83.4 - -

22.5 h - - - 93.1 133.8 148.1 - -

40.5 h - - 226.7 299.7 423.5 358.9 - -

43.5 h - - 244.0 334.6 415.1 438.6 - -

47.5 h - 105.0 182.5 289.8 248.1 - - -

65.5 h - - - 470.5 694.3 726.3 757.3 -

Values are expressed as m gm L', any dilution of the samples before addition to the plate were taken into 
account. Dash -  represents ELISA readings outside the standard curve linear region.

2.2.2 scFv standard stability

The effect of storage on the scFv standard was determined by UV wavelength scan. The 

UV wavelength scan of the scFv standard stored for 6  months at 5 °C, was almost 

identical to the newly prepared scFv standard (Fig. 2.5). The absorbance readings at 280 

nm was 0.562 units for both readings, whilst at 260 nm they were 0.392 and 0.402 units.

2.2.3 Effect of peg storage on ELISA signal

The effect of peg storage on ELISA signal was determined by assaying pegs newly 

prepared, after storage of 6  months, 9 months and 1 year (Fig. 2.6). The curves for 9 

months and 1 year storage had similar linear regions. The curve for the newly prepared 

pegs was of a similar shape to the 9 months storage curve, however the ELISA signal 

was lower for the newly prepared pegs. The curve for 6  months storage had the lowest 

ELISA signal, whilst the highest signal was achieved with storage of 1 year.
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Figure 2.5 The effeet of storage on the seFv standard. Line (-) represents wavelength 

sean of purified seFv standard, and dots (•••) wavelength sean of scFv standard stored for 

6  months at 5 °C.
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Figure 2.6 The effect of storage on peg activity. Squares (■) represent newly prepared 

pegs, circles ( • )  pegs stored for 6  months, up-triangles (A) stored for 9 months and 

down-triangles (T) 1 year. Error bars represent standard deviation of duplicate points, 

obtained from analysis of two rows of pegs stored under each condition.
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2.2.4 Negative control for ELISA

To determine whether ELISA signal was due to scFv only, fermentation broth before 

inoculation with Aspergillus, and broth that has had the scFv removed by affinity 

chromatography were both assayed by ELISA (Fig. 2.7). Even with the neat samples, 

neither broth had an absorbance reading above O.I units.

To determine whether the broth components inhibited or distort the ELISA response, 

another ELISA was performed with the previous two broths, but this time they were 

spiked with 95 mgL'^ of seFv standard. The two broths produced a signal similar to the 

scFv standard curve (Fig. 2.8). These two curves had a slightly inereased absorbance 

readings of 0.1 units, compared to the seFv standard curve.

2.2.5 Preparation of samples for ELISA

To prevent interference of the binding process of the assay, solid was removed from the 

samples. Three methods of solid removal were investigated: glass fibre filter, 0.2 pm 

puradisc syringe filter and centrifugation. Each of the three methods removed all of the 

solid from the clarified liquid. The greatest scFv yield was obtained with centrifugation 

(32 mgL’’) (Table 2.5). Filtration through the puradisc syringe filter had a slightly 

lower seFv value (29 mgL'^). The lowest yield of scFv (14 mgL’’) was produced by 

filtration through glass fibre membrane.

Table 2.5 The effect of solid removal on scFv values.

Method of solid removal Amount of scFv (mgL'’) standard deviation

Glass fibre filter 14.3 ±1.3

0 . 2  pm puradisc syringe filter 29.0 ±2 . 8

Centrifugation 323 ±1 . 1

Standard deviation were calculated from the triplicate data points for each sample.
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Figure 2.7 Negative control for the ELISA, determining the background signal of two 

feedstreams. Squares (■) represent the scFv standard (95 mgL"^), circles ( • )  the 

fermentation broth before inoculation with Aspergillus, and triangles (A) broth that has 

had the scFv removed by affinity chromatography.
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Figure 2.8 Negative control for the ELISA, to determine the effect of spiking 

feedstreams with 95 mgL'^ scFv standard. Squares (■) represent the scFv standard (95 

mgL'^), circles ( • )  the fermentation broth before inoculation with Aspergillus, and 

triangles (A) broth that has had the scFv removed by affinity chromatography.
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2.2.6 Comparison of Biosensor and ELISA analysis

Samples from the ninth fermentation (section 3.2.5) were analysed for scFv content by 

ELISA and biosensor (Table 2.6). The scFv concentrations determined by the biosensor 

were lower than the ELISA analysis. The difference between the biosensor and ELISA 

determined scFv concentrations, were highly variable.

Table 2.6 scFv concentrations determined by Biosensor and ELISA

scFv concentration for Fermentation 9

Time ELISA Standard Biosensor Standard
(h) (mgL-') deviation (mgU^) deviation

0 0 0 0 0

16.5 2 ±1.9 0 0

19.5 8 ±5.46 0 0

2Z5 1 2 ±3.48 1 ±0.06
40.5 30 ±13.64 2 2 ±1.32
43.5 35 ±14.72 28 ±3.13
47.5 2 2 ±9.59 18 ±3.67
65.5 95 0 56 ±3.43

2.2.7 Sensitivity of the Coomassie assay

To determine scFv-binding capacity to the Coomassie assay reagent, an scFv standard 

curve was prepared (Fig. 2.9). The Coomassie assay signal for the scFv standards were 

lower than the signal for the BSA standards. This caused the scFv standard curve to be 

shallow compared to the BSA standard curve.
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Î 0.7

<
0  0.6
CO

c§ 0.5
E
8  04
Ü
c  0.3

0.2

0.0
0.0 0.2 0.3 0.5 0.7 0.80.1 0.4 0.6

Standard concentration (mgrnl’ )

Figure 2.9 Comparison of Coomassie assay standard curves. Squares (■) represent BSA 

and circles ( • )  scFv standard.
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2.3 Discussion
The new method of diluting the scFv standard and the samples across the plate produced 

greater consistency of readings, than the original ELISA method. The ELISA had a 10% 

error, which would increase if reagents and equipment were not properly maintained. 

The scFv standard was found to be stable after 6  months storage, furthermore the 

ELISA pegs stability was found to be 1 year. The components of the fermentation broth 

were found not to inhibit or distort the ELISA readings. Filtering samples by puradisc 

syringe filter was found to be the most satisfactory method of solid removal, as it 

retained an insignificant amount of scFv. The biosensor was able to detect scFv in 

samples, however it had to be in the range of mgmL'\ As the biosensor was less 

sensitive compared to the ELISA analysis, it was used to give an estimation rather than 

quantification of scFv concentration. The Coomassie assay was used to determine total 

protein, however it had an error of approximately 20%. This error could be increased if 

the correct procedures were not implemented. The scFv was found to have a low 

affinity for the Coomassie dye, so it would not give accurate reading for scFv 

concentration.

2.3.1 Comparison of ELISA methods

With the original ELISA method, samples were diluted if necessary then added to 

duplicate wells of the plate. Often the two values for the sample had a large variation, so 

it was difficult to determine which value was correct (Table 2.2). Whereas the new 

method samples were diluted or added neat to the top row, then diluted across the plate. 

This method gave eight ELISA readings rather than two per sample dilution, thus 

determining a more reliable scFv concentration than the original ELISA method (Table 

2.4).
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2.3.2 Error of ELISA readings

In practice, most ELISA systems have an error around 10%. Internal errors may be 

caused by non-specific interactions, such as uncontrolled binding of antibodies of the 

various ELISA steps to the surface, or uncontrolled binding of the colour producing step 

to the antigen bound to the surface. These errors should be minimised in assay 

development. However deterioration of the antibodies from the 4 ELISA steps, have to 

be monitored. The majority of ELISA error was caused by external influences such as 

pipetting. Wrong or miss-calibration of a pipette could introduce an error into the 

system. Consequently they were regularly calibrated, and the same pipettes used for all 

assays. Pipetting was another source of error. As the samples and standard were serially 

diluted across the plate in the improved ELISA method, pipetting had to be accurate. 

Temperature can have an enormous effect on the assay, but fortunately the ELISA was 

performed in a temperature-controlled room. By maintaining these controls, the ELISA 

had an approximate error of 10%. Data was shown with error bars representing the 

standard deviation of three assay readings.

2.3.3 ELISA standard curve and scFv standard stability

The scFv concentration of a sample was determined by comparing the absorbance 

readings to the linear part of the scFv standard curve (Fig 2.2). From this curve the 

concentration could be calculated, taking into account dilution factors.

The gradient of the standard curve was steep. If the curve became shallow, it indicated a 

problem with the assay (Fig. 2.10). Such results were discarded, as a shallow curve gave 

widely differing scFv concentrations for similar absorbance readings. This problem was 

observed with the rabbit polyclonal raised against Fv. Its activity fell due to bad storage. 

A fresh stock was obtained, aliquoted and stored at -70°C, with a working stock stored 

at 5 °C. Problems with the other reagents could also result in a shallow curve.
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Figure 2.10 The effect of storage of rabbit polyclonal raised against Fv on the scFv 

standard curve. Squares (■) represent the rabbit polyclonal stored at 5 °C for 4 years, 

and circles ( • )  the rabbit polyclonal stored at -70 °C. Prolong storage at 5 °C caused 

the scFv standard curve to become shallow.
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Since scFv concentrations were determined by a standard curve, scFv standard stability 

was of great importance. Stability of the scFv standard was monitored by UV 

wavelength scan. The scans for scFv standard freshly prepared and after 6  months 

storage at 5 °C, were identical. If there had been any degradation of the protein to 

nucleic acids, the UV wavelength scan would have shown a drop in the 260 nm reading 

and a rise in the 280 nm reading. Furthermore, the incubation time for the ELISA colour 

step remained the same. Again if the scFv standard was degraded during storage, then 

the incubation time would have increased. Consequently the scFv standard could be 

utilised for 6  months. The effect of longer storage was not investigate as a new standard 

had to be prepared every 6  months due to usage.

2.3.4 Effect of peg storage on ELISA signal

As stability of the pegs would effect the ELISA signal, pegs from the same batch were 

analysed fi*eshly prepared, after storage of 6  months, 9 months and 1 year. The variation 

between the curves was caused by differences in ELISA reagents, in addition to the 

different ELISA methods utilised. The highest ELISA signal was achieved with pegs 

that had been stored for 1 year, this was analysed using the new ELISA method. Whilst 

the curve relating to storage for 6  months was shallow, this was caused by a reagent 

problem (section 2.3.3). Since peg storage of 1 year produced a greater ELISA signal 

than freshly prepared pegs, furthermore if the differences in the 4 ELISA performed 

were taken into account, it was assumed that peg storage did not effect ELISA signal.

2.3.5 Negative controls for the ELISA

ELISA analysis of fermentation broth before inoculation with Aspergillus, and broth 

that has had the scFv removed by affinity chromatography, had an absorbance reading 

of 0.1 units. Consequently neither broth produce a significant background signal. 

Furthermore neither broth inhibited or distorted the ELISA response, as when they were 

spiked with a known quantity of scFv standard, they produce a similar ELISA response 

as the scFv standard.
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2.3.6 Preparation of samples for ELISA

Three methods of removing solid from ELISA samples were investigated: glass fibre 

filter, 0.2 pm puradisc syringe filter and centrifugation. Each method removed all of the 

solid from the clarified liquid, however the glass fibre filtered samples had less scFv 

present compared to the other two methods. Centrifuged samples had the highest scFv 

concentrations.

The manufacturer (Whatman) recommends glass fibre filters for separation of cells, and 

are designed to retain fine particles extending into the sub-micron range. Consequently 

some of the scFv was retained by the filter membrane. The polysulphone syringe filters 

are designed to have low protein binding properties, hence scFv values were similar to 

centrifugation. Centrifugation would be the ideal method of solid separation, rather than 

filtration, in which product was lost due to filter membrane interaction. However as the 

samples had a low solid content, even at the high centrifuge speed of the bench top 

equipment, pelleting was often inefficient.

2.3.7 Biosensor

The scFv concentration of a sample was determined by the biosensor in the same 

manner as the ELISA, however the biosensor was less sensitive. Furthermore the 

biosensor detects signals in the range of mgmL'^ whilst the ELISA measures at pgmL"^. 

As the biosenors was less sensitive than the ELISA, it was used to give an estimation of 

scFv level (section 6.1.4).
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2.3.8 Coomassie assay analysis and errors

The assay had an error of 20%, and this was affected by the efficiency of pipetting, in 

addition to the calibration of pipettes. The Coomassie assay was reported to have little 

or no interference from common buffers, however IM potassium phosphate gave 

background readings (section 7.2.2). Pierce recommends BSA as the standard this is 

because it has a strong affinity for the Coomassie dye. In comparison, scFv had a low 

affinity for the dye, consequently this could affect results (section 6.3.2, 6.3.3). Since 

ELISA would be used to determine scFv concentration, Coomassie assay was sufficient 

in determining total protein.
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3.0 FERMENTATION
This chapter describes the fermentation procedure used to produce the feedstock for the 

downstream processing. Fermentation was the chosen method for expression of the 

antibody fragment. This research endeavoured to harness the high secretion capability 

o f Aspergillus awamori, in the production of scFv raised against hen-egg lysozyme. The 

fermentation was performed as a fed-batch system, with induced scFv expression. A 

reproducible fermentation was achieved with a final biomass of 7 gL‘  ̂ and scFv 

concentration of 90 mgL"\

3.1 Materials and Methods for fermentation experiments
The strain of Aspergillus was supplied by Unilever Research, and stored as glycerol 

stocks. One glycerol stock per fermentation was used. The fermentations were 

performed with a relatively simple medium, feeding commenced after 8  h. Low biomass 

led to a change to the medium, however these fermentations regularly became 

contaminated after 20 h growth. The contaminant was found to be present in the 

glycerol stocks. Utilising a combination of filtration and selective culturing, the 

contaminant was removed. The effect of changing the feeding regime on biomass and 

scFv concentration was investigated, by feeding from the start, feeding after 8  h and 

feeding after 16 h. The feeding regime that produced the largest scFv concentration by 

the end of the fermentation, was repeated twice more to determine whether the scFv 

values were reproducible. Throughout these fermentations, samples were analysed for 

biomass and scFv concentration. Biomass was monitored as dry cell weight, whilst scFv 

by ELISA (Chapter 2.1.2, 2.1.3).

3.1.1 Organism and inoculum preparation

Aspergillus awamori (AXCL 4159) genetically engineered with the anti-hen egg 

lysozyme scFv (LYS D1.3). This was supplied by Unilever Research (Vlaardingen, 

Netherlands) as a silicon stock. From this 1 mL glycerol stocks were prepared and 

stored at -70 °C. Stocks were replaced every three months.
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From one glycerol stock, a spore inoculum was prepared by inoculating Potato Dextrose 

Agar (PDA, Oxoid, Basingstoke, UK). For ease of harvest, each PDA plate had a 

Hybond-N membrane (Amersham Pharmacia Biotech, Little Chalfont, UK) placed on 

its surface. Approximately 1 plate was prepared for every fermentation litre. The plates 

were incubated at 30 °C for 5 days. To prevent the plate from drying out, half of its 

diameter was sealed with parafilm (Sigma-Aldrich Company Ltd.). Spores were 

removed from the plates by placing the membranes in 100 mL of sterile physiological 

saline containing beads (NaCl 0.09 gL '\ Tween 80 0.01 gL '\ glass beads (1.5 to 2 mm 

diameter) 0.5 gL’’), and vigorously shaken by hand. A counting chamber was used to 

measure the number of spores in the saline solution.

The fermentation seed culture was prepared in a 2 L baffled shake flask containing 500 

mL 0 Ï Aspergillus (Al) medium (KH2 PO4 2 gL '\ NaNOg 6  gL '\ yeast extract 1.77 gL'  ̂

(Difco Laboratories Ltd., West Molesey, UK), MgS0 4 .7 H2 0  1 gL'^). This was 

inoculated with 1.2x10^ spores m L '\ then incubated for 6.5 h at 37 °C in an orbital 

shaker (Adolf Küehner A.G., Birsfelden-Basel, Switzerland) at 100 rpm. The rise in 

temperature encouraged germination.

3.1.2 Fed-batch fermentation of A  awamori

Fermentations were performed in an Applikon 7 L fermenter (Applikon Dependable 

Instruments, Schiedam, Netherlands). Fermenter exit gases were monitored by mass 

spectrometry (VG Gas Analysis Ltd., Winsford, UK), measuring concentrations of 

nitrogen, oxygen, carbon dioxide and argon. Form this the respiration rates (RQ 

respiration equation), in terms of oxygen uptake rate (OUR) and carbon dioxide 

evolution rate (CER), were determined by the software package Bioxpert (Applikon 

Dependable Instruments), which logged data from the mass spectrometer and fermenter 

unit.
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Where Fi is air flow rate (Lmin'^)

Vo is working volume liquid phase (L) 

Vm is molar volume of gas (22.4 Lmol'^)

is mol fraction of oxygen at inlet 

is mol fraction of oxygen at outlet

(2.2)

CER
K

VoVm

Where is mol fraction of carbon dioxide at inlet 

is mol fraction of carbon dioxide at outlet

C2 3)

The fermenter was filled with 3.3 L of the initial medium (Al) and approximately 2 gL" 

of polypropylene glycol (PPG, 2025Mw, GRP, supplied by BDH) antifoam. This was 

steam sterilised at 121 °C for 20 min. Then the vessel was inoculated with 300 mL of 

the seed culture. The process parameters were maintained at 30 °C, pH 6.0 sustained by 

controlled addition of 4M sodium hydroxide and IM phosphoric acid, and airflow rate 

of 3 Lmin"\ The dissolved oxygen tension (DOT) was maintained above 30% by 

increasing the impeller speed in 50 rpm steps, from 400 to 600 rpm.

After 8  h a linear feed of 0.252 gm in'\ was commenced. The feed (A2) of 900 mL 

contained the following: xylose 53.3 gL'% fhictose 6.67 g L '\ yeast extract 6.67 gL'  ̂

(Difco) and KH2PO4 12.5 gL"\ In addition to supplying a carbon source under 

controlled conditions, the feed included the antibody fragment inducer (xylose). 

Samples for biomass and scFv analysis (ELISA, section 2.1.2) were taken every four 

hours during the working day. After 65 h the fermentation was harvested. The final 

volume for the fermentations was 4.5 L.
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Since the carbon source was present only in the feed, the growth potential in the first 8  h 

may have been retarded. Consequently a new method was used for the third 

fermentation. The fermentation medium (A3) consisted of: KH2PO4 1 gL‘\  NaNOs 6  

gL'% MgS0 4 .7 H2 0  1 gL '\ yeast extract 2 gL'^ (Difco), (NH4 )2 S0 4  3.33 gL'  ̂ and 

fhictose 12.8 gL '\ To prevent caramélisation, fructose was sterilised separately from the 

fermenter. Fermentation was performed as before, with a linear feed commencing after 

8  h. However the feed (A4) consisted of: xylose 53.2 gL '\ fructose 32.3 gL '\ yeast 

extract 6 . 8  gL'^ (Difco) and KH2PO4 6.15 gL"\ This procedure was used for the future 

fermentations. Except for the seventh and eighth runs, the feed was initiated from the 

start and after 16 h respectively. As the fermentation did not foam, antifoam was 

excluded from the ninth and tenth runs. Furthermore the ninth and tenth fermentations 

were analysed with an improved ELISA method (Section 2.1.3).

Table 3.1 Formulas for the basic and new fermentation media

Basic medium (Al) New medium (A3)

KH2 PO4  (2 gL ') 
NaNOa ( 6  gL‘') 
MgS04.7H20 ( 1  gL-') 
yeast extract (1.77 gL'')

KH2PO4  (1 gL' )  
NaNOs ( 6  gL' )  
MgS04.7H20 (1 gL' )  
yeast extract (2 gL'') 
(NH4)2S04 (3.33 gL'*) 
fructose (12.8 gL"')

Feed (A2) Feed (A4)

xylose (53.3 gL'^) 
fiuctose (6.67 gL'^) 
yeast extract (6.67 gL'^) 
KH2 PO4 (12.5 gL'^)

xylose (53.3 gL'^) 
fhictose (32.3 gL'^) 
yeast extract (6 . 8  gL'^) 
KH2PO4 (6.15 gL'^)

Fermentation samples and harvest broth were stored at 5 °C. To prevent growth of 

contaminants 1 mLL'^ sodium azide (Sigma-Aldrich Company Ltd.) was added, and to 

inhibit proteases 1 mLL'^ Phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich 

Company Ltd.) was included.
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3.1.3 Biomass estimation and culture purity

Since A. awamori was a filamentous organism, optical density was an inaccurate 

method for measuring biomass, so dry cell mass was determined. Duplicates of 10 mL 

samples were filtered through pre-dried, pre-weighed glass fibre filters (Whatman Ltd.). 

The filters were then dried overnight in an oven at 100 °C. Biomass was calculated after 

reweighing the filters.

Purity of the culture was determined, by taking samples of the seed culture and broth 

throughout the fermentation. These were streaked on to nutrient agar (NA, Oxoid) and 

PDA plates and incubated at 30 °C. Due to the slow growth of Aspergillus samples were 

also examined under the microscope.

3.1.4 Identification and removal of contaminant

With the new fermentation media, a contaminant was observed after 20 h growth. 

Samples were taken from the seed culture and fermentation broth, then streaked on to 

PDA and NA plates. Bacterial colonies from these plates were Gram stained. As 

colonies were made up of rod shaped bacteria, a catalase test was performed to 

determine whether the contaminant was Bacillus.

Once the contaminant was identified as Bacillus, it was found in the initial Aspergillus 

stock. Removal of the contaminant would be difficult as Bacillus could withstand harsh 

conditions as endospores. Attempts to remove the contaminant by subculturing failed, 

as the endospores appeared to be entwined with the mycelia.

Aspergillus spores were cultured on PDA plus antibiotics plates (Kanamycin 50 mgmL'^ 

(Sigma-Aldrich Company Ltd.), Neomycin 50 mgmL'^ (Sigma-Aldrich Company Ltd.), 

Tetracycline 100 mgmL'^ (Sigma-Aldrich Company Ltd.) and Gentamycin 50 mgmL'^ 

(Sigma-Aldrich Company Ltd.)). Spores were harvested and used to inoculate 100 mL 

of fermentation broth (A3), and incubated at 30 °C. After 24 h growth, the antibiotics 

used in the PDA plates were added to the flask. In addition to the antibiotics, a feed 

(A4) of 27 mL was included. Samples were taken every day and streaked on to NA 

plates.
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After 48 h, 20 mL of broth was filtered through sterile glass fibre filters (3 pm pore size, 

Pall Gelman Sciences, Portsmouth, UK), under sterile conditions. The cake was washed 

with 600 mL of sterile distilled water, to remove bacteria entwined in the mycelia. 

Retained Aspergillus was used to inoculate 100 mL of fermentation broth (A3), and 

incubated as previously described. The process was repeated twice more. Finally the 

washed cake was used to inoculate PDA plates for glycerol stocks.

Some of the final cake was used to inoculate 10 mL of Laura broth (Tryptone 10 gL'  ̂

(Difco), yeast extract 5 gL'^ (Difco), NaCh 10 gL'^) with fructose 10 gL '\ If Bacillus 

was present the broth would become cloudy, whilst the Aspergillus would grow as 

clumps. The broth was incubated for 65 h at 30 °C.
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3.2 Results
The first two fermentations were grown on the basic medium, and biomass reached 

approximately 5 gL'^ and scFv was expressed at 0.65 m gL '\ Fermentations 3 and 4 

were performed on the new medium, and biomass ranged between 4 and 9 gL’’ and 

scFv concentrations were approximately 6.5 mgL’’. However both fermentations were 

contaminated. It was found that the initial Aspergillus stock was contaminated, and that 

the new medium encouraged its growth. The contaminant was identified as Bacillus, 

and removed from the glycerol stocks by filtration and reculturing techniques.

Fermentations 5 to 8 were performed using the cleaned Aspergillus stock and new 

medium. Changing the feeding regime affected the biomass and scFv concentrations. 

When feeding from the start, biomass reached 7 gL’’ and scFv 5 mgL’’. Feeding after 8 

h resulted in a biomass of 6 gL’’ and scFv of 11 mgL’’, whilst commencing the feed 

after 16 h resulted in a biomass of 8 gL’’ and scFv of 8 mgL’’. The original feed regime 

(commenced after 8 h) was utilised for the ninth and tenth fermentation, however the 

ELISA protocol was changed. For these fermentations the biomass reached 7 gL’’ and 

scFv concentration of 90 mgL’’.

3.2.1 Fermentations performed with basic medium

The first fermentation was run for 68 h (Fig. 3.1). Growth increased slowly during the 

first 20 h, with the majority occurring between 20 h and 40 h. By 45 h it had reached a 

plateau of 5.0 gL’’. After 50 h growth began to fall, this was also shown by the increase 

in DOT (Fig. 3.1). By 68 h the biomass had fallen to 4.4 gL’’. The sudden drops in DOT 

during the run were caused by compressor failure. Fortunately each time the compressor 

failed, it was brought back on-line within one hour. Antibody fragment levels were first 

detected at 22 h, values increased to 0.65 mgL’’ at 65 h, then fell to 0.3 mgL’’ (Table 

3.2, Fig. 3.3).

59



Chapter 3 Fermentation

10^100 550

-500
80 -

-450  3
^  6 -  60 - Feed

Started
-4 0 0

40 -
Q.-350

20  -

-300

250
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Fermentation Time (h)

Figure 3.1 Femientation 1. (—) DOT, (---) agitation and ( • )  biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Fermentation was performed with the basic medium protocol.
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The second fermentation was run for 65 h (Fig. 3.2), Rapid growth occurred between 17 

and 25 h, and continued to rise reaching a value of 5.3 gL"\ The scFv was detected from 

25 h onwards, concentrations continued to increase reaching 0.67 mgL'^ (Table 3.2, 

Fig. 3.3).

Concentrations of scFv throughout the first and second fermentations followed an 

almost identical pattern, according to ELISA analysis (Table 3.2, Fig. 3.3). The 

antibody fragment was first detected at 22 h, at a level of 0.01 m gL'\ Expression 

appeared to be intensified between 40 and 50 h. During these ten hours the scFv level 

increased from 0.2 to 0.6 m gL'\ After 50 h there was a slight improvement in value to 

0.65 m gL'\ however this appeared to be halved (0.3 mgL'^) by 68 h in the first 

fermentation.

Table 3.2 scFv concentrations for the first and second fermentations utilising the 

basic medium

Fermentation 1

Time Amount of Standard
(h) scFv (mgL'^) deviation
0 0 0
18 0 0
22 0.01 ±0.03
26 0.03 ±0.04
42 0.20 ±0.04
46 0.30 ±0.05
50 0.50 ±0.07
66 0.65 ±0.04
68 0.30 ±0.03

Fermentation 2

Time Amount of Standard
(h) scFv (mgL'^) deviation
0 0 0
17 0 0
21 0 0
25 0.05 ±0.03
41 0.20 ±0.05
45 0.30 ±0.04
49 0.60 ±0.03
65 0.67 ±0.04

Standard deviation was determined from three date points
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Figure 3.2 Fermentation 2. (— ) DOT, (---) agitation and ( • )  biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Fermentation was performed with the basic medium protocol.
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utilising the basic fermentation medium. Error bars represent standard deviations of 

three data points.
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3.2.2 Fermentations with the new medium

The third fermentation was performed using the new medium, this included a carbon 

source in the initial broth. Feed was initiated after 8 h. By 16.5 h the DOT had dropped 

to 8% and biomass had reached 3.9 gL'^ (Fig. 3.4). To keep the DOT above 30%, the 

impeller speed was continually increased from 500 to 700 rpm, in 100 rpm steps. 

Biomass continued to rise rapidly reaching 5 gL'^ by 20.5 h. After 20 h the fermentation 

broth became cloudy and changed to a creamy white colour. A sample was taken and 

streaked on to NA plates. The fermentation was found to be contaminated with Bacillus. 

At 24.5 h the impeller speed was increased to 800 rpm. However after 40.5 h it was 

reduced to 700 rpm, as the DOT was 58% and the conditions were too turbulent. DOT 

dropped slightly after the impeller speed changed, however it then began to rise and 

continued to climb until the end of the run. The biomass reached the final value of 9 gL" 

’. The final scFv concentration was 6.5 mgL'^ (Table 3.3, Fig. 3.6).

Fermentation 4 was run for 66 h, with the initial impeller speed of 500 rpm. By 24 h the 

DOT began to drop, consequently the impeller speed was increased to 600 rpm (Fig. 

3.5). Rapid growth occurred between 24 and 40 h, during which biomass increased from 

2.6 to 5.2 gL '\ This was also marked by a drop in DOT. After 24 h the fermentation 

broth became creamy white in colour and had a cloudy appearance, a sample was 

streaked on to NA plates. The fermentation was again contaminated with Bacillus. After 

35 h the DOT continued to rise reaching 91% by the end of the run. The final biomass 

was 4.4 gL '\ and scFv concentration of 6.4 mgL'^ (Table 3.3, Fig. 3.6).
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Figure 3.4 Fermentation 3. (—) DOT, (—) agitation and ( • )  biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Femientation was perfomied with the new medium protocol. Contamination was 

observed after 20 h.
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Figure 3.5 Fermentation 4. (—) DOT, (—) agitation and ( • )  biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Femientation was performed with the new medium protocol. Contamination was 

observed after 24 h.
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Figure 3.6 Amount of scFv produced during the (■) third and ( • )  fourth fermentations, 

utilising the new fermentation medium. Error bars represent the standard deviations of 

three data points. Contamination was observed around 20 h.
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Table 3.3 scFv concentrations for the third and fourth fermentations utilising the 

new medium

Fermentation 3 Fermentation 4

Time Amount of Standard Time Amount of Standard
(h) scFv (mgL‘̂ ) deviation (h) scFv (mgL’̂ ) deviation
0 0.1 ±0.1 0 0.1 ±0.01

16.5 0.1 ±0.02 15.5 0.2 0
20.5 0.3 ±0.09 19.5 0.8 ±0.09
24.5 0.5 ±0.01 23.5 0.4 ±0.07
40.5 1.6 ±0.90 40 4.0 ±1.09
44.5 2.0 ±0.11 44 3.0 ±0.11
47.5 3.0 ±0.53 46.5 2.8 ±0.06
65.5 6.5 ±1.03 64 7.0 ±2.02

66 6.4 ±0.89
Standard deviation was determined from three date points

3.2.3 Contamination

The contaminant was not observed on streaked PDA or NA plates from the glycerol 

stock, physiological saline, seed culture or inoculum. By 20 h of fermentation, the broth 

had become a white cloudy coloration. Plates inoculated with fermentation broth had 

flat white spreading colonies as well as the Aspergillus. Gram staining revealed Gram 

positive rods that were catalase positive; consequently the contaminant was identified as 

Bacillus. Further tests performed on the Vitek Jnr in-vitro biochemical analyser 

(bioMerieux UK Ltd., Basingstoke, UK) at Pfizer, (Sandwich, UK) identified the 

contaminant as Bacillus thringiensis.

Since the contaminant was not observed during the first 19 h of the fermentation, the 

bioreactor seemed to be the cause. However pressure and sterility tests invalidated this 

assumption. Consequently the contaminant had to be present in the glycerol stocks, and 

this was confirmed by swabbing instead of streaking plates. Swabbing increased the 

amount of inoculum on the plate, from which tiny colonies of contaminant were 

observed. It was found that the initial silica stock was contaminated.
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To remove the contaminant from the Aspergillus stock a method of filtration and 

reculturing were initiated. At each step, NA plates were inoculated with a sample of 

broth. Plates from the first stage of run 1 contained only Aspergillus (Table 3.4). 

Bacillus colonies were observed on the NA plates of run 1 once the carbon source had 

been added. The first couple of stages of run 2 were also contaminated. Run 3 NA plates 

were contaminant free. This was supported by the results from LB broth, which 

remained clear for the 65 h.

Table 3.4 NA plates from cleaning ih t Aspergillus stock

Run 1 Run 2 Run 3
After inoculation (1) Aspergillus

(2) Aspergillus
(1) Asp + 2x colonies
(2) Asp + Ix colony

(1) Aspergillus
(2) Aspergillus

After antibiotic 
& feed

{\) Asp + 2x colonies 
(2) Asp + 4x colonies

(1) Aspergillus
(2) Asp + Ix colony

(1) Aspergillus
(2) Aspergillus

Harvest (1) Asp + 6x colonies
(2) Aspergillus

(1) Aspergillus
(2) Aspergillus

(1) Aspergillus
(2) Aspergillus

Filter (1) Asp + 5x colonies
(2) Asp + 3x colonies

(1) Aspergillus
(2) Aspergillus

(1) Aspergillus
(2) Aspergillus

Wash (1) Aspergillus
(2) Asp + Ix colony

(1) Aspergillus
(2) Aspergillus

(1) Aspergillus
(2) Aspergillus

Numbers in brackets relate to the two NA plates. Asp is Aspergillus, colony relates to bacterial colonies

3.2.4 Clean fermentations

Mass spectrometer data was not available for the fifth fermentation due to equipment 

failure. The fermentation was run from 65 h, and the feed initiated after 8 h (Fig. 3.7). 

Biomass increased rapidly between 15 and 23 h, from 2 to 6.5 gL '\ Impeller speed was 

increased during this period to prevent DOT falling below 30%. After 30 h the DOT 

began to rise and continued to the end. The reverse was seen with the biomass trend, 

this fell from 6.9 gL'  ̂ to the final concentration of 5.8 gL"\ The scFv concentration 

increased throughout the fermentation, reaching 11 mgL'^ (Table 3.5, Fig. 3.13).
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Figure 3.7 Fermentation 5. (— ) DOT, (—) agitation and (# ) biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Fermentation was performed with the new medium protocol. Feed was commenced 

after 8 h.
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The sixth fermentation contained more than the normal amount of antifoam. Feed was 

commenced after 8 h, and the fermentation was run for 65 h (Fig. 3.8). Rapid growth 

occurred between 15 and 24 h, this was supported by the respiration profile (Fig. 3.9). 

During the rapid growth period, biomass increased from 2.9 to 8.3 gL '\ Again impeller 

speed was increased to prevent DOT falling below 30%, at 25 h the speed was 900 rpm. 

By 40 h DOT rose to 83%, so the impeller speed was reduced to 800 rpm. In addition 

there was a reduction in biomass from 8.5 to 7.4 gL '\ but in the last two hours of the 

fermentation this increased to 9 gL '\ Levels of scFv reached 10.6 mgL'^ by 44 h, but 

this fell to 6.6 mgL'^ by 64 h (Table 3.5, Fig. 3.13). In the last hour scFv concentration 

fell to 3.4 m gL'\

Mass spectrometer data was unavailable for the seventh fermentation due to equipment 

failure. Fermentation was run for 65 h, however feed was initiated from the start (Fig. 

3.10). Rapid growth occurred between 15 to 40 h, during which the biomass increased 

from 1.5 to 7 gL '\ At 15, 20 and 40 h impeller speed was increased to prevent the DOT 

from falling below 30%. However after 40 h the DOT rose until 55 h, when it dropped 

to 35%. This trend was mirrored by biomass, which fell from 7 to 6.2 gL"% then 

increased to 8.9 g V \  Antibody fragment concentrations reached 5.3 mgL'^ after 65 h 

(Table 3.4, Fig. 3.13).

The eighth fermentation was run for 66 h (Fig. 3.11). Feed was started after 16 h, to 

determine the effect of a delayed feed. Rapid growth occurred between 16 and 25 h, this 

was also shown in the respiration profile (Fig. 3.12). Biomass increased from 1.9 to 4.7 

gL'^ during the 9 h of rapid growth. Impeller speed was increased to prevent DOT from 

dropping below 30%, performed at 16 and 25 h. At 40 and 54 h, impeller speed was 

reduced because the DOT was rising, which implied that growth was slowing. Biomass 

did continue to increase with time, from 4.7 gL'^ to the final biomass of 7.5 gL '\ 

Antibody fragment concentration reached 7.9 mgL'^ (Table 3.5, Fig. 3.13).
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Figure 3.8 Fermentation 6. (—) DOT, (—) agitation and ( • )  biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Fermentation was performed with the new medium protocol, however excess antifoam 

was added. Feed was commenced after 8 h.
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Fermentation was performed with the new medium protocol, however excess antifoam 

was added. Feed was commenced after 8 h.
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Figure 3.10 Fermentation 7. (—) DOT, (—) agitation and ( • )  biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Femientation was performed with the new medium protocol. Feed was commenced 

from the start 0 h.
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Figure 3.12 Fermentation 8 respiration profiles where (---) OUR (•••) CER (—) RQ. 

Fermentation was performed with the new medium protocol. Feed was commenced 

after 16 h.
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Figure 3.13 scFv trends for (■) fermentation 5, (#) fermentation 6, (A) femientation 7 

and (T) fermentation 8. Where fermentation 5 feed was initiated after 8 h, fermentation 

6 feed was initiated after 8 h but had a large quantity of antifoam, fermentation 7 feed 

was initiated from 0 h, and fermentation 8 feed was initiated after 16 h. Error bars 

represent standard deviations of three data points.
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The scFv concentration of the four clean fermentations followed similar trends (Table 

3.5, Fig. 3.13). Concentrations peaked at 44 h, they were 13.2, 10.6, 4.9 and 6.4 mgL'^ 

for the fifth, sixth, seventh and eighth fermentations. There was a drop in concentration 

at 47 h. In all but the sixth fermentation, scFv concentration increased throughout the 65 

h, to 14.4, 5.5 and 10.7 mgL‘* for the fifth, seventh and eighth runs. Antibody fragment 

concentration of the sixth fermentation decreased to 3.4 mgL"\ The fifth, seventh and 

eighth fermentations all had a drop in scFv concentration at the end, to 11.0, 5.3 and 7.9 

mgL'^ respectively.

Table 3.5 scFv trends for the fifth, sixth, seventh and eighth clean fermentations 

utilising the new media

Fermentation 
Time (h)

Fifth
(mgL'^)

stdev Sixth
(mgL-')

stdev Seventh
(mgL-’)

stdev Eighth
(mgL'^)

stdev

0 0 0 0 0 0 0 0 0
16 0.1 ±0.03 0.8 ±0.14 0.1 0 0.1 0
20 0.3 ±0.05 1.5 ±0.26 0.1 ±0.01 0.5 ±0.06
23 0.6 ±0.02 1.2 ±0.02 0.3 ±0.02 0.8 ±0.15
40 9.1 ±1.54 3.1 ±0.52 0.7 ±0.11 4.5 ±0.24
44 13.2 ±1.69 10.6 ±0.98 4.9 ±0.65 6.4 ±1.90
47 8.9 ±0.42 6.9 ±0.74 4.2 ±0.65 6.5 ±1.77
64 14.4 ±1.37 6.6 ±1.37 5.5 ±1.39 10.7 ±0.28
65 11.0 ±0.92 3.4 ±0.28 5.3 ±0.07 7.9 ±1.38

stdev is standard deviation determined from three data points

3.2.5 Fermentation scFv concentrations with new ELISA method

Of the fifth to eighth fermentations, the fifth fermentation produced the highest scFv 

concentration. For this fermentation, the feed was commenced after 8 h. To determine 

whether the scFv concentration was repeatable, two further fermentations were 

performed following the same feed regime as the fifth fermentation. However a new 

more reliable ELISA protocol was utilised (section 7.1.1).
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The ninth fermentation was run for 65 h, with rapid growth occurring between 15 and 

20 h (Fig. 3.14, Fig. 3.15). To maintain the DOT above 30% the impeller speed was 

increased from 400 to 650 rpm (100 then 50 rpm increments), during the period of rapid 

growth. After 40 h, growth reached a plateau value of approximately 7 gL'^. This was 

also shown by the rise in DOT to above 80%. By 65 h biomass had reached 7 gL"\ and 

scFv was found to be 95 mgL'^ (Table 3.6, Fig. 3.17).

The tenth fermentation was run for 70 h, to determine whether the extra five hours 

improved biomass and scFv concentrations (Fig. 3.16). The respiration profile was not 

collected due to equipment failure. Rapid growth occurred between 18 and 25 h, again 

DOT was maintained above 30% by increasing the impeller speed. At 25 h the impeller 

speed was increased from 650 to 700 rpm, this caused the DOT to rise to 90%. After 40 

h the impeller speed was reduced to 600 rpm, and the DOT fell to 83%. From 40 h 

onwards the increase in biomass was small, from 6.8 gL'  ̂ to the final value of 8.3 gL"\ 

After 50 h the fermentation broth changed from clear to a brown colour. A sample was 

examined under a microscope as well as streaked onto NA and PDA plates, and all tests 

were negative for contamination. By 70 h scFv levels reached 83 mgL'^ (Table 3.6, Fig. 

3.17).

The scFv concentrations for the ninth and tenth fermentations followed a similar trend 

(Table 3.6, Fig. 3.17). Antibody fragments were detected by 17 h at approximately 3 

m gL'\ Concentrations increased until the end of the fermentations, reaching 95 and 83 

mgL'^ (ninth and tenth run respectively).
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Figure 3.14 Fermentation 9. (—) DOT, (—) agitation and (# ) biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Fermentation was performed with the new medium protocol. Feed was commenced 

after 8 h.
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Figure 3.15 Fermentation 9 respiration profiles where (---) OUR (—) CER (—) RQ. 

Fermentation was performed with the new medium protocol. Feed was commenced 

after 8 h.
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Figure 3.16 Fermentation 10. (—) DOT, (—) agitation and ( • )  biomass profiles. Error 

bars of the biomass profile represent standard deviations of three data points. 

Fermentation was performed with the new medium protocol. Feed was commenced 

after 8 h.
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Figure 3.17 Amount of scFv produced during the (■) ninth and (#) tenth fermentations, 

utilising the new ELISA method. Fermentation was performed with the new medium 

protocol. Feed was commenced after 8 h. Error bars represent standard deviations of 

three data points.
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Table 3.6 scFv concentrations for the ninth and tenth fermentations

Fermentation 9 Fermentation 10

Time Amount of Standard Time Amount of Standard
(h) scFv (mgL'^) deviation (h) scFv (mgL'^) deviation
0 0 0 0 0 0

16.5 2 ±1.9 17.5 4 ±0.48
19.5 8 ±5.46 21 7 ±0.74
22.5 12 ±3.48 24.5 15 ±0.32
40.5 30 ±13.64 40 36 ±0.49
43.5 35 ±14.72 44 43 ±0.48
47.5 22 ±9.59 46.5 53 ±5.25
65.5 95 0 50 53 ±2.52

53 68 ±10.21
56 70 ±0.07
59 64 ±3.05

63.5 54 ±4.74
67 80 ±6.23
70 83 ±9.09

Standard deviation was determined from three date points
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3.3 Discussion
The media affected the amount of scFv expressed during the fermentation. With the 

basic medium the final concentration was 0.65 mgL'^, compared to 11 mgL'^ 

(fermentation 5) achieved when a carbon source was present in the initial fermentation 

medium. Different standards were used for ELISA analysis of the basic and new media. 

The assays performed on the first two fermentations utilised an Fv fragment, whilst the 

other fermentations used an scFv standard. Furthermore the accuracy of ELISA analysis 

was crucial. As fermentation 9 and 10 recovered between 83 to 95 mgL'^ of scFv, even 

though the fermentation protocol was the same as the fifth fermentation.

Table 3.7 Summary of fermentation methods and results

Feeding regime Fermentation Biomass (gL'^) scFv (mgL'^)

number at 65 h at 65 h

Basic medium (8 h) 1 4.4 0.65
2 5.3 0.67

New medium (8 h) 3 9 6.5
contaminated 4 4.4 6.4
New medium (0  h) 7 8.9 5.3
New medium (8 h) 5 5.8 11
New medium (8 h + antifoam) 6 9 3.4
New medium (16 h) 8 7.5 7.9
New medium (8 h) 9 7 83
new ELISA method 10 8.3 95
Numbers in the brackets are the times at which feeding regimes were commenced

3.3.1 Fermentations with basic media
With the basic medium, growth was slow in the first 15 h (Fig. 3.18). Rapid growth 

occurred between 17 and 25 h, then reached a plateau at a concentration of 5 gL'^ from 

40 h onwards. However with the second fermentation growth appeared to be rising at 65 

h (Fig. 3.2). From the results, a reproducible growth pattern (5 gL'^ at 65 h) could be 

expected from the present procedure. In these two fermentations, the carbon source was 

present only in the feed, commenced after 8 h. Rapid growth was not seen until 18 h, 

approximately 10 h after feed initiation. Hence earlier initiation of the feed may 

improve biomass.
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Figure 3.18 Comparison of biomass and scFv levels obtained during fermentation 1 and 

2 cultured on the basic medium. Squares (■) represent fermentation 1 and circles ( • )  

fermentation 2, solid (■) symbols biomass, and open (□) symbols scFv yield. Error 

bars represents standard deviations of three data points.
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The scFv concentrations for the two fermentations were very similar (Fig. 3.18, Fig. 

3.3). Production of scFv was detected from 25 h, approximately 17 h after induction. 

Values steadily increased towards 0.65 mgL'* by 65 h. The level of scFv expressed 

during the second fermentation fell to 0.3 mgL'^ at 68 h. A disadvantage of Aspergillus 

as a host organism, is the production of proteases (Archer et a l, 1992; Gouka et a l, 

1997; Johannes et a l, 1997). This may have caused degradation of scFv. The maximum 

scFv concentration at 65 h was 0.65 m gL'\ a value in gL'^ is more desirable. The 

standard used for the ELISA assays was Fv anti-lysozyme. Since Fv fragments differ in 

configuration to scFv, activity may differ. Comparing the scFv concentration to a 

standard produced from an identical antibody fragment purified from the Aspergillus 

fermentation, would improve ELISA accuracy.

3.3.2 Fermentations performed with new media

The fermentation profiles for runs 3 and 4 varied, this was most likely due to the 

presence of contaminants (Fig. 3.19). Compared to the previous two fermentations, the 

DOT of runs 3 and 4 dropped to 8 and 12% respectively, within the first 30 h. This was 

due to the presence of a carbon source in the fermenter medium (A3), improving the 

initial growth of Aspergillus. The presence of contaminants caused the DOT drop to be 

greater than that seen with clean fermentations. After 20 h, contamination was observed 

by a change in broth appearance. This was followed by a rapid drop in DOT, which 

suggested bacterial growth. From 30 h onwards DOT began to rise, this continued to the 

end of the runs. Again this supported the theory of bacterial contaminants as they often 

have a short period of rapid growth, compared to the slow growing Aspergillus. Final 

biomass ranged from 4.4 to 9.0 gL '\ caused by the varying concentrations of the 

contaminants. Furthermore Aspergillus growth appeared to be inhibited by the large 

number of contaminants.
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Figure 3.19 Comparison of biomass and scFv levels obtained during fermentation 3 and 

4 cultured on the new medium. Squares (■) represent fermentation 3 and circles (#) 

fermentation 4, solid (■) symbols biomass, and open (□ ) symbols scFv yield. These 

fermentations were heavily contaminated with Bacillus. Error bars represents standard 

deviations of three data points.



Chapter 3 Fermentation

Although these fermentations were contaminated, scFv was still produced (Fig. 3.19, 

Fig. 3.7). By 24 h scFv levels were approximately 0.5 m gL'\ This was almost the 

amount achieved by 65 h with the basic medium. The final scFv concentration was 6.5 

m gL'\ this was approximately ten fold greater than that achieved with the basic medium 

(0.65 mgL'^). The increase in antibody fragment levels was due to changes to the 

fermentation medium. Furthermore, the standard for the ELISA was scFv purified from 

an Aspergillus fermentation. Consequently the sample was compared to a standard that 

had identical activity to the ELISA components.

Plates and Gram staining identified the major contaminant to be Bacillus. Samples taken 

from the process steps before inoculation of the fermenter were contamination free. 

Pressure tests and samples from fermentation broth (sterilised in the reactor) before 

inoculation, were also contamination free. The source of the Bacillus contamination was 

unknown.

3.3.3 Contamination

Contamination was observed after 20 h growth in the new medium, this was identified 

as Bacillus. Plates streaked with samples from the seed culture were clean. Only by 

increasing the inoculum level (such as swabbing the plates), was the contaminant 

observed. When normally streaking the plates, Aspergillus was present in larger 

numbers than the contaminant, so it out grew the bacteria. Since the contaminant was 

present in the initial stock, it should have been observed in the first two fermentations.

The main difference between the two fermentation methods, was the presence of a 

carbon source in the initial medium. Like the plates, Aspergillus numbers in the first two 

fermentations were large enough to out-compete the Bacillus. Once the carbon source 

was present from the start of the fermentation, contamination became an issue. As 

bacteria have a faster growth cycle than the filamentous fiingi, the Bacillus was able to 

get established in the first 20 h. Furthermore, the reculturing of seed stocks may have 

led to the increase in contaminant numbers.
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Production of a clean glycerol stock appeared to be successful. However regular checks 

were performed, as the Bacillus may have been dormant or present in very low 

numbers. As long as the concentration of the contaminant is small, Aspergillus should 

out compete the bacteria.

3.3.4 Clean fermentations

Fermentations 5 to 8 had rapid growth between 15 to 25 h (Fig. 3.20). This period was 

extended to 40 h with the seventh fermentation, in which feeding was commenced from 

the start. The sixth fermentation had high biomass readings, due to the large quantity of 

antifoam present in the medium. This collected on the glass fibre filters used for the dry 

weight analysis. Final biomass concentrations for the fifth, sixth, seventh and eighth 

fermentations were 6, 9, 9 and 8 gU^ respectively. Thus feeding from the start 

(fermentation 7) gave the highest final biomass, followed by fermentation 8 

commencing the feed after 16 h. Fermentation with normal feeding regime needs to be 

repeated to check the biomass readings.

The final biomass reading ranged from 6 to 9 gL'  ̂ (A3 and A4), compared to the 5 gL'  ̂

of the basic medium (A1 and A2). Addition of a carbon source in the fermentation 

medium improved the growth rate of the first 15 h, thus the number and size of cells 

present at the time of rapid growth was larger than with the original medium.
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Figure 3.20 Comparison of biomass and scFv levels obtained during fermentation 5 to 8 

cultured on the new medium. Squares (■) represent femientation 5 feed initiated after 8 

h, circles ( • )  fermentation 6 feed initiated after 8 h but with a large quantity of 

antifoam, up-triangles (A) fermentation 7 feed initiated from 0 h, and down-triangles 

(T) fermentation 8 feed initiated after 16 h. Again solid (■) symbols represent biomass, 

and open (□ ) symbols scFv yield. Error bars represents standard deviations of three 

data points.
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The scFv concentration of these four fermentations followed similar trends (Fig. 3.20, 

Fig. 3.13). Concentration increased until 44 h, dropped at 47 h then a slight rise to the 

final concentration. The highest concentration (11 mgL’̂ ) was obtained with the fifth 

fermentation, feed commenced after 8 h (Table 3.8). Having a further 8 h delay to the 

feeding regime (fermentation 8) did not improve the final scFv concentration 

(7.9 mgL'^). It appeared that reducing the length of induction decreased the amount of 

time to produce scFv. Feeding from the start (fermentation 7) only produced half (5 

mgL'^) the scFv concentration of fermentation 5. Low scFv concentration was most 

likely due to the carbon source being used for growth rather than scFv formation, or 

even protease production. Alternatively the antibody fragment was being produced, but 

degraded due to the longer time spent in the fermentation broth or by increased quantity 

of proteases. The lowest scFv concentration was obtained with high antifoam 

concentration (3.4 mgL"'). Antifoam prevents broths from foaming by causing bubbles 

to collapse or stick to the air-liquid interface, which in-tum reduces oxygen transfer 

(KLa) (Stanbury and Whitaker, 1995) so inhibiting growth and scFv formation.

Table 3.8 The effect of feeding regime on the biomass and scFv concentrations

Feeding regime Fermentation
number

Biomass (gL'^) 
at 65h

scFv (mgL'^) 
at 65h

Starting at O h 7 8.9 5.3
Starting at 8 h 5 5.8 11
Starting at 8 h + antifoam 6 9 3.4
Starting at 16 h 8 7.5 7.9

Final scFv concentration of the fifth fermentation (11 mgL'^), were almost 20 fold 

higher than that achieved with the basic medium (0.65 mgL'^). The increase in scFv 

production was due to the rise in overall biomass, and to a lesser extent because an scFv 

rather than an Fv standard was used for the ELISA. Yields produced by the 

contaminated fermentations (6.5 mgL"^) were approximately half the value of the clean 

runs. This was most likely due to Aspergillus biomass levels being low. Mixed cultures 

of bacteria often cause organisms to produce substances to inhibit growth of other 

organisms such as antibiotics, this is similar for fungi which produce antifungals 

including proteases. Consequently the fermentation broths most likely contained 

substances which degraded scFv.
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3.3.5 Fermentation samples analysed with the improved ELISA 

method

As feed initiation after 8 h gave the highest scFv concentration, this protocol was 

repeated for the next two fermentation. Growth in the first fifteen hours, of the ninth and 

tenth fermentations, reached a biomass level above 2 gL'^ (Fig. 3.21). Rapid growth 

occurred between 15 and 25 h reaching a value just below 6 gL"\ With the ninth 

fermentation values reached a plateau of 7 gL'^ after rapid growth, however in 

fermentation 10 there was a gentle rise to 8 gL"\ The biomass trends were similar to the 

eighth fermentation, in which feed was initiated after 16 h.

For the first 45 h, scFv concentrations were identical for the two runs (Fig. 3.21, Fig. 

3.17). After 45 h of the ninth fermentation, the scFv level fell from 35 to 22 mgL"\ then 

trebled to 95 mgL"'. Whereas run 10 values continued to increase fi*om 37 m gL'\ finally 

reaching 83 m gL'\ The final scFv concentration of fermentation 9 was checked and 

confirmed with several separate ELISA for other experiments (data not shown). The 

tenth fermentation had a lower final scFv value, which may have been due to stress on 

the organisms that occurred after 50 h, when the broth changed colour. The cause of this 

colour change was unknown. Consequently another fermentation is required to 

determine which of the two runs was more representative.

The final scFv concentration for the sixth fermentation was found to be 11 m gL'\ whilst 

the ninth and tenth fermentations expressed approximately 90 mgL"^. The difference in 

concentrations were caused by the different ELISA methods implemented (section 

2.2.1). The ninth and tenth fermentations were analysed by the improved ELISA 

method, consequently 90 mgL'^ was the more accurate value.

Work performed with the same strain (Frenken et a l, 1998) resulted in a yield of 50 

mgL'^ from a 10 L fermentation. The lower scFv concentration could be due to 

differences in fermentation medium, reactor and ELISA techniques. As previously 

discussed the medium had an effect on scFv concentration. At the start of the project the 

Applikon fermenter was chosen over LH vessels (Adaptive Biosystem Ltd., Luton, 

UK), as growth was greater. Furthermore ELISA technique affects the accuracy of 

readings (chapter 2).

93



Chapter 3 Fermentation

100

-  90

-7 0

CD

Feed
Started -4 0

-  10

5 10 15 20 25 30 35 40 45 50 55 60 65 70

Fermentation Time (h)

Figure 3.21 Comparison of biomass and scFv levels obtained during fermentation 9 and 

10 cultured on the new medium, and was analysed with the new ELISA method. 

Squares (■) represent fermentation 9 and circles (# ) fermentation 10, solid (■) 

symbols biomass, and open (□ ) symbols scFv yield. Feed was commenced after 8 h. 

Error bars represents standard deviations of three data points.
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4.0 RHEOLOGY OF FEEDSTREAM

Rheology defines the flow characteristics of a feedstream, which in turn affects the 

mixing, heat and mass transfer. Of the factors affecting flow behaviour, viscosity is the 

most influential. Viscosity is used to described the feedstream's resistance to motion. It 

is determined by relating the velocity gradient in the feedstream, to the shear force 

causing flow to occur. Feedstreams are described as being either Newtonian or non- 

Newtonian, depending upon whether they obey Newton’s law of viscous flow. If the 

viscosity of the feedstream remains constant despite changes in shear stress (force 

applied) and shear rate (velocity gradient), it is described as being Newtonian. Viscosity 

of feedstreams are affected by the presence of cells, substrates, products and air. 

Determining the rheology of broths will define viscosity of the feedstream and its 

behaviour with shear. From these factors the effect of downstream processing on 

product yield can be predicted.

4.1 Methods and Materials
To determine the rheology of a feedstream a viscometer was utilised. This equipment 

measured torque, the amount of force required to rotate the equipment in the 

feedstream. From this the shear stress, shear rate and viscosity could be calculated. The 

effect of fermentation feeding regime on feedstream rheology was determined by a 

particle sizer. Shear sensitivity of the feedstream was investigated by a shear device. By 

altering the amount of feedstream within the device, the effect of an air-liquid interface 

was also investigated.
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4.1.1 Rheology of fermentation broth

Measurement of the rheological properties of broth was performed using a rotational 

device, rotating-bob and cup viscometer (Contraves Rheomat 115, Contraves Industrial 

Products Ltd, Ruislip, UK). The rotating-bob and cup was used as the broth contained 

mycelium, resulting in a viscous feedstream. However the viscosity was relatively low, 

so the largest bob (DIN 145) was utilised. To the cup 100 mL of broth was added, which 

was sufficient to cover the bob. The cup and bob were connected to the motor, and at 

each specified rotation speed, the torque reading was recorded. To counter-act heating 

from the friction caused by torque, the broth temperature was maintained at 5°C by the 

cooling system. Triplicate runs were performed on each broth.

The third and fifth fermentation broths were analysed, to compare the rheology of 

contaminated and clean broth. The triplicate torque readings for each broth was 

averaged and used to calculate the viscosity. Further calculations were used to 

determine the Newtonian properties.

T
M = -  (4.1)

r

where p is viscosity (mPa.s)

T is shear stress (mPa) 

y is shear rate (s'^)

Shear stress is the friction on the broth caused by the rotating bob in the stationary cup.

= torque reading x 195.5 (published data for DIN 145)

Shear rate is the velocity gradient between the bob surface and cup surface.

= data is published for DIN 145 system.

By plotting shear stress (x) verses shear rate (y), the viscosity (gradient) of the system 

can be defined. Newtonian properties can be determined from the gradient (n) of log 

shear stress (x) verses log shear rate (y) plot.

96



Chapter 4 Rheology of Feedstream

log r = « log / + log ̂  (4.2)
where log k is the consistency index (mPa) 

n is the flow behaviour index

4.1.2 Rheology of filtrate

As the scFv was expressed extracellularly, the solid phase of the fermentation broth had 

to be removed. Solid-liquid separation was performed in the MSB basket centrifuge 

(Chapter 4). Filtrate was obtained by separating the fifth fermentation broth in the 

basket centrifuge at 5447 rpm (speed setting 3). The rheology of filtrate was determined 

using the Contraves Rheomat 115. As the physical properties of the filtrate were similar 

to water, the concentric cylinder system was utilised. The rotating-bob and cup 

procedure was employed, however only 20 mL was required for each run.

4.1.3 Particle size distribution

Fermentation broths contained numerous particles of various sizes, which change with 

growth conditions. The distribution of particle size was monitored by an MTS particle 

sizer (MTS GmbH, Ludwigsburg, Germany). The MTS particle sizer probe was placed 

in 100 mL of broth, which was gently agitated. The equipment was set up to take 

readings every minute, and run for eleven minutes. Particle size distribution was 

recorded as three categories, small, medium or large particles. Small were particle sizes 

below 10% of the volume distribution, medium were 50% and large were above 90% 

volume distribution. Particle size (pm) was relative to the system, not an absolute 

measurement.
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Particle size was determined for the third, fifth, sixth, seventh and eighth fermentation 

broths (Table 4.1). Furthermore broths from four fermentations grown under a different 

protocol performed by A. Sotiriadis, were also analysed. Of these four broths two (A1 

and A2) were from contaminated fermentation broths, and two (A3 and A4) were from 

clean runs. Filtrate analysed in the rheometer (Section 4.1.2) was also tested.

Table 4.1 Feedstreams analysed by the particle sizer

Particle 
sizer test

Sample Sample
code

1 Third fermentation F3
2 AS Fermentation broth 1 A1
3 AS Fermentation broth 2 A2
4 Fifth fermentation, feed after 8h F5
5 Sixth fermentation, feed after 8h + antifoam F6
6 Seventh fermentation, feed from start F7
7 Eighth fermentation, feed after 16h F8
8 AS Fermentation broth 3 A3
9 AS Fermentation broth 4 A4
10 Filtrate from fifth fermentation F5 flit

AS represents A. Sotiriadis fermentation broths. The line across the table segregates the 
contaminated feedstreams above the line, from clean feedstreams below the line.

4.1.4 The effect of shear on the feedstream

The shear sensitivity of fermentation broth was investigated using a shear device (Levy 

et a l, 1999). This was constructed in-house. To mimic the separation conditions of the 

basket centrifuges, three energy dissipation values (3.9x10" ,̂ 1.7x10^, 2.8x10^ Wkg'^) 

were used. The effects of an air-liquid interface was assessed by running the cylinder 

full (12 mL of feedstream, without air-liquid interface), half (6 mL) and quarter-full (3 

mL). Each condition was run for 3 s with the exception of the half-full cylinder that was 

run for 10 and 30 s. Triplicate runs were performed for each condition, on the tenth 

fermentation broth. Furthermore the shear sensitivity of filtrate was also analysed. 

Filtrate was obtained by separating broth of the tenth fermentation, by the MSE basket 

centrifuge at 5447 rpm (Chapter 4).
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To determine the effect of shear, samples were analysed for total protein (Coomassie 

assay, section 2.1.7) and scFv (ELISA, section 2.1.2) content, and compared to their 

concentrations present in unprocessed feedstream.
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4.2 Results
The viscometer experiments determined the viscosity of contaminated fermentation 

broth to be 8 mPa.s, clean fermentation broth 5 mPa.s and filtrate 1.3 mPa.s. Both 

fermentation broths’ viscosity decreased with increasing shear rate, and their n value 

was 0.6. However the flow behaviour of the filtrate was similar to Newtonian (n=0.9).

For simplicity the particle size profile for each feedstream, was compared as the average 

size of small, medium and large particles. Data showed the contaminated fermentation 

broths to have smaller particles than the clean broths. Feed regimes and fermentation 

protocols had no observable effect on particle size. Fermentation broth with excess 

antifoam had the largest distribution of particles, whilst the largest particles in the 

filtrate were equivalent to medium sized particles of the clean fermentation broth.

Protein and scFv concentrations in fermentation broth decreased as energy dissipation 

and air-liquid interface increased. At the highest energy dissipation rate (2.8x10^ Wkg'^) 

and with the device a quarter-full, protein yields were 55% of initial broth and scFv 

23%. Shortening the residence time had little effect on the protein levels, however scFv 

yields rose. The protein content of filtrate remained at 100% with all conditions. Whilst 

scFv yield fell to 74% of initial broth at the lowest energy dissipation rate 

(3.9x10'̂  Wkg'^), and in the absence of an air-liquid interface. This fell to 31% at the 

highest energy dissipation rate and with the largest air-liquid interface.
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4.2.1 Rheology of fermentation broths

The contaminated broth (fermentation 3) produced high torque readings especially with 

the high rotation speeds, ranging from 1.8 to 70.8 (Table 4.2). Whereas the clean 

fermentation broth (fermentation 5) torque readings spanned a smaller range, from 1.5 

to 36.7. Viscosity was determined by plotting shear stress versus shear rate. 

Contaminated broth had a viscosity 8.0 mPa.s, and the clean broth 5.4 mPa.s (Fig. 4.1). 

Newtonian properties were determined from the Log shear stress versus Log shear rate 

plot (Fig. 4.2). Contaminated broth had an n value of 0.60 whilst the clean broth was 

0.64. For both fermentation broths, viscosity decreased with increasing shear rate (Fig. 

4.5).

Table 4.2 Rheology measurements of clean and contaminated fermentation broths

Fermentation 3

Speed
setting

Torque
reading

Shear
rate
(s ')

Shear
stress
(mPa)

Viscosity
(mPa.s)

1 1.8 6.7 352 44.1
2 2.2 9.5 430 41.2
3 2.3 13.6 450 28^
4 2.8 19.5 547 20.1
5 3.5 27.9 684 17.5
6 3.8 39L9 743 13.7
7 4.7 57.2 919 12.0
8 6.0 81.8 1173 10.0
9 7.3 117.1 1427 8.9
10 9.0 167.6 1760 7.8
11 11.2 240.0 2190 6.8
12 15.8 343.0 3089 6.4
13 2Z3 492.0 4356 6.0
14 37.0 704.0 7234 6.7
15 70.8 1008.0 13841 7.1

Fermentation 5

Torque Shear Shear Viscosity
reading rate stress (mPa.s)

(s-') (mPa)
1.5 6.7 293 52.9
2.0 9.5 391 45.3
2.0 13.6 391 33.0
2.0 19.5 391 28.1
2.5 27.9 489 24.5
2.8 39.9 547 18.6
3.5 57.2 684 16.1
4.2 8L8 821 14.3
5.3 117.1 1036 12.2
6.7 167.6 1310 10.5
8.3 240.0 1623 9.1
11.3 343.0 2209 9.0
15.2 492.0 2972 8.9
24.0 704.0 4692 10.3
36.7 1008.0 7175 13.7
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Figure 4.1 The effect of increasing shear rate on shear stress of the clean and 

contaminated fermentation broth. Squares (■) represent the clean fermentation (run 5), 

and circles (# ) the contaminated broth (run 3). The gradients of the curves (-) 

determined viscosity, consequently the clean fermentation broth had a viscosity of 

5.4mPa.s, and the contaminated broth S.OmPa.s.
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Figure 4.2 The flow behaviour of clean and contaminated fermentation broths. Squares 

(■) represent the clean fermentation (run 5), and circles (#) the contaminated broth (run 

3). The gradient of the curves (-) determined the n value, and whether the feedstream is 

Newtonian. The clean fermentation had an n value of 0.64, and the contaminated broth 

of0.60.
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4.2.2 Rheology of filtrate

Since the filtrate had a similar composition to water, the concentric cylinders were used. 

From the shear rate versus shear stress plot, the viscosity of filtrate was found to be 1.3 

mPa.s (Fig. 4.3). This value was a little lower than the individual viscosity data, which 

range from 1.4 to 2.2 mPa.s (Table 4.3). The flow behaviour had an n value of 0.91 

(Fig. 4.4). A linear curve was observed when shear rate versus viscosity was plotted 

(Fig. 4.5).

Table 4.3 Rheology measurements of Filtrate

Filtrate

Speed
setting

Torque
reading

Shear rate
(s-')

Shear stress 
(mPa)

Viscosity
(mPa.s)

1 0.7 24.3 43.8 1.80
2 1.0 34.8 65.6 1.89
3 1.3 49.8 87.5 1.76
4 1.7 71.2 109.4 1.54
5 2.7 102.0 175.0 1.72
6 3.7 145.9 240.6 1.65
7 5.0 209.0 328.2 1.57
8 6.7 299.0 437.5 1.46
9 9.0 428.0 590.7 1.38
10 13.0 613.0 853.2 1.39
11 18.0 877.0 1181.3 1.35
12 26.0 1256.0 1706.4 1.36
13 44.0 1799.0 2887.7 1.61
14 75.3 2570.0 4944.1 1.92
15 122.7 3680.0 8050.6 2.19
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Figure 4.3 The effect of increasing shear rate on shear stress of the filtrate. The gradient 

of the curve (-) determined viscosity, which was 1.3mPa.s.
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Figure 4.4 The flow behaviour of filtrate was determined by the gradient of the curves 

(-). Filtrate had an n value of 0.91; as this was close to 1 the feedstream was described 

as being Newtonian.
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Figure 4.5 The effect of increasing shear rate on viscosity of the two fermentation 

broths and filtrate. Squares (■) represent the clean fermentation (run 5), circles (# ) the 

contaminated broth (run 4), and triangles (A) the filtrate.
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4.2.3 Particle size distribution of broths

Particle size distribution was recorded as three categories, particle sizes below 10% of 

the volume distribution were small, 50% were medium and large were above 90%. 

Particle size (pm) was relative to system not an absolute measurement. Contaminated 

broth (run 3, A1 and A2) had smaller particles than the clean (Fig. 4.6). Particles sizes 

were approximately 12 pm for the small, 27 pm for medium and 58 pm for the large 

(Table 4.4). Whilst clean broth small particles were approximately 20 pm, medium 47 

pm and large particle were 90 pm. The feeding regime and fermentation protocol did 

not affect particle size. In the sixth fermentation broth (excess antifoam) particle sizes 

were larger than the average clean fermentations, (34, 77 and 142 pm). The filtrate of 

the fifth fermentation had the smallest particle distribution; small particles were 

approximately 12 pm, whilst the medium and lager particles were 20 and 33 pm 

respectively.

Table 4.4 Particle size distribution of broths

Particle sizer 
test (Fig. 4.6)

Broth Small
particles

stdev Medium
particles

stdev Large
particles

stdev

1 F3 10.04 0.41 27.10 2.12 68.34 12.18
2 A1 14.19 1.23 27.28 2.48 50.51 4.41
3 A2 12.52 0.66 26.47 1.54 54.20 2.92
4 F5 20.87 4.39 50.08 9.91 102.8 17.66
5 F6 33.67 0.81 76.74 2.07 142.01 2.90
6 F7 20.27 1.16 46.79 3.17 8738 7.94
7 F8 17.54 0^2 41.99 2.07 8930 9.30
8 A3 18.85 2.51 50.17 6.31 8836 10.97
9 A4 20.29 0.65 44.00 1.85 82.29 7.07
10 F5 flit 12.34 1.62 19.81 2.32 33.13 332

F represents fermentation, whilst A is A. Sotiriadis broth, filt is filtrate, 
ten sets of data. The line across the table segregates the contaminated 
clean feedstreams below the line.

and stdev is standard deviation of 
feedstreams above the line, from
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Figure 4.6 Particle size distribution of the ten broths (see table 4.1 for description). 

Particle size distribution was recorded as three categories, particle sizes below 10% of 

the volume distribution were small (■), 50% were medium (# ) and large (A) were 

above 90%. Error bars show standard deviation of ten data points.
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4.2.4 The effect of shear on the feedstream

The effect of shear on feedstreams was investigated using a shear device constructed in- 

house. Shear device was run at three energy dissipation rates that replicated the basket 

centrifuge. The effect of an air-liquid interface was determined by running the device 

full, half and quarter-full.

At the lowest energy dissipation rate (3.9x10"  ̂Wkg'^) and without an air-liquid interface 

the total protein content of the fermentation broth remained 100%, whilst at the highest 

energy dissipation rate (2.8x10^ Wkg'^) protein content fell by approximately 15% 

(Table 4.5, Fig. 4.7). This reduction in protein was increased as the air-liquid interface 

increased. Consequently with the device a quarter-full, protein fell by approximately 

30%. Reducing the residence time to 10 s reduced protein content by 6%. As with the 

protein content, scFv yield was 100% at the lowest energy dissipation rate and without 

an air-liquid interface. At the highest energy dissipation, scFv concentration fell by 

approximately 24% of initial broth (Table 4.5, Fig. 4.8). Again the reduction in yield 

was increased with increasing air-liquid interface. At the highest air-liquid interface 

(device quarter-full), scFv yields fell by approximately 52%. A shorter residence time of 

10 s had a higher scFv content (11%) than running the device for 30 s.

The filtrate protein content remained at approximately 100% with all conditions (Table 

4.6, Fig. 4.7). However scFv yields was only 74% of initial broth, at the lowest energy 

dissipation rate and with the device full. At the highest energy dissipation rate scFv 

concentration of the filtrate fell by approximately 30% (Table 4.6, Fig. 4.8), whilst the 

largest air-liquid interface caused the scFv content to fall by approximately 16%. The 

effect of residence time on the filtrate was not investigated.
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Figure 4.7 The effect of increasing energy dissipation and air-liquid interface on protein 

concentration, performed in the shear device. Squares (■) represent the full vessel 

(without air), circles (# ) half-full, down-triangles (▼) half-full run for only 1 Os and an 

up-triangles (A) quarter-full. Black symbols (■) were fermentation broth, and red 

symbols (■) were filtrate from the basket centrifuge. All values were calculated as 

percentages of the protein present in unprocessed broth. Error bars represent standard 

deviation of three data points.
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Figure 4.8 The effeet of increasing energy dissipation and air-liquid interface on scFv 

concentration, performed in the shear device. Squares (■) represent the full vessel 

(without air), circles (# ) half-full, down-triangles (▼) half-full run for only 10s and an 

up-triangles (A) quarter-full. Black symbols (■) were fermentation broth, and red 

symbols (■) were filtrate from the basket centrifuge. All values were calculated as 

percentages of the scFv present in unprocessed broth. Error bars represent standard 

deviation of three data points.
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Table 4.5 The effect of shear on fermentation broth protein and scFv 

concentrations

Fermentation broth

% of protein in unprocessed broth % of scFv in unprocessed broth

Shear
device

3.9x10^
Wkg-^

1.7x10^
Wkg'^

2.8x10^
W kg’

3.9x10^
Wkg-T

1.7x10^
Wkg-'

2.8x10^
Wkg-'

Full 30s 98.7 94.2 893 104.4 81.7 78.3

Half 30s 88.2 74.6 72.5 76.7 74.5 69.2

Half 10s 77.2 70.9 70.5 92.2 82.6 67.7

Quarter 30s 70.6 61.7 55.2 45.0 38.7 22.9

Full, half, quarter is the amount of feedstream present in shear device. 30 s and 10 s are the residence 

times.

Table 4.6 The effect of shear on filtration protein and scFv concentrations

Filtrate

% of protein in unprocessed broth % of scFv in unprocessed broth

Shear
device

3.9x10*
Wkg-'

1.7x10^
Wkg-'

2.8x10^
Wkg-^

3.9x10*
Wkg-^

1.7x10^
Wkg-'

2.8x10^
Wkg-^

Full 30s 103.2 100.0 99.9 74.4 67.5 50.4

Half 30s 103.3 101.3 96.4 54.1 46.3 39.9

Quarter 30s 105.9 98.7 93.8 40.7 31.6 31.2

Full, half, quarter is the amount of feedstream present in shear device. 30 s is the residence times.
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4.3 Discussion
The presence of a contaminant increased the viscosity of fermentation broth. However it 

did not affect the non-Newtonian behaviour, as both clean and contaminated broth were 

pseudoplastic (shear thinning). Furthermore, the contaminant reduced the particle size 

distribution. Feed regimes and fermentation protocols had no obvious effect on particle 

size. Removal of solid by the basket centrifuge led to a reduction in viscosity of the 

feedstream. Flow behaviour of the filtrate was close to Newtonian. The 12 oz 

polypropylene fabric filter cloth (Section 4.1.10) of the MSE basket centrifuge removed 

particles larger than 33 pm.

Fermentation broth was susceptible to shear at energy dissipation rates above 3.9x10"  ̂

W kg'\ Protein and scFv yields were reduced further in the presence of an air-liquid 

interface, whereas the protein present in filtrate was insensitive to shear and secondary 

shear-associated effects. However scFv present in the filtrate was still sensitive to shear 

and air-liquid interfaces.

4.3.1 Rheology of fermentation broth and filtrate

The contaminated broth was more viscous than clean fermentations. This was most 

likely due to the presence of Bacillus and its production of polysaccharides. Both the 

clean and contaminated broths were non-Newtonian. As their n value was less than 1, 

both broths were described as being pseudoplastic or shear thinning. Consequently the 

apparent viscosity of the broths will decrease with increasing shear rate. Many mycelial 

fermentation broths display pseudoplastic behaviour (Stanbury et a l, 1995; Heydarian 

et a l, 1999).

114



Chapter 4 Rheology of Feedstream

Removal of mycelium caused the feedstream to be less viscous compared to 

fermentation broth. Furthermore the filtrate appeared to be Newtonian as the n value 

was 0.9. However when viscosity was plotted against shear rate, the curve was linear 

but did not go through the origin. Consequently the filtrate was not quite Newtonian.

4.3.2 Particle size distribution of broths

The size distribution of clean fermentation broths were approximately 20, 47 and 90 pm 

for small, medium and large particles. Feed regimes and fermentation protocols 

appeared not to affect the distribution. However the presence of a contaminant reduced 

the particle size distribution. Contaminated broth consisted of large numbers of Bacillus 

and small numbers of Aspergillus. Consequently contaminated broth would have small 

particles due to the presence of bacteria, and because Aspergillus growth was inhibited. 

In addition Bacillus would have utilised the medium components differently, so 

affecting the particulates in solution.

Of the clean fermentations, fermentation 6 particle size distribution was the largest 

(Table 4.4). This fermentation contained a large quantity of antifoam. As previously 

reported (Section 2.2.4), dry weight was also higher than in normal fermentations. A 

smaller particle size was expected as the antifoam decreases oxygen transfer, hence 

reducing clump growth. Instead the clumps were larger than normal, suggesting that 

growth occurred at the edges of the clumps, as the centre died due to oxygen starvation, 

leading to larger than normal sized particles. Alternatively, the viscous nature of 

antifoam may have affected probe readings. Greater agitation during probe reading may 

have overcome this problem.
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Particle size distribution of the filtrate was small compared to the fermentation broths. 

The 12 oz polypropylene fabric filter cloth (Section 4.1.10) of the MSE basket 

centrifuge removed large and medium particles. As medium and large particles in broths 

were 47 and 90 pm respectively, this was reduced to 20 and 33 pm in the filtrate, 

demonstrating that the basket centrifuge removed particles larger than 33 pm. Though 

the particle size was small, the carry-over of Aspergillus clumps will cause problems 

with purification processes. Another solid removal step is required.

4.3.3 The effect of shear on the feedstream

The shear device was utilised for the shear investigation. This device enabled the effect 

of increasing energy dissipation and air-liquid interface on the two feedstreams, to be 

studied. Increasing energy dissipation caused degradation of protein (fell by 15%) and 

in particularly scFv (fell by 24%) present in fermentation broth. This reduction was 

increased in the presence of an air-liquid interface. Consequently at the highest energy 

dissipation rate and with the largest air-liquid interface, total protein concentration was 

55% of initial fermentation broth, whilst scFv was 23%. Residence time appeared not to 

have an effect on protein concentration, however scFv yields were higher with the 

shorter time. The effect of residence time on scFv became less significant as energy 

dissipation increased.
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Previous research with scFv expressed by E. coli (Harrison et a l, 1998) observed shear 

related degradation at an energy dissipation rate of 3.0x10"  ̂ W kg'\ when the fragment 

was present in phosphate buffered saline azide (PBSA, PBS supplied by Sigma-Aldrich 

Company Ltd., 0.02% sodium azide), but not with fermentation broth. The presence of 

yeast extract and antifoam was thought to protect the scFv. Aspergillus fermentation 

broth contained a similar concentration of yeast extract as the E. coli broth, however 

antifoam was not present. Furthermore Harrison, et a l (1998) used an optical biosensor 

to analyse scFv activity, which was not as sensitive as ELISA. Evidently scFv was 

susceptible to shear and to a greater extent secondary shear-associated damage at energy 

dissipation rates above 3.9x10"  ̂ W kg'\ Addition of protectants to the feedstream may 

reduce this effect.

The total protein content of the basket centrifuge filtrate was not effected by shear or the 

presence of an air-liquid interface. It appeared that the absence of solid from the 

feedstream caused the protein to be insensitive to shear. However scFv concentration 

was 74% of the initial feedstream at the lowest energy dissipation rate and without an 

air-liquid interface. Reduction in scFv yields increased with increasing energy 

dissipation and air-liquid interface area. At the highest energy dissipation rate and with 

the largest air-liquid interface, scFv concentration was 31% of initial feedstream. The 

absence of solid from the feedstream increased the sensitivity of scFv to shear and 

shear-associated effects. Solid appeared to act as a protectant to the scFv.

Consequently further processing after basket centrifugation should avoid energy 

dissipation rates above 3 . 9 x 1 Wkg'^ and air-liquid interfaces. Air-liquid interfaces 

appeared to be more of a problem for fermentation broth than filtrate. This could be a 

problem with the chosen recovery process, as separation in the basket centrifuge occurs 

in an air environment.
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5.0 BASKET CENTRIFUGE
Since scFv was expressed extracellularly, the solid phase had to be separated from the 

product containing liquid phase. Filamentous broths are generally separated by 

filtration. This can be an expensive time consuming process. An alternative separation 

process is centrifugal filtration, performed by a basket centrifuge. In this device, 

filtration was driven by centrifugation. The feedstream passes through a filter cloth that 

rotates in a perforated bowl. Solids are retained by the cloth, whilst the clarified liquid 

pass through, leaving the bowl via the perforations present in its wall. The liquid phase 

then passes into the curb, from where it exits the centrifuge (Fig. 1.2).

Scale-down and ultrascale-down studies aim to reproduce bulk process conditions at 

laboratory-scale. Scale-down can be approached from two directions, alteration of large- 

scale equipment to allow representative operation at lower throughputs such as the disc 

stack centrifuge (Mannweiler and Hoare, 1992), or mimicking a large-scale operation in 

smaller scale equipment such as a multichamber-bowl (Boychyn, 2000). In this project a 

scale-down mimic of the laboratory-scale basket centrifuge was utilised.

With centrifuges, the sigma value (Z) can be used as the sealing criterion. (Ambler, 

1952). The sigma value indicates the required area of a gravity settling tank required to 

produce the same clarifying capacity as the eentrifuge. Consequently it determines the 

settling velocity of the centrifuge. However since the basket centrifuge is a filtering 

device, it separates on the principle of size rather than density of particles. Consequently 

two other scale-down criteria were investigated, energy dissipation rate and relative 

centrifugal force. Energy dissipation rate determines the force driving separation, with 

the fiiction created by the feedstream passing through the device. Values for energy 

dissipation rate were calculation using computational fluid dynamics (CFD) techniques, 

whilst RCFmax calculates the centrifugal force occurring within the device.
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5.1 Material and methods
The laboratory-scale basket centrifuge has ten speed settings. The R PM  of each speed 

was measured using a tachometer. Mass, protein and scFv balances were determined for 

each speed setting. An ultra-scale down device (USD) was constructed in-house. The 

filtration area was used to calculate the scale-down factor between the laboratory-scale 

basket centrifuge and the USD. Separation was scaled-down by replicating the energy 

dissipated at the bowl surface of the laboratory-scale basket centrifuge. Again mass, 

protein and scFv balances were determined for each separation condition. Separation 

was also scaled-up to pilot plant-scale, on the basis of energy dissipation rate. Another 

scale-down criterion, relative centrifugal force (RCFmax) was also investigated. The 

USD was run at conditions that replicated the RCFmax values achieved with the 

laboratory-scale basket centrifuge. Again the mass, protein and scFv balance obtained 

with the USD was compared to the laboratory-scale basket centrifuge data.

5.1.1 Measuring the speed of the basket centrifuge

The laboratory-scale MSE basket centrifuge (Fisher Scientific UK Limited, 

Loughborough, UK) had ten speed settings. The speed of each setting was measured by 

tachometer. Readings were taken after spinning the bowl for 3 min. The speed was 

measured in an increasing order (moving from setting 1 through to 10), then decreasing 

(moving from setting 10 through to 1). This was repeated, and the average of the four 

values for each setting was then plotted, allowing a theoretical speed to be obtained the 

graph.

5.1.2 Separation with the laboratory-scale basket centrifuge

To recover the liquid containing scFv, the fermentation broth was separated by 

centrifugal filtration. Fermentation broth was processed in the laboratory-scale basket 

centrifuge. A mass balance was performed for each speed setting, which included 

protein and scFv quantification. Mass balance is simply a balance of masses entering 

and exiting the system (Fig. 5.1). From this, loss was calculated. Furthermore the 

efficiency of solid-liquid separation was determined.
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IN (broth)
100ml 
mass (g)
Protein (mgml'i) 
scFv (pgmM)

Basket centrifuge

Cake (filter cloth) 
mass (g)
Amount of liquid present 
Protein (mgml"") 
scFv(jLtgmM)

OUT (filtrate) 
mass (g)
Amount of solid 
Protein (mgml'^) 
scFv(pgmM)

Figure 5.1 Data required for mass, protein and scFv process balances.
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Broth from the ninth fermentation was utilised, each run required 100 mL. Before broth 

addition, the bowl was spun for 3 min, hence solid-liquid separation occurred at the 

correct speed. Since the volume of the feedstream was small, the broth was poured into 

to the centrifuge bowl rather than pumped. Addition of broth took a few seconds. Then 

the bowl was kept spinning for a further 3 min, to ensure cake de watering. This was 

repeated two more times, thus obtaining triplicate data for each speed setting.

The filter cloth was removed from the centrifuge, and cake mass calculated. Solid was 

recovered from the filter cloth. Approximately 50 mg of cake was dried for 1 h at 100 

°C, thus any trapped filtrate would evaporate leaving just the solid. The filtrate was 

collected and weighed. To calculate the amount of solid in the filtrate, a 10 mL sample 

was filtered through 0.2 pm Cellulose nitrate membrane filters (Whatman Ltd.). The 

filters were dried for 1 h at 100 °C to remove entrapped filtrate. This method was used 

instead of centrifugation, as the small amount of solid of the scale-down experiments 

did not pellet effectively.

Mass balances for protein and scFv were also performed (Fig. 5.1). The Coomassie 

assay (section 7.3.1) was used to calculate protein concentration, whilst ELISA (section 

7.1.1) determined the amount of scFv present. A sample from the filtrate was analysed 

for protein and scFv concentration, and these were compared to values of broth before 

basket centrifugation. To approximately 50 mg of cake 1 mL of PBS (Sigma-Aldrich 

Company Ltd.) was added, these were mixed using a shaker (Janke and Kunkel GmbH 

and CO. KG., IKA Labortechnik, Germany) for 10 min at 1400 rpm. To remove the 

solid, the samples were filtered through 0.2 pm polysulphone syringe filters (Whatman 

International Ltd.). Filtrates were analysed for scFv and protein content. Filtrate and 

cake samples were also separated on SDS-PAGE (Section 6.1.6), to determine if protein 

was being gained or loss during separation.
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5.1.3 Scale-down of laboratory-scale basket centrifuge

The laboratory-scale basket centrifuge is capable of handling 500 mL of broth, 

consequently it required at least 100 mL feedstream to obtain an accurate representation 

of separation by this centrifuge. By scaling down the equipment, experiments may be 

performed using smaller feedstream volumes. The dimensions of the perforated bowls 

of the laboratory-scale basket centrifuge and USD are shown in Figure 5.2.

A smaller simpler basket centrifuge was constructed in-house (Fig. 5.2). Unlike the 

laboratory-scale basket centrifuge, the USD consisted only of the bowl in which the 

filter cloth sat. A glass beaker was used as a substitute curb (Fig. 1.2). Due to the small 

size of the bowl an air driven motor was utilised. Speed was controlled by increasing or 

decreasing the air pressure. The bowl was attached under the motor, unlike the 

laboratory-scale basket centrifuge in which the bowl was located above the motor.

CFD analysis (Appendix) was used to quantify the complex flow fields that occur in 

the laboratory-scale basket centrifuge. From this analysis the amount of energy 

dissipated in the fermentation broth by the rotating bowl surface, as the feed was 

accelerated to the velocity of the bowl, was determined for the ten speeds. By 

replicating these energy dissipation values in the USD, separation achieved at the 

laboratory-scale should be replicated at the ultra-scale down level.

As the USD was not an actual scale-down replica of the laboratory-scale basket 

centrifuge, filter area was used to calculate the difference in scale. Consequently the 

filtration characteristics in the scale-down bowl should resemble that of the laboratory- 

scale basket centrifuge. The filtration area of a basket centrifuge was defined as the 

bowl’s perforated wall. Hence the filtration area was equivalent to the area of a cylinder.

filter area = Tidh (5.1)

Where d is the diameter of the bowl

h is the height of the perforated wall of the bowl
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Figure 5.2 Comparison of perforated bowls of the three basket centrifuges. Top 

Dimensions of the laboratory scale (MSB) basket centrifuge, figures in brackets are 

dimensions of the pilot plant scale (Rousselet) basket centrifuge. Bottom Dimensions of 

the USD. All dimensions are in mm.

123



Chapter 5 Basket centrifuge

5.1.4 Separation with the USD

The experiment was a scale-down version of section 5.1.2. As the bowl was air driven, 

a tachometer was used to measure the speed of bowl rotation. The bowl was spun at 

specific RPM determined by energy dissipation calculations, to emulate the speed 

settings of the laboratory-scale basket centrifuge (section 5.1.1). As the bowl had no 

curb, it was spun inside a glass beaker. To prevent aerosols leaving the bowl, a paper lid 

was made to cover the glass beaker. Throughout the experiment, the equipment was 

housed inside a fumehood. The bowl was suspended from the motor, consequently the 

filter cloth design had to be changed. For simplicity a strip of filter cloth, that covered 

just the perforated wall of the bowl, was utilised.

Broth came from the same fermentation as the laboratory-scale basket centrifuge 

experiment. Using the scale-down factor (section 5.1.3), approximately 7 mL of broth 

was required for each run. As the bowl reached the set speed in a matter of seconds, the 

bowl was spun for only 1 min before broth addition. Broth was injected into the bowl 

using a 10 mL disposable syringe, so addition took a few seconds. The bowl was then 

spun for a further 1 min. Triplicate runs were performed for each speed setting.

Mass, protein and scFv analyses were identical to the laboratory-scale basket centrifuge 

experiment (section 5.1.2). As there was only approximately 7 mL of filtrate, all this 

was filtered to determine solid content.

5.1.5 Separation with the pilot-scale basket centrifuge

To determine whether energy dissipation rate could be used for scale-up, the experiment 

was repeated with the pilot plant-scale basket centrifuge, 30 L RC40 (Rousselet 

Robatel, Genas, France) (Fig. 5.2). Conditions were as previously described, however 

the feedstream volume was larger than the scale-factor (section 5.1.3) and only four 

speed settings were tested.
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Fermentation broth from a large-scale run was provided by A. Sotiriadis for this 

investigation. The scale-up factor was calculated to he 15, consequently the feedstream 

volume would be 1.5 L. This volume was too low for the centrifuge, furthermore the 

fermentation broth was assumed to have a low scFv yield and biomass. So the 

feedstream volume was 25 L, the maximum fermentation broth volume available.

The Rousselet basket centrifuge can achieve speeds between 300 and 3000 rpm. 

Separation was performed at four speeds (1500, 2000, 2500 and 3000 rpm), to 

correspond with the energy dissipation values achieved with the laboratory-scale basket 

centrifuge.

5.1.6 Relative centrifuge force as a scale-down parameter

The efficiency of an alternative scale-down criterion, relative centrifugal force was 

investigated. Relative centrifugal force (RCFmax) takes into account the effect of speed 

and size of the bowl on solid-liquid separation.

(5.2)
g

Where rmax is maximum radius of centrifuge 

g is gravity (9.81 ms'^) 

is the angular velocity

CO  ̂ = 2 /tN  (5.3)

Where N  is RPS

By calculating the RCFmax for the laboratory-scale basket centrifuge, and by rearranging 

equation 5.2, the RPM at which to spin the USD to obtain the equivalent centrifugal 

force, can be calculated.

Ü) " = (5.4)
r m ax

125



Chapter 5 Basket centrifuge

5.1.7 USD scale-down by RCFmax

The experimental conditions were identical to the energy dissipation scale-down 

investigation (section 5.1.4), except separation speed was calculated from RCFmax- 

Again broth from the ninth fermentation was utilised.

5.1.8 Comparison of filter cloths used with the basket centrifuges

The filter cloth utilised with the laboratory-scale basket centrifuge and USD was 12 oz 

polypropylene fabric (Filtex, Heath filtration Ltd, Stoke-on-Trent, UK), whilst the 

Rousselet had a textile cloth (Meraf, Rousselet Robatel). The physical properties of the 

two filter cloths were determined by examination under an Olympus BH-2 light 

microscope (Olympus Optical Co. (UK) Ltd, London, UK). Filter cloth thickness was 

measured using a vernier callipers.
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5,2 Results
The laboratory-scale basket centrifuge was found to run between 3000 and 10000 rpm. 

With all separation conditions, over 92% of initial broth became filtrate. This contained 

between 96 and 108% of protein present in unprocessed broth. Whilst the scFv yield 

decreased from 84 to 52% as speed increased. Similar results were found with the USD, 

scaled-down by replicating the energy dissipation values. Over 91% of total mass 

became filtrate, this contained between 96 and 109% of protein. The scFv 

concentrations fell (85 to 53%) as the amount of energy dissipated at the surface of the 

rotating bowl increased. The process was also scaled-up to pilot-plant level (30 L 

Rousselet basket centrifuge) again by operating at the same energy dissipation values 

achieved with the laboratory-scale separation. Pilot-plant scale separation recovered 

over 95% of unprocessed broth as filtrate and this contained between 102 and 106% of 

protein, whilst scFv yield fell from 79 to 64% as energy dissipation rate increased.

To achieve similar separation conditions as the laboratory-scale basket centrifuge, the 

USD was also scaled-down by RCFmax- For all separation conditions over 91% of mass 

became filtrate. This contained between 83 and 103% protein, and between 57 and 94% 

scFv.

The filter cloth utilised in the different scales of basket centrifuge varied. The filter 

cloth of the laboratory-scale and the USD basket centrifuges, consisted of 12 oz 

polypropylene fabric of a thickness of 0.4 mm, with pores of approximately of 75 pm 

width, whilst the pilot plant-scale basket centrifuge had a textile cloth 1 mm thick, and 

with pores of 250 pm width.

5.2.1 Laboratory-scale basket centrifuge speed

The laboratory-scale (MSB) basket centrifuge had ten speed settings, (Table 5.1). The 

four readings for each setting, were averaged and then plotted (Fig. 5.3). From the RPM 

data, the speed settings appeared not to increase linearly. A Sigmoidal (Boltzman) curve 

was found to fit the RPM data, from this curve the theoretical RPM for each setting was 

obtained (Table 5.1).
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Figure 5.3 Laboratory-scale (MSE) basket centrifuge speed settings measured as RPM. 

Circles (# ) represent average RPM reading of four data points, error bars show standard 

deviation of four data points. Sigmoidal curve (-), showing theoretical RPM values for 

the centrifuge.
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Table 5.1 RPM values for the laboratory-scale basket centrifuge speed settings

Speed
setting

Run 1 Run 2 Average of 
4 readings

RPM 
(from Fig. 5.3)Increase Decrease Increase Decrease

1 3029 3342 3125 3246 3186 3253
2 4205 4661 4187 4679 4433 4433
3 5554 5743 5605 5691 5649 5447
4 6260 6194 6174 6280 6227 6351
5 6970 7541 7436 7077 7256 7114
6 7712 7509 7789 7434 7611 7780
7 8345 8577 8399 8523 8461 8327
8 8219 8949 8693 8475 8584 8780
9 9179 9167 9159 9187 9173 9173
10 9572 9565 9499 9652 9572 9448

5.2.2 Separation by laboratory-scale basket centrifuge

Fermentation broth was separated at eaeh of the ten speed settings of the laboratory- 

seale basket eentrifiige. Mass, protein and seFv balance was performed for each 

separation condition. As triplicate runs were performed for eaeh separation condition, 

data was expressed as the average of the three data points.

From the mass balance data (Table 5.2), the speed settings had little effect on overall 

patterns of separation (Fig. 5.4). Of the initial 100 mL of broth, 93 to 96 g (94 to 95%) 

became filtrate, except at the lowest speed that recovered 91 g (92%). The mass of cake 

decreased with speed, from 4.1 to 1.7 g (4.1 to 1.7%), however further increase in speed 

above setting 5 (7114 rpm) had no further effect. Loss was calculated from the filtrate 

and cake values, and was approximately 3 to 4% of the initial broth mass (3 to 4 g).

The initial fermentation broth was found to contain 2.4 g of solid in 100 mL (Table 5.3, 

Fig. 5.5). The amount of solid in the filtrate remained constant at 0.05 g (2.3%) of total 

amount of solid present in unprocessed broth, regardless of speed. However cake solid 

content decreased with speed from 2.5 to 1.1 g (106 to 47%). The total amount of solid 

was calculated from cake and filtrate values. Excluding setting 1 which gained 0.14 g, 

solid was lost from the system, this increased as speed increased.
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Figure 5.4 Mass balance for the ten speeds settings of the laboratory-scale basket 

centrifuge. Squares (■) represent filtrate mass, circles (# ) cake mass and triangles (A) 

mass lost throughout process. Loss was calculated from the addition of filtrate and cake 

mass, subtracted from the initial broth. Data was expressed as a percentage of mass of 

unprocessed broth. Error bars represent the standard deviation of three data points.
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Figure 5.5 Solid and liquid mass balances for the ten speed setting of the laboratory- 

scale basket centrifuge. Squares (■) represent the filtrate, circles (# ) cake, whilst solid 

symbols (■) represent solid mass balance, and open symbols (□ ) liquid mass balance. 

Data was expressed as a percentage of the mass of unprocessed broth. Error bars 

represent the standard deviation of three data points.
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Table 5.2 laboratory-scale basket centrifuge mass balance

Speed
setting

Broth
(g)

Standard
deviation

OUT
(g)

Standard
deviation

Percent 
of broth

CAKE
(g)

Standard
deviation

Percent 
of broth

LOSS
(g)

Standard
deviation

Percent 
of broth

1 99.13 ±0.74 90.92 ±1.14 PL7 4.10 ±0.15 4.1 4.11 ±0.80 4.1

2 9^82 ±0.61 9335 ±0.55 256 ±0.75 2.6 3.92 ±1.07 3.9

3 100.18 ±1.21 95.05 ±0.90 P4.P 1.95 ±0.45 2.0 3.18 ±0.44 3.2

4 99.51 ±1.18 94.15 ±0.91 94.6 1.98 ±0.11 2.0 338 ±0.25 3.4

5 100.52 ±0.66 95.23 ±0.25 947 1.75 ±0.38 1.7 3.55 ±0.31 3.5

6 101.27 ±0.61 95.57 ±1.00 94.4 1.74 ±0.13 1.7 4.15 ±0.28 4.1

7 99.68 ±0.80 93.93 ±0.71 94.2 1.69 ±0.25 1.7 4.06 ±0.30 4.1

8 99.12 ±0.66 93.21 ±0.75 94.0 1.83 ±0.12 1.9 4.08 ±0.21 4.1

9 99.95 ±0.26 93.99 ±0.20 940 1.68 ±0.04 1.7 4.28 ±0.11 4.3

10 99.95 ±0.88 94.60 ±0.54 94.7 1.66 ±0.10 1.7 3.69 ±0.29 3.7

Broth is initial amount o f broth, OUT is filtrate, CAKE is mass collected in the filter cloth, and LOSS is 
mass not accounted for by Broth, filtrate and cake. Standard deviation calculated from three data points.

Table 5.3 laboratory-scale basket centrifuge solid mass balance

Speed
setting

Solid in 
filtrate (g)

Standard
deviation

Percent o f  
total solid

Solid in 
cake (g)

Standard
deviation

Percent o f  
total solid

Total 
solid (g)

Loss
(g)

Broth - - - - - - 2.40
1 0.055 ±0.0029 2.3 2.54 ±0.27 105.8 2.60 ±0.20
2 0.052 ±0.0027 2.2 2.00 ±0.45 <̂ 3.6 2.05 0.34
3 0.054 ±0.0041 2.3 1.35 ±0.52 56.5 1.40 1.00
4 0.054 ±0.0090 2.3 1.25 ±0.12 52.1 1.30 1.10
5 0.061 ±0.0053 2.5 1.20 ±0.25 50.1 1.26 1.14
6 0.055 ±0.0024 2.3 1.18 ±0.10 49.2 1.24 1.16
7 0.055 ±0.0036 2.3 1.13 ±0.16 47.3 1.19 1.21
8 0.054 ±0.0034 2.3 1.23 ±0.11 51.2 1.28 1.12
9 0.056 ±0.0028 2.3 1.18 ±0.05 49.6 1.24 1.16
10 0.054 ±0.0039 2.3 1.11 ±0.09 46.5 1.16 1.24

In the LOSS column, + next to a figure means gain.

Of the 100 mL of broth, 97% was liquid (Table 5.4, Fig.5.5). Excluding setting 1 (91 g, 

93%), the amount of liquid present in the filtrate ranged from 93 to 96 g (96 to 98% of 

total liquid present in unprocessed broth). Speed appeared not to affect filtrate liquid 

content. Excluding setting 1 (1.6 g, 1.6%), the amount of liquid present in the cake was 

constant at approximately 0.6 g (0.6%).
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Table 5.4 laboratory-scale basket centrifuge liquid mass balance

Speed
setting

Liquid in 
filtrate 

(g)

Standard
deviation

Percent 
of total 
liquid

Liquid 
in cake 

(g)

Standard
deviation

Percent 
of total 
liquid

Total
liquid

(g)

Loss
(g)

Broth - - - - 97.52 -

1 90.87 ±1.14 P U 1.57 ±0.296 1.6 92.44 5.08
2 93.29 ±0.56 PJ. 7 0.56 ±0.448 0.6 93.85 1.67
3 94.99 ±0.90 P7.^ 0.60 ±0.082 0.6 95.59 1.93
4 94.10 ±0.91 P&5 0.73 ±0.048 0.8 94.83 2.69
5 95.17 ±0.25 P7.6 0.55 ±0.138 0.6 95.72 1.80
6 95.51 ±1.00 P&O 0.56 ±0.047 0.6 96.08 1.44
7 93.87 ±0.71 Pd.j 0.56 ±0.091 0.6 94.43 3.09
8 93.15 ±0.75 95.5 0.60 ±0.032 0.6 93.75 3.77
9 93.94 ±0.19 Pd.j 0.50 ±0.028 0.5 94.44 3.08
10 94.55 ±0.54 P7.0 0.54 ±0.024 0.6 95.09 2.43

Coomassie assay was used to measure protein concentration throughout the process. 

The mass balance consisted of measuring protein content in broth before centrifugal 

filtration, and comparing it to the filtrate and cake concentrations (Table 5.5, Fig. 5.6). 

The initial 100 mL of broth contained 63 mg of protein. Filtrate protein concentrations 

ranged from 96 and 108% of total protein present in unprocessed broth (61 to 68 mg). 

The amount of protein present in the cake fluctuated between 6.2 and 8.5 mg (9 and 

14%). Total mass of protein was greater than initial broth concentration, giving the 

impression that protein was gained during the process. The amount of protein gained 

ranged from 3.8 to 10.8 mg, the largest apparent gain occurred at the lowest speeds 

(3253 and 4433 rpm).

Table 5.5 laboratory-scale basket centrifuge protein mass balance

Speed
setting

Filtrate
(mg)

Standard
deviation

Percent 
ofprotein

Cake
(mg)

Standard
deviation

Percent 
ofprotein

Total
(mg)

Gain
(mg)

Broth - - - - - 6166
1 64.36 ±13.1 7027 8.47 ±0.02 13.5 7183 10.17
2 67.76 ±11.7 108.1 5.68 ±0.13 9.1 73.44 10.78
3 62.78 ±7.5 100.2 6.22 ±0.11 P.P 69.01 6.35
4 6102 ±10.5 100.6 7.20 ±0.03 11.5 70.22 7.56
5 59.91 ±3.3 P I  6 6.55 ±0.13 10.4 66.45 3.79
6 59.96 ±5.3 P17 6.48 ±0.03 10.3 66.43 3.77
7 61.25 ±4.4 P7.<5 6.46 ±0.05 10.3 67.71 5.05
8 63.98 ±9.4 102.1 6.97 ±0.04 11.1 70.95 8.29
9 6132 ±12.3 101.1 6.98 ±0.06 11.1 70.30 7.64
10 64.04 ±13.9 7022 6.31 ±0.04 10.1 70.34 7.68
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Figure 5.6 Protein balance for the ten speeds settings of the laboratory-scale basket 

centrifuge. Squares (■) represent the amount of protein present in the filtrate, circles 

(# ) the amount present in cake. Data was expressed as percentage of protein present in 

unprocessed broth. Error bars represent the standard deviation of three data points.
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ELISA was used to measure scFv yield, values were recorded as 3 significant figures. 

The total concentration of scFv in 100 mL of broth before processing was 11100 pg. 

The amount of scFv present in the filtrate fell from 9280 to 5770 pg (84 to 52%), hence 

it decreased with increasing speed (Table 5.6, Fig. 5.7). The amount of scFv present in 

the cake ranged from 137 to 294 pg. Values fell from 2.7% of initial broth to 1.2% 

(setting 4, 6350 rpm), then rose with further speed increases to 2.4% (setting 10, 9450 

rpm). The total amount of scFv recovered from the filtrate and cake decreased with 

increasing speed, from 9570 to 6030 pg. Consequently loss values increased from 1530 

to 5070 pg.

Table 5.6 laboratory-scale basket centrifuge scFv mass balance

Speed
setting

Filtrate
(pg)

Standard
deviation

Percent 
of scFv

Cake
(pg)

Standard
deviation

Percent 
of scFv

Total
(pg)

Loss
(pg)

Broth - - - - 11100
1 9280 ±678 a i d 294 ±7.4 2.7 9570 1530
2 8830 ±480 79.5 270 ±2.1 2.4 9100 2000
3 7800 ±335 70.2 157 ±0.6 1.4 7960 3140
4 6860 ±159 d i a 137 ±0.9 1.2 7000 4100
5 7150 ±1030 64.4 143 ±2.8 1.3 7290 3810
6 6080 ±361 54.7 163 ±1.6 1.5 6240 4860
7 7500 ±669 67.6 171 ±1.5 1.5 7670 3430
8 6560 ±967 59.1 150 ±1.1 1.4 6710 4390
9 6340 ±701 57.1 250 ±2.5 2.3 6590 4510
10 5770 ±345 52.0 263 ±2.4 2.4 6030 5070

ELISA values were expressed as 3 significant figures.

Filtrate and cake samples were analysed by SDS-PAGE (Fig. 5.8). The number and 

position of protein bands were identical to unprocessed broth.

5.2.3 Scale-down of feedstream volume

As the USD was not a scale replica of the laboratory-scale basket centrihige, the 

difference was calculated using filter area. The laboratory-scale basket centrifuge filter 

area was found to be 21036 mm^, whilst the USD was 1470 mm^.

135



Chapter 5 Basket centrifuge

100

90 —

80 ->
LLO
(0 70 -

TO
O
O
0D)
TO
C0o

60 -

50 -

40

0
CL

3000 4000 5000 6000 7000 8000 9000 10000

RPM

Figure 5.7 scFv balance for the ten speeds settings of the laboratory-scale basket 

centrifuge. Squares (■) represent the amount of scFv present in the filtrate, circles (#) 

the amount present in cake. Data was expressed as percentage of scFv present in 

unprocessed broth. Error bars represent the standard deviation of three data points.
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Figure 5.8 SDS-PAGE of samples separated by the laboratory-scale basket centrifuge. 

Where lane (1) is fermentation broth before separation, (2) fermentation broth separated 

at 3253 rpm, (3) 4433 rpm, (4) 6351 rpm, (5) 7114 rpm, (6) 8327 rpm, (7) 8780 rpm, (8) 

9173 rpm, (9) 9448 rpm.
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The filter areas were then used to calculate the scale factor (equation 5.1),

1 f  , 2 1 0 3 6scale factor = ----------
1 4 7 0

= 14.3

The scale factor was used to calculate the amount of broth required for the scale-down 

mass balance experiment. Since 100 mL of broth was used for the laboratory-scale 

basket centrifuge experiment, for the USD 7 mL was required.

Amount of broth for scale-down =
14.3

= 6.99 mL

5.2.4 Scale-down of laboratory-scale basket centrifuge speed using 

calculated energy dissipation rates

To run the USD at the equivalent separation conditions as the laboratory-scale basket 

centrifuge, energy dissipation calculations were performed. Energy dissipation was 

calculated as energy dissipated at the surface of the basket centrifuge bowl (5.1.3). The 

energy dissipation values for each of the ten speed settings of the laboratory-scale 

basket centrifuge was calculated. The speed at which the USD had to be run in order to 

produce the ten energy dissipation values, were determined (Table 5.7).
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Table 5.7 Speeds of the laboratory-scale basket centrifuge and USD to obtain 

identical energy dissipation values

Speed
setting

Energy
dissipation

Laboratory-scale basket 
centrifuge (RPM)

USD
(RPM)

1 L5xlO< 3253 7035
2 3.8x10'* 4433 9585
3 7.1x10'* 5447 11775
4 l.lx lO ’ 6351 13735
5 1.6x10^ 7114 15380
6 2.1x10’ 7780 16830
7 2.5x10’ 8327 18005
8 3.0x10’ 8780 18990
9 3.4x10’ 9173 19820
10 3.7x10’ 9448 20430

5.2.5 Separation by the USD

The mass balance of the USD separation was determined as described for the 

laboratory-scale basket centrifuge (Table 5.8, Fig. 5.9). Filtrate masses fluctuated over 

the ten speeds, the values ranging between 6.3 to 6.6 g (91 to 94% of unprocessed 

broth). Cake mass decreased from 0.16 to 0.09 g (2.3 to 1.3%) with increasing energy 

dissipation rates. Loss of broth from the system ranged between 0.3 to 0.5 g (4 to 7%), 

the greatest loss occurred the with lowest energy dissipation condition.

The amount of solid present in 7 mL of the unprocessed broth was 0.17 g (Table 5.9, 

Fig. 5.10). Filtrate solid content remained constant around 0.006 to 0.007 g (4% of total 

solid) regardless of energy dissipation rate. However the amount of solid present in the 

cake decreased from 0.1 to 0.07 g (60 to 40%), as energy dissipation rates increased. All 

ten energy dissipation conditions lost solid during the process, this increased from 0.07 

to 0.1 g.
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Table 5.8 USD mass balance

Speed
setting

Broth
(g)

Standard
deviation

OUT
(g)

Standard
deviation

Percent 
o f  broth

CAKE
(g)

Standard
deviation

Percent 
o f  broth

LOSS
(g)

Standard
deviation

Percent 
o f broth

1 7.09 ±0.34 6.41 ±1.47 90.5 0.15 ±0.07 2.1 0.53 ±3.31 7.4

2 6.94 ±0.08 6.44 ±1.37 p z a 0.16 ±0.13 2.3 0.34 ±0.57 4.9

3 6.94 ±0.11 6.51 ±1.34 p j.a 0.15 ±0.17 2.2 0.28 ±2.01 4.0

4 &89 ±0.08 633 ±0.73 p z a 0.13 ±0.21 1.9 0.44 ±1.55 6.3

5 6.91 ±0.02 6.46 ±1.21 pa. 6 0.12 ±0.06 1.8 0.32 ±0.9 4.7

6 6.87 ±0.03 636 ±0.39 P26 0.11 0 1.5 0.40 ±0.68 5.8

7 6.85 ±0.04 6.44 ±0.66 P4.0 0.11 ±0.17 1.6 0.30 ±0.51 4.4

8 6.92 ±0.05 6.45 ±1.56 PZ2 0.10 ±0.05 1.5 0.37 ±1.64 5.3

9 7.00 ±0.06 639 ±0.54 p^.y 0.11 ±0.05 1.5 0.31 ±1.32 4.4

10 6.99 ±0.02 6.43 ±2.05 PZO 0.09 ±0.08 1.3 0.47 ±2.31 6.7

Broth is initial amount of broth, OUT is filtrate, CAKE is mass collected in the filter cloth, and LOSS is 
mass not accounted for by Broth, filtrate and cake. Standard deviation calculated from three data points.

Table 5.9 USD solid mass balance

Speed
setting

Solid in 
filtrate (g)

Standard
deviation

Percent o f  
total solid

Solid in 
cake (g)

Standard
deviation

Percent o f  
total solid

Total 
solid (g)

Loss
(g)

Broth - - - - - - 0.17
1 0.006 ±0.0004 3.6 0.09 ±0.003 56.2 0.10 0.07
2 0.007 0 3.9 0.10 ±0.002 6P.P 0.11 0.06
3 0.007 0 4.1 0.09 ±0.003 56.1 0.10 0.07
4 0.006 0 3.5 0.08 ±0.008 4P.4 0.09 0.08
5 0.006 0 3.5 0.08 ±0.002 4&7 0.09 0.08
6 0.006 ±0.0005 a. a 0.08 ±0.002 45.1 0.08 0.09
7 0.007 ±0.0003 4.0 0.08 ±0.009 44.P 0.08 0.09
8 0.006 ±0.0007 a. a 0.07 ±0.010 4ZP 0.08 0.09
9 0.006 ±0.0004 3.6 0.08 ±0.009 45.1 0.08 0.09
10 0.006 0 3.6 0.07 ±0.002 0.07 0.10

Of the 7 mL of unprocessed broth 6.8 g was liquid (Table 5.10, Fig. 5.10). Filtrate 

liquid content fluctuated between 6.3 to 6.6 g (94 to 97% total liquid). The amount of 

liquid present in the cake decreased from 0.06 to 0.03 g (0.9 to 0.4%) with increasing 

energy dissipation rates. Total amount of liquid for each run was less than unprocessed 

broth. Loss fluctuated between 0.2 to 0.4 g.
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Table 5.10 USD liquid mass balance

Speed
setting

Liquid in 
filtrate 

(g)

Standard
deviation

Percent 
of total 
liquid

Liquid 
in cake 

(g)

Standard
deviation

Percent 
of total 
liquid

Total
liquid

(g)

Loss
(g)

Broth - - - - 6.77 -

1 6.40 ±0.14 94.6 0.056 ±0.003 6.3 6.46 0.31
2 6.43 ±0.04 95.0 0.058 ±0.002 0.9 6.49 0.28
3 6.50 ±0.11 96.0 0.061 ±0.003 0.9 6.56 0.21
4 632 ±0.05 93.4 0.045 ±0.004 0.7 6.37 0.40
5 6.46 ±0.03 934 0.039 ±0.002 0.6 6.50 0.27
6 6.35 ±0.08 93.3 0.030 ±0.004 0.4 6.38 0.39
7 6.44 ±0.05 937 0.033 ±0.006 0.5 6.47 0.30
8 6.44 ±0.09 932 0.029 ±0.007 0.4 6.47 0.30
9 638 ±0.10 97.2 0.030 ±0.001 0.4 6.61 0.16
10 6.43 ±0.10 94^ 0.025 ±0.003 0.4 6.45 0.32

The amount of protein present in the broth before processing was compared to filtrate 

and cake concentration (Table 5.11, Fig. 5.11). Unprocessed broth contained 4.58 mg 

of protein. Filtrate protein content fluctuated between 4.4 to 5.0 mg (96 to 109%). The 

amount of protein present in the cake ranged between 0.3 and 0.4 mg (7 to 9%), again 

values appeared unaffected by increasing energy dissipation rates. The total was 

calculated from addition of the filtrate and cake protein content. All values were greater 

than protein content of broth before processing. Consequently there was a protein gain 

with all energy dissipation conditions, between 0.1 to 0.8 mg.

Table 5.11 USD protein mass balance

Speed
setting

Filtrate
(mg)

Standard
deviation

Percent 
ofprotein

Cake
(mg)

Standard
deviation

Percent 
ofprotein

Total
(mg)

Gain
(mg)

Broth - - - - 4.58
1 4.66 ±8.13 101.7 038 ±0.44 3.3 5.04 0.46
2 4.98 ±10.27 108.8 0.43 ±3.37 9.3 5.41 0.83
3 4.71 ±5.43 7629 &38 ±0.50 3.4 5.10 0.52
4 4.71 ±9.17 7623 0.40 ±0.53 3.3 5.11 0.53
5 4.53 ±2.75 933 0.41 ±0.24 3.9 4.93 0.35
6 4.61 ±5.64 100.6 0.40 ±0.89 3.3 5.01 0.43
7 4.75 ±9.31 103.8 0.34 ±1.89 7.5 5.10 0.52
8 4.38 ±3.38 917 0.31 ±3.26 6.3 4.69 0.11
9 4.48 ±1.20 97.9 fr38 ±0.93 3.4 4.87 0.29
10 4.46 ±10.87 97.4 0.42 ±0.32 9.1 4.88 0.30
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As with the protein mass balance, the scFv content of unprocessed broth was compared 

to filtrate and cake values (Table 5.12, Fig. 5.12). Broth before processing contained 

797 pg of scFv. Filtrate content decreased with increasing energy dissipation rates, from 

681 to 425 pg (85 to 53% of total scFv). Cake concentration appeared to be unaffected 

by energy dissipation rates, as values ranged from 8 to 14 pg (1.0 to 1.7%). All 

separation conditions lost scFv. Loss increased with increasing energy dissipation rates, 

from 108 to 420 pg.

Table 5.12 USD scFv mass balance

Speed
setting

Filtrate
(pg)

Standard
deviation

Percent 
of scFv

Cake
(pg)

Standard
deviation

Percent 
of scFv

Total
(pg)

Loss
(pg)

Broth - - - - 797
1 681 ±9.56 8 ±0.19 1.0 689 108
2 593 ±10.58 10 ±0.24 1.3 603 194
3 544 ±2.10 11 ±0.19 1.4 556 241
4 534 ±2.45 67.0 9 ±0.49 1.1 543 254
5 483 ±9.00 60.6 14 ±0.78 1.7 497 300
6 477 ±2.17 6P.P 10 ±0.08 1.2 487 310
7 492 ±1.99 61.7 8 ±0.28 1.0 500 297
8 469 ±4.01 6&P 8 ±0.17 1.0 477 320
9 367 ±1.57 46.7 10 ±0.23 1.2 377 420
10 425 ±1.50 9 ±0.19 1.1 434 363

Filtrate and cake samples were analysed by SDS-PAGE. The number and position of 

protein bands were identical to unprocessed broth. As the gel was identical to Figure 

5.8, it was not included.

5.2.6 Pilot plant-scale basket centrifugation

To determine whether energy dissipation could be used to scale-up the process, pilot 

plant-scale (30 L Rousselet) basket centrifuge was utilised. Separation studies were 

performed with four speeds. The energy dissipation occurring in the bowl at each of the 

four speeds was calculated (Table 5.13). The energy dissipation values for the four 

speed settings were almost identical to first four separation conditions of the laboratory- 

scale basket centrifuge.
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Table 5.13 Energy dissipation values for the pilot plant-scale and laboratory-scale 

basket centrifuges

Pilot plant-scale basket centrifuge Laboratory-scale basket centrifuge

Speed
setting

RPM Energy
dissipation

Speed
settings

RPM Energy
dissipation

1 1500 1.5x10“ 1 3253 1.5x10“
2 2000 3.7x10“ 2 4433 3.8x10“
3 2500 7.1x10“ 3 5447 7.1x10“
4 3000 1.2x10’ 4 6351 l.lxlO ’

Mass balances were determined for the four separation conditions (Table 5.14, Fig. 

5.9). Due to the large feed volumes, only one reading was performed for each condition, 

hence no standard deviation could be calculated. Approximately 96% of the broth 

became filtrate (25 kg). Cake mass decreased from 2 to 1% of unprocessed broth (600 to 

300 g), with increasing energy dissipation rates. Loss was calculated as mass, not 

accounted for by filtrate and cake. This was approximately 700 g, 2.8% of mass of 

unprocessed broth.

The solid content of filtrate decreased from 14 g to 10 g, 2.3 to 1.6% of total solid, with 

increasing energy dissipation rates (Table 5.15, Fig. 5.10). Cake solid content also 

decreased from 545 to 240 g (87 to 38% of total solid), with increasing energy 

dissipation. The amount of solid lost from the system increased as energy dissipation 

rates increased. Values fell from 67 to 377 g. The liquid content of the filtrate remained 

constant at 25 kg, 98% of total liquid (Table 5.16, Fig. 5.10). Whilst cake liquid content 

fell from 300 to 130 g (1 to 0.5%), as energy dissipation rates increased. Excluding 

separation at 2000 rpm (setting 2), liquid lost decreased as energy dissipation rates 

increased, from 995 to 280 g. Separation at 2000 rpm resulted in a gain of 255 g of 

liquid.
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Figure 5.9 The mass balances tfom the three process scales, compared by energy 

dissipation. Black symbols (■) represent laboratory-scale basket centrifuge, red 

symbols (■) the USD, and blue symbols (■) the pilot plant-scale basket centrifuge. 

Squares (■) represent filtrate mass, circles ( • )  cake mass and triangles (A) mass lost 

throughout process. Loss was calculated from the addition of filtrate and cake mass, 

subtracted from the initial broth. Data was expressed as a percentage of mass of 

unprocessed broth. Error bars represent the standard deviation of three data points.
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Figure 5.10 The solid and liquid mass balances from the three process scales, compared 

by energy dissipation. Black symbols (■) represent laboratory-scale basket centrifuge, 

red symbols (■) the USD, and blue symbols (■) the pilot plant-scale basket centrifuge. 

Squares (■) represent the filtrate, circles ( • )  cake, whilst solid symbols (■) represent 

solid mass balance, and open symbols (□ ) liquid mass balance. Data was expressed as a 

percentage of mass of unprocessed broth. Error bars represent the standard deviation of 

three data points.
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Table 5.14 Pilot plant-scale basket centrifuge mass balance

speed
setting

Broth
(kg)

OUT
(kg)

Percent of 
broth

CAKE
(kg)

Percent of 
broth

LOSS
(kg)

Percent of 
broth

1 25.79 24.51 95.0 0.56 2.2 0.72

2 26.70 25.76 Pd.J 0.36 1.2 0.58 2 2

3 25.91 24jW 0.32 1.2 0.72 2<$

4 26.12 25J2 0.25 1.0 0.65 2.5

Broth is initial amount of broth, OUT is filtrate, CAKE is mass collected in the filter cloth, and LOSS is 
mass not accounted for by Broth, filtrate and cake.

Table 5.15 Pilot plant-scale basket centrifuge solid mass balance

Speed
setting

Solid in 
filtrate (g)

Standard
deviation

Percent o f  
total solid

Solid in 
cake (g)

Standard
deviation

Percent o f  
total solid

Total 
solid (g)

Loss
(g)

Broth - - - - - - 627

1 14.21 ±0.10 2.3 545.79 ±1.00 560 67

2 11.59 ±0.21 1.8 348.41 ±0.50 55.6 360 267

3 9.95 ±0.15 1.6 305.05 ±1.20 315 312

4 9.84 ±0.14 1.6 240.16 ±0.90 3&J 250 377

Table 5.16 Pilot plant-scale basket centrifuge liquid mass balance

Speed
setting

Liquid in 
filtrate 
(kg)

Standard
deviation

Percent 
of total 
liquid

Liquid 
in cake 

(kg)

Standard
deviation

Percent 
of total 
liquid

Total
liquid
(kg)

Loss
(g)

Broth - - - - 25.50 -

1 24.20 ±1.50 94.9 0.30 ±1.20 1.2 24.51 995

2 25.57 ±2.75 100.3 0.19 ±0.59 0.7 25.76 +255

3 24.71 ±3.60 96.9 0.17 ±0.78 0.7 24.88 620

4 25.09 ±2.11 98.4 0.13 ±0.98 0.5 25.22 280

In the LOSS column, + next to a figure means gain.
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The protein content of filtrate remained constant at 2.8 g, 105% of total protein (Table 

5.17, Fig. 5.11). Cake protein content fell from 30 to 15 mg (1 to 0.6%) with increasing 

energy dissipation rates. With all four separation conditions there was an apparent gain 

in protein, this fluctuated between 80 to 180 mg. However the total scFv yield fell with 

increasing energy dissipation rates (Table 5.18). The filtrate scFv concentration fell 

from 187 to 152 mg, 79 to 64% of total scFv (Table 5.18, Fig. 5.12), whilst the cake 

yield fluctuated between 0.2 and 0.4 mg (1 and 2%). Loss increased from 51 to 86 mg, 

with increasing energy dissipation.

Table 5.17 Pilot plant-scale basket centrifuge protein mass balance

Speed
setting

Filtrate
(g)

Standard
deviation

Percent 
ofprotein

Cake
(g)

Standard
deviation

Percent 
ofprotein

Total
(g)

Gain
(g)

Broth - - - - 2.64

1 2.76 ±0.003 0.030 ±0.001 1.1 2.79 0.15

2 2.70 ±0.001 7027 0.020 ±0.007 0.8 2.72 0.08

3 2.76 ±0.004 104.6 0.019 ±0.001 0.7 2.78 0.14

4 2.81 ±0.002 106.2 0.015 ±0.003 0.6 2.82 0.18

Table 5.18 Pilot plant-scale basket centrifuge scFv mass balance

Speed
setting

Filtrate
(mg)

Standard
deviation

Percent 
o f scFv

Cake
(mg)

Standard
deviation

Percent 
o f scFv

Total
(mg)

Loss
(mg)

Broth - - - - - - 238

1 187 ±0.0004 036 0 0.2 187 51

2 160 ±0.0002 67.2 0.24 ±0.04 0.1 160 78

3 148 ±0.0005 62.2 0.32 ±0.08 0.1 148 90

4 152 ±0.0006 629 0.25 ±0.03 0.1 152 86

147



Chapter 5 Basket centrifuge

120

1 1 0 -

1 0 0 -c
B
2
Cl 9 0 -

o 80 -

O
(DO)
i5

I<D
CL

1 0 -

10 15 20 25 30
Energy dissipation (Wkg‘ )̂ (10f)

35 400 5

Figure 5.11 The protein balances from the three process scales, compared by energy 

dissipation. Black symbols (■) represent laboratory-scale basket centrifuge, red 

symbols (■) the USD, and blue symbols (■) the pilot plant-scale basket centrifuge. 

Squares (■) represent the amount of protein present in the filtrate, circles (# ) the 

amount present in cake. Data was expressed as a percentage of protein present in 

unprocessed broth. Error bars represent the standard deviation of three data points.
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Figure 5.12 The scFv balances from the three process scales, compared by energy 

dissipation. Black symbols (■) represent laboratory-scale basket centrifuge, red 

symbols (■) the USD, and blue symbols (■) the pilot plant-scale basket centrifuge. 

Squares (■) represent the amount of scFv present in the filtrate, circles (# ) the amount 

present in cake. Data was expressed as a percentage of scFv present in unprocessed 

broth. Error bars represent the standard deviation of three data points.
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5.2.7 Scale-down of laboratory-scale basket centrifuge speed using 

RCFmax
An another scale-down criterion investigated was RCFmax- This is a more simplistic 

method, scaling by angle velocity and gravity. RCFmax was used to calculate the RPM, 

at which the USD needed to rotate, to mimic separation of the laboratory-scale basket 

centrifuge (Table 5.19).

Table 5.19 Speeds of the laboratory-scale basket centrifuge and USD to obtain 

identical RCFmax values

Speed
setting

RCFmax Laboratory-scale basket 
centrifuge (RPM)

USD
(RPM)

1 733.41 3253 5800
2 1361.99 4433 7905
3 2056.34 5447 9713
4 2795.53 6351 11325
5 3507.58 7114 12685
6 4195.07 7780 13873
7 4805.70 8327 14848
8 5342.80 8780 15656
9 5831.80 9173 16356
10 6186.71 9448 16847

m ax5.2.8 USD scaled-down by RCF,

The mass balance of the USD scaled-down by RCFmax was performed in a similar 

manner to the laboratory-scale basket centrifuge experiment (Section 5.1.2). Of the 

initial 7 mL of broth, between 6.3 and 6.8 g (91 and 94%) became filtrate (Table 5.20, 

Fig. 5.13). Cake mass decreased as RCFmax increased, from 0.15 to 0.09 g (2.1 to 1.2% 

of unprocessed broth). Loss was calculated from the filtrate and cake values, this was 

approximately 0.4 g (6% of unprocessed broth).
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Figure 5.13 Comparison of the mass balances achieved when RCFmax was utilised as the 

scale-down factor. Black symbols (■) represent laboratory-scale basket centrifuge, and 

green symbols (■) the USD. Squares (■) represent filtrate mass, circles (# ) cake mass 

and triangles (A) mass lost throughout the process. Loss was calculated from the 

addition of filtrate and cake mass, subtracted from the initial broth. Data was expressed 

as a percentage of mass of unprocessed broth. Error bars represent the standard 

deviation of three data points.

151



Chapter 5 Basket centrifuge

Table 5.20 USD scale-down by RCFmax mass balance

Speed
setting

Broth
( g )

Standard
deviation

OUT
( g )

Standard
deviation

Percent 
of broth

CAKE
( g )

Standard
deviation

Percent 
of broth

LOSS
( g )

Standard
deviation

Percent 
of broth

1 7.11 ±0.32 6.57 ±2.84 0.15 ±0.47 2.1 0.39 ±2.03 5.5

2 7.00 ±0.11 6.45 ±2.64 922 0.12 ±0.18 1.8 0.42 ±1.19 6.1

3 6.87 ±0.06 6.33 ±2.25 92.2 0.11 ±0.58 1.6 0.42 ±2.48 6.2

4 6.79 ±0.04 6.27 ±3.26 92.2 0.10 ±0.49 1.5 0.42 ±3.78 6.2

5 6.91 ±0.06 6.41 ±2.02 92.9 0.11 ±0.12 1.6 0.39 ±2.80 5.6

6 6.85 ±0.04 638 ±0.20 92.2 0.10 ±0.07 1.4 0.42 ±1.12 6.1

7 &82 ±0.02 636 ±2.13 92.2 0.11 ±0.24 1.7 0.34 ±2.19 5.0

8 6.91 ±0.04 6.28 ±1.95 90.9 0.09 ±0.08 1.3 0.53 ±2.33 7.7

9 6.87 ±0.02 6.45 ±2.85 92.9 0.09 ±0.04 1.3 0.33 ±3.14 ^.2

10 7.18 ±0.26 6.78 ±1.28 9^.^ 0.09 ±0.08 1.2 0.31 ±2.31 4.4

Broth is initial amount o f broth, OUT is filtrate, CAKE is mass collected in the filter cloth, and LOSS is 
mass not accounted for by Broth, filtrate and cake. Standard deviation calculated from three data points.

Mass balances of protein throughout the process were calculated by comparing protein 

concentrations of unprocessed broth with filtrate and cake values (Table 5.21, Fig 

5.14). Unprocessed broth was found to contain 4.49 mg of protein. Filtrate protein 

content ranged between 3.7 and 4.6 mg, 83 to 103% of protein present in unprocessed 

broth. However at the lowest RCFmax separation condition, only 1.7 mg (37%) was 

recovered. Cake protein content fluctuated between 0.1 and 0.2 mg (3.0 and 4.5% of 

total protein). The majority of separation conditions lost protein during the process, 

which ranged from 0.1 to 2.7 mg. Three conditions gained protein, approximately 0.2 

mg.

The unprocessed broth was found to contain 702 pg of scFv. Filtrate scFv yield 

fluctuated between 401 and 669 pg, 57 and 95% of scFv present in unprocessed broth 

(Table 5.22, Fig. 5.15). Cake scFv concentration fell as RCFmax increased, from 40 to 

23 pg (5.7 to 3.3%). All separation conditions lost scFv during the process. Loss was 

calculated from the filtrate and cake values, and fluctuated between 5 to 271 pg.
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Figure 5.14 Comparison of the protein balances achieved when RCFmax was utilised as 

the scale-down factor. Black symbols (■) represent laboratory-scale basket centrifuge, 

and green symbols (■) the USD. Squares (■) represent the amount of protein present in 

the filtrate, circles (# ) the amount present in the cake. Data was expressed as a 

percentage of protein present in unprocessed broth. Error bars represent the standard 

deviation of three data points.
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Figure 5.15 Comparison of the scFv balances achieved when RCFmax was utilised as the 

scale-down factor. Black symbols (■) represent laboratory-scale basket centrifuge, and 

green symbols (■) the USD. Squares (■) represent the amount of scFv present in the 

filtrate, circles (# ) the amount present in cake. Data was expressed as a percentage of 

scFv present in unprocessed broth. Error bars represent the standard deviation of three 

data points.
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Table 5.21 USD scale-down by RCFmax protein mass balance

Speed
setting

Filtrate
(mg)

Standard
deviation

Percent 
ofprotein

Cake
(mg)

Standard
deviation

Percent 
ofprotein

Total
(mg)

Loss
(mg)

Broth - - - - - 4.49
1 1.67 ±0.5 37.3 0.16 ±0.20 3.6 1.84 2.65
2 4.30 ±8.7 93V 0.16 ±0.18 3.6 4.46 0.03
3 4.14 ±4.0 922 0.20 ±1.55 4.5 4.34 0.15
4 4.17 ±10.5 929 0.18 ±0.89 4.1 4.36 0.13
5 4.50 ±15.5 100.2 0.16 ±0.25 3.5 4.66 ±0.17
6 3.74 ±14.9 33.4 0.14 ±0.25 3.2 3.89 0.60
7 4.20 ±8.4 93V 0.16 ±0.43 3.5 4.36 0.13
8 4.08 ±5.3 90.3 0.15 ±0.23 3.3 4.23 0.26
9 4.56 ±8.3 101.6 0.13 ±0.07 3.0 4.70 ±0.21
10 4.62 ±4.5 103.0 0.15 ±0.51 3.3 4.77 ±0.28

In the LOSS column, + next to a figure means gain.

Table 5.22 USD scale-down by RCFmax scFv mass balance

Speed
setting

Filtrate
(pg)

Standard
deviation

Percent 
o f scFv

Cake
(pg)

Standard
deviation

Percent 
o f scFv

Total
(pg)

Loss
(pg)

Broth - - - - 702
1 642 ±7.34 91.5 40 ±0.62 5.7 682 20
2 630 ±8.14 39.3 39 ±0.26 5.6 670 32
3 527 ±4.29 75.1 42 ±0.74 6.0 569 133
4 662 ±2.14 94.3 35 ±0.80 5.0 697 5
5 574 ±7.37 323 39 ±1.15 5.6 614 88
6 605 ±3.92 36.2 34 ±0.25 4.3 639 63
7 401 ±1.76 57.1 30 ±0.47 4.3 431 271
8 458 ±2.51 63.2 25 ±0.44 3.6 483 219
9 570 ±4.04 322 26 ±0.46 3.7 596 106
10 669 ±5.49 9V3 23 ±0.40 3.3 692 10

5.2.9 Comparison of filter cloths used with the basket centrifuges

Filter cloth used for laboratory-scale basket centrifuge and the USD was prepared from 

12 oz polypropylene fabric, whilst the pilot plant-scale basket centrifuge had a textile 

filter cloth (Meraf). The weave of the cloths varied. Polypropylene weave formed 

squares with a width of 375 pm, with pores between the squares of approximately of 75 

pm width (Fig. 5.16). The textile cloth weave formed rectangles, 1500 by 500 pm, with 

pores with a width of 250 pm (Fig. 5.17). The thickness of filter cloth also varied, the 

polypropylene cloth was 0.4 mm thick whilst the Meraf was 1mm.
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Figure 5.16 12oz Polypropylene filter membrane used with the laboratory scale basket 

centrifuge and USD.

156



Chapter 5 Basket centrifuge

ISOOum

160^ m

SO O um
l 60p.in

Figure 5.17 Textile Meraf filter membrane used with the pilot plant basket centrifuge.
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5.3 Discussion
Aspergillus expressed scFv extracellularly, consequently maximum filtrate recovery 

was important. Solid-liquid separation was performed by the laboratory-scale (MSB) 

basket centrifuge. Maximum filtrate recovery was achieved with speeds above 4433 

rpm. With high speeds cake dewatering was improved. However high speeds led to 

shear related scFv degradation. Consequently best separation was achieved at 5447 rpm 

(setting 3).

Separation achieved with the laboratory-scale basket centrifuge was successfully scaled- 

down to the ultrascale level of the USD, by replicating the energy dissipation values 

achieved with the laboratory-scale centrifuge. Furthermore energy dissipation 

calculations were used to scale-up the separation to pilot-plant scale (30 L Rousselet 

basket centrifuge). Energy dissipation was calculated as the energy dissipated in the 

fermentation broth by the rotating bowl surface, as the feed was accelerated to the 

velocity of the bowl. Energy dissipation calculation determine the force driving 

separation, and the amount of friction caused by the feedstream moving through the 

rotating bowl. An alternative scale-down criterion RCFmax, was also used to replicate 

laboratory-scale basket centrifuge separation in the USD. The results were less precise 

compared with the energy dissipation investigations. However running conditions were 

easily determined from the more simplistic equation (eq. 5.2). Unlike energy 

dissipation, RCFmax calculation used only the force driving separation to determine 

conditions. Feedstreams with different properties such as viscosity or shear sensitivity, 

may not scale as well as the A. awamori fermentation broth using RCFmax-

The filter cloth used with the pilot plant-scale basket centrifuge was different to that of 

the laboratory and ultrascale-down basket centrifuges. Though the properties of these 

two cloths differed, separation performances were unaffected. Both types of filter cloths 

were unable to prevent 3% of solid entering the filtrate.
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5.3.1 Separation by laboratory-scale basket centrifuge

The laboratory-scale basket centrifuge separated the majority of solid from the liquid 

phase of the fermentation broth. Changing the basket centrifuge speed had little effect 

on the mass balance of the process. Basket centrifuges are utilised in the separation of 

feedstreams with high solid content. Consequently speed may have had a greater effect 

on the mass balance, if broth solid content was higher. Approximately 95% of broth 

became filtrate, except at the lowest speed (92% at 3253 rpm). Filtrate contained 

approximately 60 mg of solid regardless of speed. As speed had no effect on filtrate 

solid content, it appeared that approximately 3% of total solid was small enough to pass 

through the filter cloth pores (75 pm) and into the filtrate.

Cake mass decreased with increased speed, from 4.1 to 1.7% of initial fermentation 

broth mass. This was due to dewatering of the cake. The cake appeared as a dry solid, 

however between 21 and 65% of cake mass was liquid. Consequently as speed 

increased the amount of residual liquid present in the cake decreased, draining from the 

particles leaving a drier solid with a lower mass.

The amount of mass lost during the process was unaffected by speed. Observations at 

speeds higher than 8327 rpm, found fermentation broth present on the lid of the basket 

centrifuge. At these speeds, the feedstream hit the bottom of the bowl, and the 

momentum of the bowl forced some of the broth up on to the lid. Both solid and liquid 

mass balances showed loss during the process. Solid losses were greatest with highest 

speeds. Since the amount of solid passing into the filtrate did not change with speed, 

loss of solid from the process was most likely due to an increasing amount of solid 

being propelled on to the lid. Furthermore liquid loss was relatively high for the highest 

speeds, again this was due to liquid being propelled on to the lid. However, the greatest 

liquid losses were recorded at the lowest speeds. At these speeds the filter cloth felt wet 

to touch, consequently the filter cloth was retaining the liquid.
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As the product is extracellular, the effect of shear caused by the process was extremely 

important. The protein and scFv concentrations were utilised as an indicator of the 

effect of shear. Between 96 and 108% of protein present in unprocessed broth was 

found in the filtrate. Excluding setting 1 (13.5%), the cake contained 11% of protein 

present in unprocessed broth. There was no obvious link between speed and protein 

content of the filtrate or cake. The total amount of protein at the end of the runs were 

greater than the initial broth concentration, consequently each process run apparently 

gained between 4 to 11 mg. This extra protein was thought to be released from the 

mycelium, however SDS-PAGE showed no extra protein bands. Alternatively the gain 

in protein was an artefact of the Coomassie assay (Section 2.3.8). Consequently protein 

was unaffected by shear. However the shear investigations (Section 4.3.3) suggest that 

degradation occurred as energy dissipation increased, and in the presence of an air- 

liquid interface. The residence time of these shear conditions was 10 and 30 s. 

Residence time of the feedstream in the basket centrifuge was not measured but was 

considered to be in the range of msec. Consequently the protein degradation seen in the 

shear device was caused by the length of residence time. If residence time in the basket 

centrifuge was longer, protein degradation may have occurred.

The ELISA was utilised to determine the amount of scFv present. Filtrate scFv content 

decreased with increasing speed, from 84 to 52% of scFv present in unprocessed broth. 

Cake values fluctuated between 1.2 to 2.7%. The total amount of scFv recovered from 

the filtrate and cake were less than the concentration in unprocessed broth. Loss values 

decreased with increasing speed. The loss increased from 13 to 45%, this was most 

likely due to dénaturation of the fragment caused by shear. Experiments with the shear 

device (Section 4.3.3) found scFv to be sensitive to shear and to a greater extent the 

presence of an air-liquid interface. As energy dissipation and air-liquid interface 

increased, scFv yields fell. This effect was increased as residence time increased from 

10 to 30 s. As previously mentioned, the residence time of the basket centrifuge was 

considered to be msec, so would not have an affect on scFv concentration. 

Consequently the reduction in scFv concentration as energy dissipation increased, was 

caused by shear and to a greater extent the presence of an air-liquid interface.
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Speeds above 4433 rpm were sufficient in recovering the maximum amount of filtrate. 

Dewatering of cake was improved with high speeds, however these speeds caused scFv 

degradation. Consequently the greatest product recovery was achieved at the lowest 

speeds. Setting 3 (5447 rpm) was a good compromise.

5.3.2 Scaling by energy dissipation

Separation was also performed in the USD, and the pilot plant-scale basket centrifuge. 

Energy dissipation was used to calculate the speeds at which the USD had to run at, to 

replicate separation in the laboratory-scale basket centrifuge. Furthermore, energy 

dissipation was used to compare the separation conditions of the pilot plant-scale basket 

centrifuge, with those of the laboratory-scale basket centrifuge.

The mass, protein and scFv trends for all three basket centrifuges were very similar 

(Table 5.23, Fig. 5.9, 5.10, 5.11 and 5.12). This showed that energy dissipation was the 

ideal criterion with which to scale the basket centrifuges, because it determined the 

force driving separation, and the friction of the feedstream moving through the rotating 

bowl. Consequently it should be possible to scale-up millilitre studies in the USD 

device, to pilot plant-scale basket centrifuge. Furthermore it could be used to predict the 

outcome of a pilot plant run.

Table 5.23 Comparison of separation scaled by energy dissipation

Data Laboratory-scale USD Pilot plant

% of mass in filtrate 92-95 91-94 95-97
% of mass in cake 1.7-4.1 1.3-2.2 1.0-2.2
% of solid in filtrate 2.3 3.6-4.1 1.6-2.3
% of liquid in cake 0.5-1.6 G.4-0.9 0.5-1.2
% of protein in filtrate 96-108 96-109 102-106
% of protein in cake 9-14 1.5-93 0.6-1.1
% of scFv in filtrate 52-84 53-85 64-79
% of scFv in cake 1.2-2.7 1.0-1.7 0.1-0.2
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The pilot plant-scale basket centrifuge cake protein and scFv content were slightly 

lower than in the other two basket centrifuges. Both values were approximately 10 fold 

lower, consequently they were within the error for the assays (Section 7.1.2, 7.3.2). 

Cake dewatering was similar for all three basket centrifuges, so protein and scFv 

retention by the cake should have been the same. The loss in protein and scFv yields 

may have been caused by the filter cloth for the pilot plant-scale basket centrifuge, 

being thicker so retaining the scFv (section 5.3.4).

5.3.3 Scaling by relative centrifugal force

An alternative scale-down criterion, RCFmax, was also investigated. This scaled by 

replicating the force driving the separation, angle velocity and gravity. In comparison to 

the energy dissipation calculation, the RCFmax equation was more simplistic. RCFmax 

was used to determine the speed at which the USD had to run, to replicate the 

laboratory-scale basket centrifuge separation.

The mass, protein and seFv trends were similar (Fig. 5.13, 5.14 and 5.15), however 

values differed (Table 5.24). This was most obvious with the ELISA results, five of 

these data points do not follow the trend. There were no obvious problems with the 

analysis method, so the entire experiment should be repeated again to determine 

whether these points were abnormalities. Excluding the scFv data, RCFmax was a 

sufficient scale-down criterion. The disadvantage of RCFmax was that it did not take in 

to account shear affects of the device, unlike energy dissipation. This may become a 

problem with more viscous feedstreams, or feedstreams containing shear-sensitive 

products. Furthermore it could only be utilised with devices that use centrifugal force. 

Overall RCFmax could be used as a less precise, but more simplistic scale-down criterion 

for basket centrifuges.

162



Chapter 5 Basket centrifuge

Table 5.24 Comparison of separation scaled-down by RCFr

Data Laboratory-scale USD

% of mass in filtrate 92-95 91-94
% of mass in cake 1.7-4.1 1.2-2.1
% of protein in filtrate 96-108 83-103
% of protein in cake 9-14 3.0-4.5
% of scFv in filtrate 52-84 57-95
% of scFv in cake 1.2-2.7 3.3-6.0

5.3.4 Comparison of filter cloths utilised with the basket centrifuges

Two filter cloths were utilised in this research, 12 oz polypropylene fabric for the 

laboratory-scale and USD basket centrifuges, and a textile (Meraf) for the pilot plant- 

scale. From the cloth properties it appeared that the 12 oz polypropylene fabric, having 

smaller pores (75 pm width) between the weave would retain more solid than the textile 

(pore width 250 pm) cloth. However data from Table 5.23 shows that the percentage of 

solid in the filtrate of the pilot plant-scale basket centrifuge was lower than that 

achieved with the laboratory-scale and USD experiments. Consequently the textile cloth 

retained more solid than the 12 oz polypropylene fabric. This was most likely due to the 

thickness of the filter cloths, the textile cloth was 1 mm thick whilst the polypropylene 

was 0.4 mm. Furthermore, the filter cloths for the laboratory-scale and USD basket 

centrifuges were handmade, thus stitching may not have been to the same standard of 

Rousselet Robatel manufactured filter cloth.

Of the solid present in broth before processing, approximately 2% entered the filtrate 

with laboratory-scale separation. Particle size analysis determined the particle size of 

solid in the filtrate to be up to 33 pm. Solid should be removed before chromatography 

as it may block the column. This may be achieved by using a filter cloth with a smaller 

pore size. However this may lengthen separation time, and in addition retain more scFv 

in the cake. Alternatively a simple filtration step could be employed, but again scFv 

would most likely by retained be the membrane. For this project the solid was allowed 

to settle before chromatography was performed.
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6.0 PURIFICATION OF scFv AND scFv STANDARD 
PRODUCTION
To achieve high levels of product purity resolution techniques are employed, the most 

common being chromatography. Since the product was an antibody fragment, affinity 

chromatography was implemented, as it exploits the specific interaction between 

antibody firagment and antigen. Purification of scFv was performed on an affinity 

column with immobilised HEL. Separation occurred by the specific interaction between 

the immobilised lysozyme and scFv in the supernatant. Bound antibody fragments were 

displaced from the column by elution buffers.

In order to determine the effectiveness of this research, scFv analysis was measured 

against an scFv standard. To ensure scFv activity was compared with an scFv with 

identical activity, the standard was prepared from the scFv purified by affinity 

chromatography.

6.1 Methods and Materials
Purification was performed on a HiTrap column with immobilised HEL. Two methods 

were utilised in the elution of scFv from the column, diethylamine pH 10 followed by 

pH 12.5 and 4M MgCb pH 7. Fractions from the elution peak were pooled and dialysed 

overnight in PB SA, to neutralise the elution buffer. The sample if pure could be utilised 

as a scFv standard. Purity was determined by wavelength scan, agarose gel, SDS-PAGE 

and Western blot. Once purity was assured the concentration of the standard was 

calculated from absorbance at 280 nm and extinction coefficient equation.

6.1.1 Preparation of affinity chromatography column

A Pharmacia Gradifrac (Amersham Pharmacia Biotech) system was used to run the 

purification protocol. HEL (Grade 3 L6876, Sigma-Aldrich Company Ltd.) was 

immobilised on to a 5 mL N-hydroxy-succinimide (NHS) activated HiTrap column 

(Amersham Pharmacia Biotech) following the Pharmacia protocol.
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The column was first washed with 30 mL of ice-cold 1 mM HCl to remove isopropanol, 

without exceeding the flow rate of 5 mLmin'\ Immediately afterwards 5 mL of ligand 

solution containing 10 mgmL'^ of hen-egg lysozyme in coupling buffer (0.2M NaHCOs, 

0.5M NaCl, pH 8.3) was added. The column was then sealed at both ends, and left at 

room temperature for 30 min. After 30 min the column was washed with 15 mL of 

coupling buffer to remove unbound ligand. The elutant was collected for analysis. Then 

the column was washed with 60 mL of buffer A (0.5M ethanolamine, 0.5M NaCl, pH 

8.3), followed by 60 mL of buffer B (O.IM acetate, 0.5M NaCl, pH 4), then another 60 

mL of buffer A. The column was sealed at both ends and left for a further 30 min. It was 

then washed with 60 mL of buffer B, followed by 60 mL of buffer A then 60 mL of 

buffer B. To neutralise the ligand environment, 20 mL of PBS A was passed through the 

column. The column was now ready to be stored in the fridge until required.

6.1.2 Coupling efficiency of HiTrap column

Two methods were utilised to determine the quantity of ligand bound to the column. 

The first used the Coomassie assay (Section 7.3.1) to measure the amount of lysozyme 

in the ligand solution and eluted from the column. The second method was the 

Pharmacia protocol, in which 500 pL of sample was added to 500 pL of 2M glycine- 

HCl (pH 2) in a quartz cuvette. Once the effervescing had subsided, the absorbance at 

280 nm was measured. Coupling efficiency was calculated from equation 6.1.

100 -

wash.reading x wash.volume x dilution 
dilution x ligand.solution.reading

\
xlOO = Vobound (6.1)
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6.1.3 Affinity purification protocol

The column was washed with 20 mL of PBS, to ensure the environment was at the 

correct pH of approximately 7.5. Feedstream for this experiment came from the tenth 

fermentation, separated by the laboratory-scale basket centrifuge at 5447 rpm (Chapter 

5). Then the column was loaded with clarified broth at 5 mLmin’’. This pump speed (5 

mLmin'^) was maintained throughout the process. Progress of the purification process 

was monitored by a 280 nm detector positioned after the column. This detector was 

connected to a chart recorder. To remove unbound protein, the column was washed with 

PBS. Once the trace reading had returned to zero, elution was commenced. First step, 

diethylamine (Sigma-Aldrich Company Ltd.) pH 10 was used to elute non-specific 

bound proteins. Then diethylamine pH 12.5 was used to elute scFv. To neutralise the 

harsh pH of the elution buffers, 2M Tris pH 7 was added to the collected fractions. It 

was added at one tenth of the fraction’s volume, or until it had a pH of 8. Fractions were 

then analysed for protein concentration (Coomassie assay), and scFv activity (ELISA, 

Section 2.1.3).

To change the elution buffer in which the scFv was present to PBS A, the elution 

fractions that contained scFv were pooled together and dialysed overnight at 5 °C. 

Dialysing tubing of 14 mm diameter (Medicell International Ltd., London, UK) was 

utilised. If a precipitate was present, the contents of the tube was centrifuged using a 

bench top CS-6R centrifuge (Beckman Instruments (UK.) Ltd., High Wycombe, UK), at 

3500 rpm for 10 min at 5 °C. Supernatant was collected and stored at 5 °C.

6.1.4 Elution with 4M MgCl]

The previous elution buffers had a high pH, which may have caused degradation of 

scFv, Fv raised against HEL was eluted from a HEL affinity column using 4M MgCb 

prepared in PBS (pH 7) (Berry and Davies, 1992). The purification method outlined in 

section 6.1.3, was repeated with the new elution buffer. Unlike the previous method, the 

fractions did not require neutralisation with 2M Tris-HCl. However the fractions were 

dialysed as previously described.
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The biosensor (Section 2.1.6) was used to monitor off-line, the presence of seFv during 

the process. This profile was very similar to the chart recording, however it only 

monitored the presence of seFv in the feedstream. Samples of clarified broth (load) were 

measured before they passed through the column, whilst samples taken throughout the 

other phase of the affinity chromatography process, were measured after they had 

passed through the column.

6.1.5 UV Wavelength scan of purified samples

Samples that were dialysed in PB SA were checked for purity. As protein absorbs 

ultraviolet light at 280 nm and nucleic acids at 260 nm, the wavelength scan will 

determine the concentration of each. The scan was performed on the Uvikon 922 

spectrophotometer (Kontron Instruments), using a quartz cuvette. To obtain readings in 

the linear part of the calibration curve (below 0.8 units) samples were diluted in PBS A.

6.1.6 Analysis of purity by SDS-PAGE and Western blotting

The purity of a potential scFv standard was analysed by Sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). This analytical method separates 

protein by molecular weight. Sodium dodecyl sulphate (SDS) is a surfactant that 

denatures the proteins and remains bound, producing an overwhelmingly negative 

charge. Unlike native electrophoresis, separation by SDS-PAGE is entirely due to 

molecular weight and not the protein’s charge or its protein structure.

In order to achieve efficient separation of the scFv fragment, a discontinuous gel was 

used, in which there was a stacking gel placed on top of the separating gel. The stack 

enables dilute proteins to be separated with good resolution, as they are concentrated 

whilst migrating through this zone. Efficient separation was obtained with 12.5% 

acrylamide gel.
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Samples were prepared by diluting them 1:1 in sample buffer (60 mM Tris-HCl pH 6.8, 

10% Glycerol, 2% SDS (GibcoBRL, Life Technologies Inc., Paisley, UK), 0.001% 

Bromophenol Blue (Sigma-Aldrich Company Ltd.) and 5% P-mercaptoethanol). Then 

samples were denatured by boiling for 3 minutes. SDS-PAGE was performed using a 

dual mini-slab gel system (Atto System AE 6400, supplied by Genetic Research 

Instruments Ltd., Essex, UK). The glass plates were cleaned using Industrial Methylated 

Spirits (IMS), and gloves were worn to prevent contamination with external proteins. 

Once cleaned the plates were set up as in the manual.

The separating gel was prepared as in Table 6.1. Gloves had to be worn at all times as 

most of the reagents are toxic. Separating gel was degassed to remove any air bubbles, 

by passing it through a 0.2 pm polysulfone syringe filter (Whatman Ltd.). 

Polymerisation of the gel was initiated with the addition of 225 pL of freshly made 10% 

ammonium persulphate and 15 pL of NNN^N’-Tetramethylethylenediamine (TEMED). 

The gel was carefully mixed whilst avoiding bubbles, then poured into the space 

between the two plates and allowed to set. Water was poured on to the setting gel to 

prevent it from drying out.

Table 6.1 SDS-PAGE separating and stacking gel formulations (adapted from 

Hames, 1990)

Reagent Separating Gel (mL) Stacking Gel (mL)

Acrylamide-bisacrylamide (30:0.8) 6.25 1.25
Tris-HCl 3.0M (pH8.8) 1.875 -

Tris-HCl 0.5M (pH6.8) - 2.5
10% SDS 0.15 0.1
Distilled Water 6.125 5.0

Above values will prepare x2 mini gels. Protogel (National diagnostics, East Riding, UK) a ready-made 
liquid form o f Acrylamide-bisacrylamide was used.
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Once the separating gel had set, the water was poured off. The stack was prepared as in 

Table 6.1 and degassed as before. Polymerisation was initiated by the addition of 150 

pL of 10% ammonium persulphate and 15 pL of TEMED. Again the gel was carefully 

mixed avoiding bubbles, then poured on top of the separating gel. A comb was carefully 

inserted between the two plates, and the gel was then left to set. Once the gel had set, 

the comb was carefully removed, so as not to destroy the formed wells. The glass plates 

were placed in the electrophoresis tank. To the tank 1/10 dilution of reservoir buffer 

(0.25M Tris, 1.92M glycine, 1% SDS, pH 8.3) was added. Wells were flushed with 

reservoir buffer to remove any residue gel.

Appropriate volumes (10 pL) of the denatured samples (boiled for 3 min) were loaded 

in to the wells. To the first two wells, a low molecular weight marker (Amersham 

Pharmacia Biotech) and scFv standard were added respectively. The tank was connected 

to a power supply. Separation through the stack was at 64 V and 30 mV (30 min). Once 

the samples had reached the separating gel, signalled by the formation of a single blue 

line across the gel, the power was increased to 120 V and 50 mV. The separation was 

run for a further hour, until the blue line reached the bottom of the plate.

Gels were either stained using Coomassie brilliant blue (Sigma-Aldrich Company Ltd.) 

or Western blotted. Gels were stained by gently agitating on a rocking table (Luckham 

4RT rocking table, Denley Instruments, Billinghurst, UK) for 1 hour in staining solution 

(Coomassie brilliant blue R-250 (1 gL'^) (Sigma-Aldrich Company Ltd.) in 500 mL 

water, 400 mL methanol, 100 mL acetic acid). Then the gels were transferred into 

destain solution (25% methanol, 10% acetic acid in distilled water) and continued 

agitation until protein bands were revealed.
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If the samples were to be Western blotted, the protein had to be transferred from the gel 

on to Immobilon-P PVDF transfer membrane (Millipore (UK.) Ltd., Watford, UK). 

Transfer was performed by a Trans-Blot semi-dry transfer cell (Bio-Rad Laboratories 

Ltd., Hemel Hempstead, UK). The gel was carefully removed from the glass plates and 

placed in 50 mL of Blotting buffer (water 700 mL, glycine 2.92 g. Tris 5.8 g, SDS 0.374 

g, methanol 200 mL) for 10 min. Gloves were worn when manipulating the gel. The 

anode plate of the Trans-Blot semi-dry transfer cell was wetted with blotting buffer. 

Two sheets of filter paper moistened with blotting buffer were laid on top of the anode. 

The Immobilon-P PVDF membrane was cut to the desired shape, then moistened with 

methanol followed by blotting buffer. This was placed on top of the filter paper. A 

sterile pipette was carefully rolled over the membrane to remove air bubbles. On top of 

the Immobilon-P PVDF membrane, the gel was carefully laid, avoiding air bubbles. 

One more piece of moist filter paper was placed on top of the gel. The cathode was 

moistened with blotting buffer and placed on top of the unit. Transfer took 30 min 

operating at 20 V.

After the samples were transferred, the immunoassay was commenced. To ensure the 

reaction occurred evenly over the whole of the membrane, the vessel was gently 

agitated on rocking table (Denley Instruments) throughout the protocol. The membrane 

was blocked using 0.5% milk powder in PBS for 1 h. Casein in the block prevents non

specific binding to the membrane. The membrane was then incubated overnight with 

rabbit polyclonal antibody directed against the anti-HEL Fv fragment, at 1 in 2000 

dilution in PBS with 0.1% milk powder. After incubation the membrane was washed for 

10 min in distilled water, followed by 10 min in PBS with 0.1% milk powder, this was 

repeated twice. After washing, the membrane was incubated for 2 h, with blotting grade 

Goat anti-rabbit IgG conjugated with Horse Radish Peroxidase (Bio-Rad) at 1 in 2000 

dilution in PBS with 0.1% milk powder. The membrane was washed as previously 

described. Colour was developed by incubating the membrane in a solution of 34 mL 

PBS, 6 mL methanol, 20 mg 1 -chloro-4-naphthol (Sigma-Aldrich Company Ltd.) and 

20 pL of 30% H2 O2 (Sigma-Aldrich Company Ltd.) for 15 min. Once bands had 

appeared, the reaction was stopped by placing the membrane in distilled water.

170



Chapter 6 Purification of scFv and standard production

6.1.7 Analysis of purity by agarose gel electrophoresis

In order to calculate the concentration of the scFv standard, the sample has to consist 

entirely of protein. The presence of nucleic acid can be determined by agarose gel 

electrophoresis. A gel with the concentration of 0.7% agarose w/v was utilised, as it 

separates nucleic acid between 0.8 to 10 kb. The gel consists of 50 mL TBE buffer 

(0.045M Tris-borate, O.OOIM EDTA), with 0.35 g of agarose (Sigma-Aldrich Company 

Ltd.). This was microwaved until the agarose had dissolved and the solution became 

clear.

The tank was prepared for the gel, and a well-forming comb was put into place. Then 

the gel was carefully poured into the tank avoiding bubbles, and left for 15-20 min to 

set. Once the gel had set, the comb was carefully removed. To the tank 450 mL of TBE 

buffer was added, until it just covered the gel. Samples were prepared as 20 \xL 

volumes, consisting of 5 pL sample, 5 pL gel loading solution (Sigma-Aldrich 

Company Ltd.) and 10 pL of TE buffer (IM Tris, 0.5M EDTA, pH 8). To the 

prewashed well, 20 pL of sample was carefully pipetted. A marker of supercoiled DNA 

ladder (Sigma-Aldrich Company Ltd.) was added to one well, and this was prepared as 

the samples (5 pL marker, 5 pL loading buffer, 10 pL TE buffer). Separation was 

performed at 80 V and 40 mA for 2 h.

Once the separation was complete, the gel was stained in 200 mL of ethidium bromide 

(0.5 pgmL'^) (Sigma-Aldrich Company Ltd.). Even staining was achieved by gentle 

agitation on a rocking table (Denley Instruments) at room temperature for 40 min. After 

the gel was viewed under the UVP CDS 5000 Gel Documentation System and 

GelBase"''^ analysis software (Ultra violet Products Ltd., Cambridge, UK).

6.1.8 scFv Standard concentration

The concentration of scFv standard was determined by the absorbance at 280 nm, in 

conjunction with the extinction coefficient. The extinction coefficient was calculated 

from the amino acid sequence (Pace et al. 1995), according to equation 6.2.
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e{l?,O nm\M -'cm~' )=  {#Trp x 5500)+ (#Tyr x \4 9 0 )+  {#Cys x 125) (6.2)

where c was the extinction coefficient

M'^ cm‘̂  was molar absorption coefficient 

# number of particular amino acid 

Trp was tryptophan (W)

Tyr was tyrosine (Y)

Cys was cystein (C)

Protein concentration was calculated using equation 6.3.

C = —- (6.3)
£.1

where C was protein concentration (M)

A was absorbance at 280 nm 

8 was the extinction coefficient 

1 was pathlength (cm)

To obtain a value in gL '\ the concentration was multiplied by the molecular mass of the 

protein, which in the case of this scfv was 30kDa
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6.2 Results
A Hitrap column was successfully coupled with HEL. The immobilisation process was 

over 95% efficient. This removed 100% of scFv from clarified broth. Elution with 

diethylamine pH 12.5 recovered 66% of scFv in 10 mL, compared to 18% in 36 mL 

with 4M MgCl] pH 7. Furthermore, elution with 4M MgCh appeared not to remove 

contaminating nucleic acid, determined by wavelength scan. The pooled diethylamine 

pH 12.5 fractions were dialysed overnight in PB SA. These were then analysed for 

contaminating nucleic acid and protein by agarose gel electrophoresis, SDS-PAGE and 

Western blot. Since the dialysed fraction was found to consist of pure scFv, it was to be 

utilised as a standard. The concentration was calculated from the absorbance at 280 nm 

and the extinction coefficient equation. It was found to be 0.8 gL"\

6.2.1 Coupling efficiency of the HiTrap column

Two methods, Coomassie assay and the Pharmacia protocol, were used to calculate the 

coupling efficiency of the immobilisation process. The Coomassie assay should that of 

the 49.5 mg of lysozyme, 47 mg had bound to the column (Table 6.2). Consequently 

the coupling efficiency was determined to be 95%. Using equation 6.1 the Pharmacia 

protocol coupling efficiency was calculated to be 99.6% (Table 6.2).

Table 6.2 Coomassie assay readings for column coupling efficiency

Sample Amount of lysozyme 
(mgmL'i)

Total amoimt 
(mg)

Ligand
solution

9.90 49.50

Ligand washed 
from column

0.51 2.55

Both samples were in 5 mL, consequently the total is 5x sample concentration.

Amount bound = ligand solution -  ligand washed from column 

= 49.5 m g-2 .55  mg 

= 46.95 mg

173



Chapter 6 Purification of scFv and standard production

Percentage coupling efficiency = .bound ^ ^qq
ligand .solution

47
49.5

= 95%

xlOO

Table 6.3 Absorbance readings for the Pharmacia protocol for coupling efficiency

Sample Absorbance at 
280 nm

Dilution

Ligand
solution

0.292 1/50

Ligand washed 
from column

0.0105 neat

1 0 0 -

100 -

V

f

\L

wash .reading x wash .volume x dilution 
dilution x ligand .solution .reading

0.0105x5x0
50x0.292

xlOO = 99.6%

xlOO = % bound (6.1)

6.2.2 Diethylamine elution system

A chart recorder was used to record the chromatography’s progress. This was connected 

to a 280 nm detector monitoring the amount of protein leaving the column. With a 

previous purification run, the detector was connected to the computer running the 

Lab VIEW software (National Instruments Corporate Headquarters, Austin, US), and 

this was included in the report as an example of a typical purification profile (Fig. 6.1). 

The high reading was observed whilst loading the column, this fell during the PBS 

wash. There was a small peak with the first two diethylamine pH 10 fi-actions, however 

the greatest peak was observed with the first five fractions of the elution with 

diethylamine pH 12.5.
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Figure 6.1 Typical Diethylamine pH 10 and pH 12.5 elution profile. This profile was 

produced by connecting the 280nm Gradifrac detector, to a computer running the 

LabVIEW software. The profile shows the amount of protein leaving the column. The 

column was loaded with 580 mL of clarified broth at a flow rate of 4 mLmin'' and a 

fraction rate of 2 mLmin'\
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Approximately 200 mL of broth was passed through the colunrn. Of the 101 mg of 

protein and 23900 pg of scFv, 88% of protein (89 mg) and <1% of scFv (14 pg) did not 

bind to the column (Table 6.4 and 6.5). The column was then washed with PBS to 

remove unbound proteins, 28% protein (28 mg) and 1% scFv (256 pg). To remove non- 

specifically bound proteins the column was washed with diethylamine pH 10, where 

upon 2% of protein (2 mg) and 0% of scFv (98 pg) was eluted. Diethylamine pH 12.5 

eluted the bound scFv from the column, the majority being removed in the first five 

fractions. These contained 1% protein (1 mg) and 66% scFv (15700 pg). The latter ten 

pH 12.5 fractions, were found to contain 1% protein (1 mg) and <1% of scFv (33 pg).

Table 6.4 Protein and scFv values for the diethylamine elution system

Coomassie assay ELISA

Sample Volume
(mL)

Total
(mg)

stdev Total
(pg)

stdev

Broth 200 101.13 0.02 23900 12.7
Load 200 88.65 0.05 14 0.0
PBS wash 94 28.21 0.03 256 0.7
pHlO 28 1.58 0.00 98 1.4
pH12.5 20 1.12 0.00 33 1.3
fraction 10 1.03 0.02 15700 87.8
Fraction is the diethylamine pH 12.5 fractions that contained the peak readings. ELISA 
data was expressed as 3 significant figures, stdev is standard deviation.

Table 6.5 Protein and scFv mass balance for the diethylamine elution system

Protein
(mg)

% of
unprocessed

broth

scFv
(pg)

% of 
unprocessed 

broth
Not bound to the column 88.65 88 14 0
Washed off column 28.21 28 256 1
Eluted off column 3.72 4 15800 66
Total in system 120.58 120 16000 67
Total in Unprocessed 
broth

101.13 100 23900 100

Loss/Gain of column +19.45 +20 -7900 -33
ELISA data was expressed as 3 significant figures.

The first five fractions of the diethylamine pH 12.5 elution, were pooled and dialysed 

overnight in PB SA.
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6.2.3 4M MgCh elution system

Again, the progress of affinity separation was recorded on a chart recorder. The 280 nm 

reading was high during column loading, however this fell when the column was 

washed with PBS. A peak was observed in fraction 3 to 8 of the 4M MgCl] elution, and 

this slowly fell throughout the following 12 fractions. However values never returned to 

zero. As the computer was not available, so a biosensor profile was included (Fig. 6.2). 

This profile was very similar to the chart recording, however it only monitored the 

presence of scFv in the feedstream. To avoid confusion with the ELISA data, the 

biosensor units were not included as they were only estimations of scFv concentration.

The column was loaded with 200 mL of clarified broth, which contained 101 mg of 

protein and 23900 pg of scFv. Of this 95% of protein (96 mg) and <1% scFv (80 pg) 

did not bind to the column (Table 6.6 and 6.7). The column was then washed with 

PBS, removing 7% of protein (7 mg) and 2% scFv (350 pg). Then the column was 

eluted with 4M MgCL pH 7. The chart recorder did not record a peak until the third 

fraction. Fractions 1 and 2 contained 0.2 mg of protein (<1%) and 10 pg of scFv (<1%). 

The majority of the peak spanned the third to eighth fractions, these contained 1% 

protein (1 mg) and 12% scFv (2750 pg). The next six fractions contained of 4% of scFv 

(914 pg), and minute amounts of protein. Furthermore, the final six fractions again 

contained 3% scFv (636 pg), and minute amount of protein.

Table 6.6 Protein and scFv values for the 4M MgCh elution system

Coomassie assay ELISA

Sample Volume
(mL)

Total
(mg)

stdev Total
(Hg)

stdev

Broth 200 101.13 0.02 23900 12.7
Load 200 96.20 0.03 80 1.9
PBS wash 83 7.20 0.00 350 0.9
F1&2 4 0.20 0.00 10 0.5
F3-8 12 1.18 0.01 2750 8.9
F9-14 12 0.02 0.00 914 2.8
F15-20 12 0.01 0.00 636 3.3
ELISA data was expressed as 3 significant figures, stdev is standard deviation.
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Figure 6.2 4M MgCl] elution profile. This was measured using the biosensor off-line, to 

avoid confusion with ELISA data the biosensor units were excluded (section 6.2.3). The 

column was loaded with 200 mL of clarified broth at a flow rate of 5 mLmin'^ and 

fractions were collected at a rate of 2 mLmin'\ Load samples (clarified broth) were 

measured before they passed through the column, whilst the latter samples were 

measured after they had exited the column.
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Table 6.7 Protein and scFv mass balance for the 4M MgCh elution system

Protein
(mg)

% o f
unprocessed

broth

scFv
(pg)

% o f
unprocessed

broth
Not bound to the column 96.20 95 80 0
Washed off column 7.20 7 350 2
Eluted off column 1.41 1 4310 18
Total in system 104.78 104 4740 20
Total in Unprocessed 
broth

101.13 100 23900 100

Loss/Gain of colunrn +3.65 +4 -19200 -80
ELISA data was expressed as 3 significant figures.

After 20 fractions the 280 nm reading had not returned to zero. The column was washed 

with four column volumes of PB SA, then eluted with diethylamine pH 12.5, which 

removed a further 11% of scFv (2630 pg).

6.2.4 UV Wavelength scan of purified samples

The purity of affinity chromatography fractions were determined by a UV wavelength 

scan. This determined the ratio of protein to nucleic acid, present in the sample. 

Samples were dialysed diethylamine pH 12.5 eluted fractions, dialysed fractions 3 to 8 

of 4M MgCl] elution, dialysed fractions 9 to 14 of 4M MgCl] elution, and dialysed 

fractions 15 to 20 of 4M MgCb elution. These samples were compared to the 

wavelength scan of the scFv standard (Fig. 6.3). The diethylamine sample and scFv 

standard were diluted (1\2) to bring the absorbance readings below 0.8 units, whilst the 

4M MgCb samples were analysed neat.
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Figure 6.3 UV Wavelength scans of scFv samples; (—) scFv standard (1\2 diluted), (•••) 

dialysed fractions 1 to 5 of diethylamine pFI12.5 elution (1\2 diluted), ( ) dialysed

fractions 3 to 8 of 4M MgCf elution, ( ) dialysed fractions 9 to 14 of 4M MgCf

elution, and (—) dialysed fractions 15 to 20 of 4M MgCf elution.
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The diethylamine pH 12.5 eluted fractions gave a similar curve to that of the scFv 

standard. However the eluted fractions values were approximately 1.4 fold greater than 

the standard. As with the scFv standard, the 280nm reading of the pooled eluted 

fractions, was higher than the 260 nm (0.7954 to 0.6295 units respectively (1\2 

dilution)). All three dialysed 4M MgCl] eluted fractions had trends that differed from 

the scFv standard. The dialysed fractions 3 to 8 value was in a similar range to that of 

the standard, whilst the other two sets of dialysed fractions were 5 and 10 fold less. 

Unlike the standard, all three dialysed 4M MgCl] eluted fractions had similar 280 and 

260 nm readings, 0.46643 to 0.43752 units, 0.10982 to 0.09811 units, and 0.05942 to 

0.05433 units.

6.2.5 Analysis of purity by SDS-PAGE and Western blotting

The 4M MgCl] elutants were discarded, as the high 260 nm absorbance reading 

suggested the presence of contaminating nucleic acid, whilst the diethylamine pH 12.5 

elutant appeared to consist of protein only. For it to be utilised as a standard, the elutant 

had to be devoid of non-scFv protein, and this was determined by SDS-PAGE (Fig. 6.4) 

and Western blot (Fig. 6.5).

The SDS-PAGE revealed three protein bands at 67, 43 and 30 KDa with clarified broth, 

and fainter forms with clarified broth after it had passed through the colunrn. No bands 

were observed with the PBS wash. The first two fractions of the diethylamine pH 12.5 

elution peak, the pooled elution fractions 6 to 15, and the dialysed fraction (1 to 5), had 

only one protein band at 30 KDa. This band corresponded to the single band of the scFv 

standard. The intensity of the 30 KDa bands varied. Intensity decreased from fraction 1 

to fraction 2, and the band of the pooled diethylamine pH 12.5 fractions from after the 

peak was fainter still. However the dialysed elution fractions 30 KDa band was wider 

and darker than the scFv standard band.

181



Chapter 6 Purification of scFv and standard production

Mwt
kDa

94

67

43

30

204

14.4

1 2 3 4 5 6 7 8 9

Figure 6.4 Protein separation of affinity chromatography samples, by SDS-PAGE gel 

developed with Coomassie blue. Lane (1) was the low weight molecular marker, (2) was 

scFv standard, (3) clarified broth, (4) clarified broth passed through the column, (5) PBS 

wash of column, (6) diethylamine pH 12.5 fraction 1, (7) diethylamine pH 12.5 fraction 

2, (8) diethylamine pH 12.5 fractions after the peak (fractions 6 to 15), and (9) dialysed 

diethylamine pH 12.5 fractions (1 to 5).
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Figure 6.5 Western blot analysis of affinity chromatography samples. Lane (1) was the 

scFv standard, (2) clarified broth, (3) clarified broth passed through the column, (4) PBS 

wash of column, (5) pooled diethylamine pH 10 fractions, (6) diethylamine pH 12.5 

fraction 1, (7) diethylamine pH 12.5 fraction 2, (8) diethylamine pH 12.5 fractions after 

the peak (fractions 6 to 15), and (9) dialysed diethylamine pH 12.5 fractions (1 to 5).
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Furthermore, affinity chromatography samples were analysed for the presence of scFv, 

by Western blot. Clarified broth had two bands, one corresponded to the scFv standard 

the other to a larger protein. Broth passed through the colunrn had only one band 

indicating a larger protein. No bands were observed with the PBS wash, pooled 

diethylamine pH 10 elution fractions, and pooled diethylamine pH 12.5 fractions from 

after the peak. Fractions 1 and 2 of the diethylamine pH 12.5 elution, produced smeared 

columns containing between 4 to 6 bands. The major band corresponded to the standard, 

however there was one band representing a small protein and several indicating larger 

proteins. Dialysed diethylamine pH 12.5 fractions (1 to 5) had two bands, the scFv band 

and a faint smaller protein band.

6.2.6 Analysis of purity by agarose gel electrophoresis

Since the dialysed fraction was found to contain only scFv protein, a second more 

comprehensive nucleic acid analysis was performed. No bands were observed when 

dialysed diethylamine pH 12.5 elution firaction, was separated on agarose gel (Fig. 6.6).

6.2.7 Quantification of scFv standard

As the dialysed diethylamine elution fraction was shown to consist of pure scFv, it was 

to be used as a standard. The new standard concentration was determined from the 

absorbance at 280 nm and the extinction coefficient equation (6.2). Absorbance at 280 

nm was 0.7954 units for 1\2 diluted sample (1.59 units).

From the amino acids sequence (Fig. 6.7) the molar absorption coefficient was 

calculated to be 52870M'^cm'\ The molecular weight of scFv was 28 KDa. Multiplying 

the molar absorption coefficient by the molecular weight, the scFv concentration was 

determined to be 0.8 gL '\
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1 2  3 4

Figure 6.6 Agarose gel electrophoresis analysis of dialysed diethylamine pH 12.5 elution 

fractions. Lane (1) was DNA marker, (2) blank well, (3) and (4) dialysed diethylamine 

pH 12.5 elution fractions (1 to 5).
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Figure 6.7 Genetic code and amino acid sequence for scFv expressed by E. coli. The 

sequence for Aspergillus is identical except for the cleavage site which is: 

KR/I-G-G-S-Q. This was used to calculate the extinction co-efficient (section 6.1.8).
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6.3 Discussion
The immobilisation of HEL on to the HiTrap column was found to be at least 95% 

efficient. This sufficiently removed 24 mg of scFv from clarified broth. A high pH was 

required to break the ligand-scFv binding, recovering 66% of scFv. However 

diethylamine pH 12.5 caused the fragment to bind to itself forming multimers, in 

addition to degradation of its constituent parts (33%). Dialysis overnight in PB SA was 

unable to renature the degraded fragments. A neutral elution buffer (4M MgCh) was 

less efficient at breaking the ligand-seFv binding, so it only released 18% of bound 

scFv.

The scFv recovered by diethylamine elution was to be used as an assay standard. Purity 

was assured by SDS-PAGE and agarose gel. The concentration of the standard was 

found to be 0.8 gL '\

6.3.1 Coupling efficiency of the HiTrap column

The column coupling efficiency was found to be between 95 to 100% depending upon 

which calculation protocol was employed. Consequently, of the 50 mg of lysozyme 

added to the column at least 47 mg bound. If more protein had bound to the column, 

then percentage recovery of scFv would most likely have fallen, as the ligands may 

have overlapped one another concealing binding sites.

6.3.2 Purification of scFv by Diethylamine elution

Of the scFv present in the clarified broth the column bound 100%, whilst most of the 

undesired protein (88%) passed through. Elution with diethylamine pH 12.5 recovered 

66% of scFv (15 mg), from the column in a sharp peak of 5 fi*actions. Analysis by 

Coomassie assay found these fractions only contained 1% protein (1 mg). The low 

protein value was at least in part due to the assay’s low signal for scFv (Section 7.3.2), 

furthermore the reaction may have been inhibited by the chemical environment.
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Even with the addition of 2M Tris-HCl pH 7 to reduce the pH of the fractions, 

precipitate formation could not be prevented. Throughout the process 33% of scFv (8 

mg) was unaccounted for. The loss may have been caused by scFv remaining on the 

column. Furthermore the high pH of the elution buffer denatured the antibody fragment, 

forming a precipitate. The latter was the most likely outcome.

The majority of non-scFv protein passed straight through the column. Of the small 

quantity that did bind, 28% was removed by the PBS wash and 2% by diethylamine pH 

10. The protein mass balance calculation revealed a gain of 20 mg. Since the Coomassie 

assay has an internal error of 20%, this could account for the increase in protein.

6.3.3 Purification of scFv by 4M MgC^ elution

As expected, the column removed all the scFv (100%) from the clarified broth, whilst 

95% of non-specific protein passed through. Washing of the column to remove unbound 

particles dislodged 2% scFv and 7% total protein. Elution with 4M MgCb produced a 

peak between fractions 3 and 8, containing 11% scFv (2.7 mg) and 1% protein (1 mg). 

As discussed previously, the difference in values was due to the assay’s low signal for 

scFv, and interfering chemical environment. The latter 12 fractions were found to 

contain 7% scFv and a minute amount of protein.

At the end of the process 80% of scFv was unaccounted for. As the elution buffer was a 

neutral pH, it may not have broken the binding between ligand and antibody fragment, 

so the column was eluted with diethylamine pH 12.5. This recovered a further 11%, but 

69% of scFv was still missing. With the diethylamine pH 12.5 elution there was a 

precipitate. In the previous discussion 33% scFv loss was attributed to this precipitate, 

in addition to irreversible binding. However, even when this was taken into account, 

there was at least 36% of scFv not recovered. It was unlikely that the antibody fragment 

was still bound to the column after the second elution step. Dénaturation caused by 

elution in the presence of a harsh elution buffer, was the most likely cause.
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6.3.4 Presence of nucleic acid in elution fractions

The diethylamine pH 12.5 and 4M MgCl: elution fractions were pooled then dialysed 

overnight in PB SA. The presence of nucleic acid was determined by UV wavelength 

scan. As protein absorbs UV light at 280 nm and nucleic acid at 260 nm, the ratio 

between them can be found. The diethylamine pH 12.5 fraction had a high absorption at 

280 nm compared to that at 260 nm, indicating that only protein was present. The 260 

nm reading was also due to protein absorbing at this wavelength, however to a lesser 

extent.

UV wavelength scans of the dialysed 4M MgCl] elution fractions had similar 280 and 

260 nm readings. This indicated the presence of nucleic acid in addition to protein. So 

another purification step would be required to remove the nucleic acid, otherwise the 

concentration calculation (Section 6.1.7) would be invalid.

6.3.5 Purity and concentration of scFv standard

The dialysed diethylamine pH 12.5 fraction appeared to consist of pure scFv, thus 

making it an ideal candidate for a standard. Purity of the potential scFv standard was 

analysed by agarose gel electrophoresis, SDS-PAGE and Western blot. The agarose gel 

showed no bands, so the sample consisted of only protein, supporting the wavelength 

scan prediction. A single band was found on the SDS-PAGE at the 30 KDa location, 

confirming the purity of the dialysed elution fraction. The Western blot verified scFv 

was present. Utilising the extinction coefficient equation and the absorbance at 280 nm, 

the concentration of the new scFv standard was determined to be 0.8 gL '\

The concentration of scFv standard was determined by the absorbance at 280 nm, in 

conjunction with the extinction coefficient. The absorbance reading at 280 nm can be 

affected by the presence of other proteins that also absorb UV light at 280 nm, as well 

as nucleic acid that absorbs UV light at 280 nm but to a lesser extent. Consequently the 

scFv standard has to be pure otherwise the 280 nm reading will be incorrect, so 

effecting the concentration calculation.
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The SDS-PAGE and Western blot analysis of affinity chromatography, showed the 

progress of proteins through the system. Passing the clarified broth through the column 

reduced the protein level, especially the 30 KDa band (scFv). This was also observed 

with the Western blot, scFv containing feedstream that had been passed through the 

HEL HiTrap column was absent of the seFv band. Both clarified broth before and after 

the column, had a band corresponding to a large protein. As the Western blot only 

detects antibody fragments, these bands must have been a large multimerie form of 

scFv. The diethylamine pH 12.5 fractions produced smeared bands on the Western blot, 

probably caused by the sample protein concentration exceeding the Western blot 

detection level. Furthermore several bands were observed, which correspond to the 

different multimeric forms of scFv. Below the scFv band were two more bands, these 

correlate to fragments cleaved to the smallest constituents ( V h  and V l ) .  After dialysis, 

these multimeric forms were absent, however the small protein band was still present. 

This suggests that the high pH elution condition caused seFv to bind together to form 

multimers. In addition, the high pH cleaved the linker chain of the scFv fragment to its 

constituent parts, but unlike Fv these did not recombine to form scFv during dialysis. 

Formation of multimers was found to affect signal of immunoassays (McGregor et a l, 

1994). After dialysis only the monomeric form of the seFv was present, consequently 

the scFv affinity would be unaffected.

The extinction coefficient enables the amount of scFv to be determined but not the 

activity. In order to find out how much of the scFv was active, it needs to be put through 

the affinity column again to determine how much binds. As the purity of the scFv 

standard increased throughout the project, for simplicity it was assumed that the 

majority of scFv was active. Since a reproducible affinity chromatography process has 

been determined, scFv activity should be ascertained.

190



Chapter 7 Magnetic affinity recovery

7.0 MAGNETIC AFFINITY RECOVERY
Recovery of scFv from Aspergillus fermentation consisted of a simple two step process, 

removal of solid followed by purification. Affinity chromatography employed for the 

purification process enabled specific selection for the scFv. However before this process 

was applied, the solid had to be removed from the feedstream. If the antigen of the 

affinity process could be introduced and recovered from the feedstream, it may be 

possible to eliminate the solid removal step. By attaching hen egg lysozyme to magnetic 

particles, the recovery and purification process could be merged into one step. The 

magnetic particles would be added to the fermentation broth, and there bind the scFv. 

The particles would be removed from the feedstream by a magnetic field. Then the scFv 

could be recovered from the particles by elution.

For this project ion oxide particles were used. These particles had amine groups on the 

surface to facilitate attachment of affinity ligand (Zulqamain, 2000). Polyglutaraldehyde 

was used to attach the ligand to the ion oxide particles.

7.1 Methods and materials
Magnetic particles were previously prepared by K. Zulqamain (2000). Their 

concentration was determined by vacuum drying. The scFv antigen lysozyme was 

attached to the magnetic particles, and their concentration recalculated. The quantity of 

scFv that could be bound by the particles, and the time required for this reaction to take 

place, was investigated. Once these conditions were ascertained, the magnetic particles 

were utilised in the removal of scFv from fermentation broth. Recovery of scFv from 

the magnetic particles, was achieved by employing the affinity chromatography elution 

buffer. Experiments were performed at pi scale.
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7.1.1 Quantification of magnetic particles

Magnetic particles were prepared by K. Zulqamain (2000). Their concentration was 

determined by vacuum drying (SpeedVac sclOO, Savant Instruments inc., Life Sciences 

International (Europe) Ltd., Runcorn, UK). To preweighed Eppendorf tubes, 200 pL of 

magnetic particle suspension was added. These were spun in the vacuum drier for 3 h. 

After 30 min cooling in a desiccator, the Eppendorf tubes were reweighed.

7.1.2 Coupling lysozyme to the magnetic particles

As with the affinity chromatography and ELISA, hen-egg lysozyme (Sigma-Aldrich 

Company Ltd.) was utilised as the antigen. For these investigations approximately 0.5 g 

of magnetic particles was used. At each step, the particles were recovered by placing the 

container on a magnet. This allowed the particles to be retained, whilst the liquid was 

carefully pipetted off. Before commencing the ligand binding procedure, the particles 

were washed with 100 mL of distilled water.

Particles were prepared for binding by mixing with 80 mL of distilled water containing 

2% glutaraldehyde (Sigma-Aldrich Company Ltd.). The pH of the slurry was 

immediately adjusted to pH 11 using IM sodium hydroxide. Due to the presence of 

glutaraldehyde, this was performed in a fumehood. The mixture was then stirred at 150 

rpm for 1 h using an overhead mixer (Heidolph-Instruments GmbH & Co., Schwabach, 

Germany), whilst maintaining the pH at 11. Then the particles were washed 4 times 

with 200 mL of distilled water to remove the glutaraldehyde, followed by 2 washes with 

100 mL sodium chloride, then 1 wash with 100 mL of distilled water.

The ligand solution (125 mg lysozyme) was prepared in 100 mL of 0.1 M sodium borate 

(pH 9). Magnetic particles were left for 24 h stirring (150 rpm, overhead mixer) in the 

ligand solution. Particles were washed 5 times in 100 mL of O.IM sodium borate (pH 

9), followed by 5 washes in 100 mL of IM potassium phosphate (pH 7.5). The particles 

were stored at 5 °C in the last wash.
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Samples were taken from the ligand solution and the 10 wash steps, to calculate the 

amount of lysozyme bound to the particles (Coomassie assay, Section 2.1.8). The 

concentration of magnetic particles was calculated as described in section 7.1.1,

7.1.3 Concentration of scFv removed by HEL-coupied magnetic 

particles

The concentration of seFv that 42 mgmL'^ of HEL-coupled magnetic particles could 

remove was determined. Concentrations investigated were between 750 to 1 pgmL'\ 

and prepared from the scFv standard diluted with PBS. Eppendorf tubes containing 500 

\iL of magnetic particles and 500 pL of seFv in PBS, were incubated at room 

temperature for 30 min. To ensure the particles were exposed to the seFv, the samples 

were constantly agitated at 1800 rpm in a bench top shaker (IKA-Vibrax-VXR, supplied 

by Janke & Kunkel GmbH Co. KG.). Utilising a magnetic Eppendorf tube holder, the 

liquid was carefully removed for analysis. ELISA (Section 2.1.2) was performed on the 

liquid samples to determine the amount of unbound seFv.

7.1.4 Binding time of scFv to the HEL-coupled magnetic particles

The time required for the HEL-eoupled magnetic particles to interact and bind the seFv 

was investigated. Eppendorf tubes containing 500 pL of magnetic particles (42 mgmL'^) 

and 500 pL of scFv (100 pgmL'^), were incubated at room temperature between 30 s to 

30 min. Constant agitation was employed to ensure complete mixing. As described 

previously (Section 7.1.3), the liquid was recovered and analysed for unbound scFv.
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7.1.5 Removal of scFv from fermentation broth by HEL-coupled 

magnetic particles

The efficiency of magnetic particles to remove scFv from fermentation broth was 

analysed. To 500 pL of the tenth fermentation broth, 500 pL of magnetic particles (42 

mgmL'^) was added and either incubated for 5 or 15 min. Since the fermentation broth 

contained solid particles agitation was very important. The experimental procedure 

employed were as previously described (Section 7.1.3). To determine the effect of the 

feedstream on the magnetic particles, 500 pL of uninoculated fermentation broth spiked 

with scFv (100 pgmL'^) was also tested. Both feedstreams were compared to recovery 

of scFv (100 pgmL'^) from 500 pL of PBS.

7.1.6 Elution of scFv from the HEL-coupled magnetic particles

Since the magnetic particles operate on the same principle as the affinity 

chromatography system, the diethylamine pH 12.5 elution procedure was implemented 

(Section 7.1.3). The previously described experiment (Section 7.1.5) was utilised in this 

investigation. After a timed incubation (5 or 15 min), the particles were washed with 1 

mL of PBS. This was then removed and replaced with 500 pL of diethylamine pH 12.5. 

After 1 min agitation the elution buffer was neutralised with 50 pL of 2M Tris pH 7. 

Samples from the PBS wash and elution buffer were analysed for scFv content by 

ELISA.
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7.2 Results
The initial concentration of magnetic particles was found to be 28 mgmL'\ Of the 

ligand (lysozyme), 94% successfully coupled to the magnetic particles. After the ligand 

binding procedure, the particle concentration was determined to be 42 mgmL'\ The 

particles were able to remove 750 pgmL'^ of scFv from PBS, and the binding reaction 

was almost instantaneous. From fermentation broth, the magnetic particles removed 

100% of the scFv present. However only 2% of scFv was recovered from the particles.

7.2.1 Quantification of magnetic particles

The initial concentration of magnetic particle was determined by vacuum. It was found 

that 1 mL storage solution contained 28 mg of magnetic particles.

7.2.2 Coupling of lysozyme to the magnetic particles

In order for the magnetic particles to recover scFv from fermentation broth, the antigen 

to the antibody fragment had to be attached to the particles. The Coomassie assay was 

utilised to determine the amount of lysozyme coupled to the magnetic particles, whilst 

the magnetic particle concentration was calculated from vacuum drying data.

The Coomassie assay was utilised to monitor the amount of lysozyme in the washing 

steps. First the washing buffers were analysed for background readings. The IM 

potassium phosphate buffer was found to give a signal, which was taken into account. 

Furthermore, the protein content of the ligand solution (125 mg of lysozyme) was 

measured as 135.5 mg (Table 7.1). Washing recovered 8.53 mg of lysozyme, so 94% 

bound to the particles. Hence, of the 125 mg of lysozyme added to the magnetic 

particles, 117 mg (94%) bound.
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Table 7.1 Amount of unbound lysozyme recovered in the washing steps

Sample Amount of lysozyme 
(mgmL'^)

Total amount of lysozyme 
(in 100 mL)

Lysozyme (125mg) 1.355 135.50
O.IM sodium borate 0.020 2.01
O.IM sodium borate 0.012 1.23
O.IM sodium borate 0.012 1.20
O.IM sodium borate 0.012 1.25
O.IM sodium borate 0.013 1.31
IM potassium phosphate 0.013 1.27
IM potassium phosphate 0.002 0.17
IM potassium phosphate 0.001 0.09
IM potassium phosphate 0.000 0
IM potassium phosphate 0.000 0

Total unbound lysozyme 8.53

Once the particles were washed free of unbound ligand, the concentration was 

determined. As previously described (section 7.1.1) 200 pL of magnetic particles in IM 

potassium phosphate was vacuum dried. The concentration of magnetic particles was 

found to be 42 mgmL'\

7.2.3 Concentration of scFv removed by HEL-coupled magnetic 

particles

The ability of the magnetic particles to remove scFv from PBS was investigated. 

Concentrations tested were between 750 to 1 pgmL"\ After 30 min incubation the 

amount of unbound scFv was analysed by ELISA (Table 7.2). For all tested 

feedstreams, 42 mgmL'^ of magnetic particles removed over 99% of scFv. Complete 

removal was achieved with scFv concentration of 25 pgmL"^ and lower.
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Table 7.2 Amount of scFv removed by HEL-coupIed magnetic particles, from PBS 

with varying concentrations

scFv concentration 
(ligmL'^)

Amount of unbound 
scFv (lagmL'^)

Standard
deviation

Percentage of bound 
scFv

750 5.05 ±0.49 9933
500 2.02 ±0.06 99.60
250 0.85 ±0.05 99.66
100 0.16 ±0.01 99.84
75 0.05 ±0.00 99.94
50 0.02 ±0.03 99.95
25 0.00 ±0.00 100.00
10 0.00 ±0.00 100.00
5 0.00 ±0.00 100.00
1 0.00 ±0.00 100.00

Standard deviation was calculated from three data points.

7.2.4 Binding time of scFv to the HEL-coupIed magnetic particles

Once the particles were shown to bind scFv, the binding kinetics were investigated. 

Particles (42 mgmL'^) were incubated with 100 pgmL'* of scFv for different lengths of 

time, 30 s to 30 min. ELISA was then utilised to measure the amount of unbound scFv 

(Table 7.3). Total removal of scFv was achieved after 10 min incubation. However the 

shortest incubation period (30 s), still removed over 99% of scFv.

Table 7.3 Amount of scFv removed from PBS by HEL-coupled magnetic particles, 

after different incubation times

Incubation time 
(min)

Amount of unbound 
scFv (lagmL'^)

Standard
deviation

Percentage of bound 
scFv

0.5 038 ±0.02 99.68
1 0.38 ±0.17 99.81
2 0.29 ±0.09 99.85
5 0.10 ±0.21 99.87
10 0.00 ±0.00 100.00
15 0.00 ±0.00 100.00
30 0.00 ±0.00 100.00

Standard deviation was calculated from three data points.
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7.2.5 Removal of scFv from fermentation broth by HEL-coupIed 

magnetic particles

Three feedstreams were tested, fermentation broth that contained 83 pgmL'^ of scFv, 

uninoculated broth spiked with 100 pgmL'^ of scFv, and PBS spiked with 100 pgmL"  ̂

of scFv. Magnetic particles were added to the feedstreams at 42 mgmL'^ concentration. 

Two incubation times were utilised, 5 and 15 min. After incubation, the amount of scFv 

unbound was analysed by ELISA (Table 7.4). The magnetic particles successfully 

removed 100% of scFv from all three feedstreams, regardless of the incubation time.

Table 7.4 Removal of scFv from feedstreams by HEL-coupled magnetic particles

Feedstream Amount of 
scFv (pgmL'^)

Incubation 
time (min)

Amount of unbound 
scFv (lagmL'^)

Percentage of 
bound scFv

Fermentation broth 83 5 0 100
Fermentation broth 83 15 0 100
Uninoculated broth 100 5 0 100
Uninoculated broth 100 15 0 100
PBS 100 5 0 100
PBS 100 15 0 100

7.2.6 Elution of scFv from the magnetic particles

The previous experiment (section 7.1.5) was utilised for this investigation. After 

incubation, the feedstream was removed and the magnetic particles washed with PBS. 

Then the particles were agitated in the elution buffer for 1 min. Samples from the PBS 

wash and elution buffer were analysed for scFv content by ELISA (Table 7.5).

Washing with PBS did not recover scFv from the magnetic particles. Elution buffer 

released 1.4% (1.1 pgmL'^) of scFv from the HEL-coupled magnetic particles incubated 

in fermentation broth for 5 min, and 0.8% (0.6 pgmL'^) incubated for 15 min. Elution 

from the HEL-coupled magnetic particles incubated in the uninoculated broth, 

recovered 5.4% (5 min) and 2.5% (15 min) of spiked scFv (100 pgmL'^). The amount of 

scFv recovered from the particles incubated in the PBS spiked (100 pgmL'^) 

feedstream, was 2.4% (5 min) and 1.3% (15 min).
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Table 7.5 Amount of scFv eluted off of the HEL-coupled magnetic particles

Feedstream PBS
wash

(pgmU’)

Elution
buffer

(lagmU^)

Standard
deviation

Percentage of 
scFv recovered

Fermentation broth (5 min) 0 1.13 ±0.02 1.36
Fermentation broth 
(15min)

0 0.64 ±0.01 0.77

Uninoculated broth (5 min) 0 2.88 ±0.50 5.34
Uninoculated broth 
(15min)

0 1.34 ±0.06 2.48

PBS (5min) 0 0.24 ±0.20 2.40
PBS (15min) 0 0.13 ±0.01 1.29
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7.3 Discussion
Lysozyme was successfully attached to magnetic particles, and found to instantaneously 

bind scFv from PBS. Furthermore, 100% scFv removal from fermentation broth was 

achieved. However the elution system implemented was unable to recover scFv from 

the magnetic particles, so the one step recovery and purification of scFv from 

fermentation broth would only be possible, if the elution system could be improved.

7.3.1 Binding lysozyme to the magnetic particles

Lysozyme was successfully coupled to the magnetic particles (94%). The final particle 

concentration was determined to be 42 mgmL'\ The increase in particle mass (from 28 

mgmL'^) could not totally be attributed to the attachment of lysozyme. The binding of 

glutaraldehyde to the particles must have been the cause of the large increase in mass. 

However further experiments are required in which the amount of glutaraldehyde not 

bound to the particles is determined. The procedure used to couple lysozyme to the 

magnetic particles did not include a blocking step. Consequently there would be some 

reactive groups (amines) on the particle surface available for protein coupling via 

glutaraldehyde.

7.3.2 Magnetic particles binding conditions for scFv

Magnetic particles successfully removed over 99% of scFv from all the test 

concentrations. The binding reaction was found to be almost instantaneous (less than 

30s^

The magnetic particles were able to remove 750 pgmL'^ of spiked scFv from PBS. 

Consequently 1 g of particles could bind at least 18 mg of scFv. Zulqamain (2000) 

found that 1 g of lysozyme magnetic particles were able to bind between 18 and 22 mg 

of Fv. Therefore the magnetic particles should sufficiently remove scFv from 

fermentation broth, as the concentration was approximately 100 pgmL’\
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As previously stated the scFv concentration of fermentation broth was approximately 

100 pgm L'\ Consequently the binding kinetics study was performed with PBS spiked 

with 100 pgmL'^ of scFv. Over 99% of the scFv was bound to the magnetic particles 

after 30 s incubation, and 100% after 10 min. As fermentation broth contain particulates 

that may obscure the scFv from the magnetic particles, so incubation time must be 

sufficient to allow complete mixing. For this system the shortest time recommended 

would be 5 min, and the maximum 15 min.

7.3.3 Magnetic particle recovery of scFv from fermentation broth

The motive for utilising magnetic particles was to achieve a one step recovery and 

purification process. Lysozyme magnetic particles successfully removed all the scFv 

from the fermentation broth, and uninoculated fermentation broth spiked with scFv. 

However recovery of scFv from the magnetic particles was extremely low.

Three feedstreams were analysed, fermentation broth (83 pgm L'\ scFv), uninoculated 

fermentation broth spiked with scFv (100 pgmL'^) and PBS spiked with scFv 

(100 pgmL’’). Magnetic particles (42 mgmL'^) recovered all the scFv from the three 

feedstreams, after 5 min incubation. As fermentation broth had a low solid content, 

future experiments should investigate the effect of increased particulates on scFv 

removal. Zulqamain (2000) observed non-specific binding with homogenised E. coli 

fermentation broth. This was overcome by increasing the Fv yield in the feedstream, to 

displace the foreign protein.

Recovery of scFv from the magnetic particles was unsuccessful, the maximum retrieved 

was 5%. Consequently different elution systems should be investigated. Zulqamain 

(2000) recovered approximately 9 mg (50%) of Fv from 1 g of magnetic particles. The 

low recovery rate of scFv may have been caused by dénaturation of the antibody 

fragment by the elution buffer, seen with the affinity chromatography (Section 6.3.2). 

Diethylamine is a harsh elution buffer and found to cause precipitation, however this 

was not seen in this experiment. This suggests that the scFv remained bound to the 

particles.
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Due to the lack of a blocking step in the ligand-coupling step, some of the reactive 

groups (amines) on the surface were available for coupling to proteins. Unlike scFv- 

lysozyme binding which is non-covalent, scFv binding to the particle via glutaraldehyde 

was covalent.

The magnetic particles had been stored for over 1 year. This could have changed the 

particle structure causing irreversible binding. Retrieval rate increased by 2 fold with 

shorter particle-scFv incubation (5 min). So the longer incubation time led to a greater 

amount of irreversible binding occurring between scFv and the magnetic particles. The 

quantity of scFv recovered from the magnetic particles also varied with feedstream. 

Lowest retrieval rate occurred with scFv removed from fermentation broth, next was the 

PBS spiked with scFv, followed by uninoculated broth spiked with scFv. The 

feedstream may have affected the scFv-magnetic particle bond, strengthening or 

weakening it. These feedstreams should be run through the chromatography column, to 

determine whether they would cause a similar effect.

From these small experiments, magnetic particles appear to be a viable process option 

for the recovery of scFv from Aspergillus fermentation broth. However there was a 

problem with the recovery of scFv from the magnetic particles. This problem may be 

reduced if freshly prepared magnetic particles were used. Alternatively if a blocking 

step was implemented in the coupling of lysozyme to the magnetic particles, this should 

reduce non-specific binding of scFv to the particles via glutaraldehyde.

However the low recovery rate was due to the neutralising step (2M Tris pH 7) being 

added to the eppendorf containing the magnetic particles. Consequently as the 

conditions became more neutral in pH, the eluted scFv was able to reattach to the 

magnetic particles. This experiment needs to be repeated with the elution broth being 

removed to another eppendorf which contained the neutralising buffer.
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8.0 SUMMARY OF FINDINGS AND FINAL DISCUSSION

The aim of this project was to develop isolation and purification procedures for the 

recovery of scFv from fermentation broth. For this research the filamentous fungus 

A. awamori was utilised as the host organism, which expressed scFv extracellularly. A 

simple two step process consisting of basket centrifugation followed by affinity 

chromatography was implemented. Solid-liquid separation was achieved with the basket 

centrifuge. Three basket centrifuges representing the different scales of operation were 

employed. Utilising the appropriate scale-down criterion of energy dissipation, it was 

possible to mimic separation of litre volume at millilitre scale. Recovery of scFv from 

the feedstream was achieved by affinity chromatography. The process recovered scFv to 

a purity level that could be utilised as an assay standard. An alternative one step affinity 

process utilising magnetic particles was also investigated. This potentially offered the 

possibility of a one step recovery and purification procedure, removing the need for the 

solid-liquid separation step. It was successful in removing scFv from fermentation 

broth, however the elution procedures implemented failed to recover the antibody 

fragment from the particles.

scFv expression levels

The formulation of the fermentation medium affected expression levels of scFv. 

Addition of a carbon source at the start of a fermentation caused biomass to increase 

from 5 to 8 gL '\ and scFv concentration to increase from 0.65 to 11 m gL'\ 

Commencing the feed after 8 h gave enough time for maximal scFv expression, with 

minimal exposure time to proteases. The measured scFv concentration was affected by 

the ELISA method implemented. Calibration with a standard produced firom the 

fermentation removed system bias caused by differences in activity that occur when 

other fragments were used {E. coli Fv). Changing the ELISA method lead to a more 

accurate analysis of scFv concentration. Consequently maximum scFv expression level 

was found to be 90 mgL"\
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However even when these improvements were implemented, scFv concentrations were 

on a par with other microbial systems such as E. coli expressing 156 mgL’̂  of HEL 

scFv in the periplasm (Harrison, 1996), and P. pastoria expressing up to 250 mgL'^ of 

various scFv (Fischer et a l, 1999). Filamentous fungi are renowned for having a high 

secretion capability in the region of gL'  ̂ (Table 1.1), however the majority of vertebrate 

proteins have been expressed at mgL'^ level. To further improve scFv concentration 

genetic modification would be required rather than changes to the fermentation (Gouka 

et a l, 1997; Gordon et a l, 2000).

Effect o f contamination on scFv expression

The presence of a contaminant was found to inhibit Aspergillus growth and scFv 

expression. This was also observed by particle size analysis. Furthermore, 

contamination increased the feedstream viscosity. Therefore, prevention of 

contamination was important to reduce downstream processing problems. Furthermore, 

industrial processes require reproducible feedstreams for validation, so the contaminant 

would have to be removed.

Shear sensitivity o f fermentation broth

Fermentation broth was found to be shear thinning, which is common with filamentous 

fungi (Stanbury et a l, 1995; Heydarian et a l, 1999) and relates to the clump 

morphology (Gibbs et a l, 2000). The broth was susceptible to shear and secondary 

shear associated effects, causing reduction of protein and scFv concentrations. The 

broth was susceptible to shear at energy dissipation rates above 3.9x10"  ̂Wkg"\ Protein 

and scFv concentrations were reduced further in the presence of an air-liquid interface. 

Consequently there would be some shear related loss through basket centrifugation.
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Recovery o f scFv from fermentation broth

As the antibody fragment was expressed extracellularly, maximum filtrate recovery was 

important. Solid-liquid separation was performed by the laboratory scale MSB basket 

centrifuge. Maximum filtrate recovery was obtained at speeds above 4433 rpm (3.8x10"  ̂

Wkg'^). As speed increased, so cake dewatering improved. Due to the very short 

residence time protein levels were unaffected by shear and the presence of an air-liquid 

interface. However, high speeds caused shear-related degradation of scFv. Consequently 

the best compromise was achieved at 5447 rpm, which recovered 70% of scFv from 

fermentation broth (Fig. 8.1).

Scaling the basket centrifuge

Energy dissipation was the ideal scaling criterion for basket centrifugation. Data and 

trends of the pilot plant scale Rousselet basket centrifuge and the ultra-scale down 

device, were almost identical to the laboratory scale MSB basket centrifuge separation. 

Consequently scaling by energy dissipation would enable a process to be scaled from 

mL to L volume. This is because energy dissipation determines the force driving 

separation and the amount of shear caused by the operation. Relative centrifugal force 

(RCFmax) was also successful in replicating laboratory scale separation in the ultra-scale 

down device. Although the data and trends did not compare as well as with the energy 

dissipation investigation, the running condition were more easily determined. The major 

disadvantage of RCFmax is its limited use to operations that employed centrifugal force.

Shear sensitivity o f filtrate

The clarified filtrate flow behaviour was close to Newtonian. Absence of solid in the 

feedstream made the protein insensitive to shear and secondary shear-associated effects, 

but scFv was still affected.
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Fermentation

scFv concentration

90 mgL-1

Protein concentration

600 mgL-1

Basket Centrifuge
(Laboratory scale M SE basket centrifuge 5440 rpm)

68 mgL'' 600 mgL''

Affinity Chromatography

45 mgL-1 0 mgL-1

Figure 8.1 Mass balance of expression, recovery and purification process. Values in red 

represent the amount of scFv present, and blue values are protein excluding scFv.
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Removal o f solid from the fermentation broth

Basket centrifugation removed the majority of solid from the feedstream, however 3% 

of total solid was found in the filtrate of the laboratory scale basket centrifuge. This 

filtrate was found to contain particles of up to 33 pm diameter. The 12 oz polypropylene 

fabric was found to have pores with the diameter of approximately 75 pm, which should 

have allowed the majority of solid through. However during the process a cake built up 

on the filter cloth, thus retaining the majority of solid. Filtrate from the Rousselet basket 

centrifuge contained approximately 2% of total solid. Pore size of the textile filter cloth 

was larger (approximately 150 pm diameter), however the cloth was thicker (thickness 

of 1 mm) and woven more tightly.

The presence of solid in the clarified filtrate could cause problems for chromatography, 

as it would block the column. Removal of solid could be achieved by changing the 

basket centrifuge filter cloth to one that had a smaller pore size. However, this could 

increase process time or increase scFv retention in the cake. Alternatively a simple 

filtration step could be placed before chromatography. However the filter may retain 

some of the scFv. For this research, it was found that the solid, given time, would settle 

at the bottom of the container. Since the filtrate solid concentration was so small, this 

process was sufficient in preventing solid from entering the column.

Purification o f scFv

Antibody fragment recovery from the feedstream was achieved by affinity 

chromatography. This recovered approximately 66% of scFv present in the feedstream 

(Fig. 8.1). Loss of scFv was attributed to irreversible binding to the colunm, and more 

importantly, dénaturation by the high pH elution buffer. The diethylamine pH 12.5 

elution buffer caused scFv to bind to itself (forming multimers), in addition to 

apparently causing cleavage into the dissociates Vh and Vl. Dialysis overnight was 

unable to renature the degraded scFv. A neutral elution buffer (4M MgCh) was unable 

to efficiently cleave the ligand-scFv binding, only recovering 18% of bound scFv. The 

purity of the diethylamine eluted scFv was found to be high enough to be utilised as an 

assay standard without further processing. Other elution systems should be investigated 

in an attempt to reduce scFv dénaturation by high pH, however scFv purity should not 

be compromised for product yield.
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Total downstream process yield

The two step process recovered 50% of the scFv from the fermentation broth. Solid- 

liquid separation should have a recovery of 90%. Consequently alternative method of 

solid removal should be investigated, such as microfiltration. However process times 

will increase as well as cost. Chromatography purification rates are generally 70%. The 

present chromatography process could be improved, if a less harsh elution buffer was 

used so reducing chromatography loss. However the elution buffer has to be able to 

disrupt the ligand-scFv binding. Alternatively, product yield could be improved by 

reducing the number of process steps. By introducing the affinity step straight after 

fermentation harvest, there is no need for a solid-liquid separation step. Lysozyme- 

coupled magnetic particles were utilised. They successfully removed all scFv from 

fermentation broth within 5 min incubation. Unfortunately scFv was not recovered from 

the particles. It appeared that the scFv covalently bound to the magnetic particles via 

glutaraldehyde. If a blocking step was included in the process of coupling of lysozyme 

to the magnetic particles, most of this non-specific binding could have been prevented. 

Alternatively other elution buffers should be investigated. Furthermore the effectiveness 

of magnetic particles in a feedstream with a high solid content should be examined.

The importance o f assay

The interpretation of the research and experiments is dependent on assays, consequently 

their accuracy is of great importance. The two major assays used throughout this project 

were the ELISA and Coomassie assay. Both have internal errors, ELISA 10% and 

Coomassie up to 20%. Without careful attention to the quality of methods and 

understanding of procedures, these errors can be increased further. Changes to the 

ELISA method led to an increase in the scFv concentration by almost ten fold. The 

correct maintenance of reagents was essential to preventing standard curves from 

drifting. The choice of standard is also very important, as comparisons should be made 

with similar if not identical species. This is because activities {E. coli Fv standard and 

Aspergillus scFv, ELISA) and sensitivities (scFv and BSA, Coomassie assay signal) to 

the assay reaction differ with each protein. Background binding needs to be measured, 

thus to determine the true sample signal. Finally the appropriate use of each assay is 

very important, as ELISA should be used for quantitative studies due to its sensitivity, 

whilst the biosensor due to the lack of sensitivity should be used for rapid estimation of 

scFv concentration.
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8.1 CONCLUSIONS

• The reproducible Aspergillus awamori fermentation expressed 90 mgL'^ of scFv, 

however previous work at UCL using E. coli expressed 160 m gL'\ If Aspergillus 

was to be used commercially expression level of gL'^ would be more desirable.

• scFv present in the fermentation broth was susceptible to shear above energy 

dissipation rates of 3.9x10^  ̂ Wkg'^ and in the presence of an air-liquid interface. 

Consequently processes that have a low shear and air-liquid interface such as 

filtration, should be implemented in order to reduce product loss.

• At the optimal running condition of the basket centrifuge, 70% of scFv was 

recovered from the fermentation broth. Recovery process time was extremely short, 

however there was at least 30% product loss. The majority of scFv loss of was 

caused by shear and the presence of an air-liquid interface.

• Energy dissipation was ideal scaling criterion for the basket centrifuge, as it 

determines the force driving separation and the amount of shear. Using energy 

dissipation, it would be possible to perform laboratory-scale runs (mL) that 

reproduce pilot-plant scale.

• Affinity chromatography recovered 66% of scFv from the filtrate. Chromatography 

purification rates are generally 70%. A less harsh elution method may increase scFv 

recovery rate by reducing protein dénaturation.

• SDS-PAGE, Western blot, agarose gel and wavelength scan analysis found that the 

affinity chromatography was successful in recovering scFv from all other proteins 

and nucleic acids. The purity of scFv was to a sufficient level that it was used as a 

standard for assays such as ELISA.

• Magnetic particles recovered 100% of scFv from fermentation broth, however 

recovery of scFv from particles was unsuccessful. If the non-specific binding of scFv 

to the magnetic particles could be inhibited, recovery of scFv from the lysozyme 

coupled to the magnetic particles should increase. If recovery of scFv from the 

magnetic particles is increased, a one step recovery/purification process could be a 

viable process option. For commercial viability please refer to Zulqamain (2000).
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8.2 FUTURE WORK

Alternative solid-liquid separation

Basket centrifuge recovered only 70% of scFv from fermentation broth. Shear and the 

presence of an air-liquid interface was shown to cause scFv degradation. Filamentous 

organisms are routinely removed by filtration. Separation by microfiltration should be 

investigated, as shear rates should be lower and without an air-liquid interface.

Effect o f solid content on basket centrifuge recovery

The present feedstream had a low solid content. Increasing the solid content of the 

feedstream will affect the separation characteristics of the basket centrifuge. This may 

have an effect on scaling. Furthermore the efficiency of using energy dissipation to 

scale basket centrifuge separation of different feedstreams, should be investigated.

Recovery o f scFv from magnetic particles

One step recovery-purification of scFv from fermentation broth was unsuccessful, 

because scFv remained bound to the magnetic particles. The present work should be 

repeated with the inclusion of a blocking step in the method of coupling lysozyme to the 

magnetic particles. This should be able to determine whether non-specific binding of 

scFv to the particles via glutaraldehyde, was occurring. Other elution methods should 

also be investigated. The efficiency of scFv recovery from a more particulate 

fermentation broth should be investigated, as homogenised feedstream have been shown 

to interfere with scFv binding to the magnetic particles.

210



Chapter 9 Abbreviations and Suppliers

9.0 ABBREVIATIONS

CER Carbon dioxide evolution rate

CFD Computational fluid dynamics

ELISA Enzyme-Linked Immunosorbent Assay

HEL Hen egg lysozyme

IMS Industrial Methylated Spirits

NA Nutrient agar

NHS N-hydroxy-succinimide

OUR Oxygen uptake rate

PBS Phosphate buffered saline

PB SA PBS, 0.02% sodium azide

PBSTA PBS, 0.15% Tween 20, 0.02% sodium azide

PBSTS PBS, 0.05% v/v Tween 20, 0.5M sodium chloride

PDA Potato dextrose agar

PMSF Phenylmethylsulfonyl fluoride

PPG Propropylene glycol

RCFmax Relative centrifugal force

RQ Respiration equation

scFv Single-chain Fv

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

TEMED NNN^N^-T etramethylethylenedi amine

USD Ultrascale-down device

9.1 SUPPLIERS

Adaptive Biosystems Ltd, PO Box 2203, 15 Ribocon Way, Luton, LU4 9UR, UK 

+44 (0)1582 597676

Adolf Kiiehner A.G., 4127 Birsfelden-Basel, Switzerland +41 (0)61 3199393 

AEA Technology, Harwell, Didcot, Oxfordshire, 0X11 OQJ, UK +44 (0)1235 821111 

Amersham Pharmacia Biotech, Amersham Place, Little Chalfont, Buckinghamshire, 

HP7 9NA, UK +44 (0)870 6061921

Applikon Dependable Instruments, PO Box 149, 3100 AC Schiedam, Netherlands 

+31 (0)10 29 83 555
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BDH chemicals (Merck Ltd), Hunter Boulevard, Magna Park, Lutterworth, 

Leicestershire, LE 17 4XN, UK +44 (0)800 223344

Beckman Instruments (UK) Ltd, Oakley Court, Kingsmead Business Park, High 

Wycombe, Buckinghamshire, HPl 1 lJU, UK +44 (0)1494 441181 

bioMerieux UK Ltd, Grafton Way, Basingstoke, Hampshire, RG22 6HY, UK 

+44 (0)1256.461881

Bio-Rad Laboratories Ltd., Bio-Rad House, Maylands Avenue, Hemel Hempstead, 

Hertfordshire, HP2 7TD, UK +44 (0)208 3282000

Contraves Industrial Products Ltd, Times House, Station Road, Ruislip, Middlesex, 

U K +44 (0)1403 783441

Denley Instruments, Natts Lane, Billinghurst, West Sussex, RH4 9EY, UK 

+44 (0)1403 783441

Difco Laboratories Ltd, PO Box 14B, Central Avenue, West Molesey, Surrey,

KT8 2SE, UK +44 (0)20 8979 9951

Dynatech Laboratories Ltd, Daux Road, Billinghurst, West Sussex, RH14 9SJ, UK 

+44 (0)1403 783381

Fisher Scientific UK Ltd, Bishop Meadow Road, Loughborough, Leicestershire,

L E ll 5RG, UK +44 (0)1509 231166

Genetic Research Instruments Ltd, Gene House, Queenborough Lane, Rayne, 

Braintree, Essex, CM7 8TF, UK +44 (0)1376 332900

GibcoBRL (Invitrogen Ltd), 3 Fountain Drive, Inchinnan Business Park, Paisley, UK, 

+44 (0)141 8146100

Heath filtration Ltd, PO Box 1, Newcastle Street, Burslem, Stoke-on-Trent, ST6 3RF, 

U K +44 (0)1782 838591

Heidolph-Instruments GmbH & Co KG, Walpersdorfer Strasse 12, 91126 

Schwabach, Germany +49 800 4343657

Heraeus Sepatech GmbH, Postfach 1220 D-3360, Osterode/Harz, Germany 

+49 5522 3160

Janke and Kunkel GmbH and Co KG IKA Labortechnik, Janke-&-Kunkel-Str. 10, 

79219 Staufen, Germany +49 7633 8310

Kontron Instruments, 25 Madonna degli Angeli, 84019 Vietri Sul Mare (SA), 

Campania, Italy +39 (0)8976 1488

Labsystems Affinity Sensors, Saxon Way, Bar Hill, Cambridge, CB3 8SL, UK 

+44 (0)1954 789417
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Lab VIEW, National Instruments Corporate Headquarters, National Instruments 

Corporation, 11500 N Mopac Expwy, Austin, TX 78759-3504, USA +1 512 7940100 

Medicell International Ltd., 239 Liverpool Road, London, N1 ILX, UK 

+44 (0)20 7607 2295

Millipore (UK.) Ltd., The Boulevard, Blackmoor Lane, Watford, Hertfordshire,

WDl 8YW, UK+44 (0)1923 816375

MTS GmbH, Denkendorfer Strasse 14, 71636 Ludwigsburg, Germany +49 7141 41183 

National diagnostics. Unit 4 Fleet Business Park, Itlings Lane, Hessle, East Riding, 

Yorkshire, HU13 9LX, UK +44 (0)1482 646020

Olympus Optical Co. (UK) Ltd, 2-8 Honduras Street, London, ECIY OTX, UK 

+44 (0)20 7253 2772

Oxoid Ltd, Wade Road, Basingstoke, Hampshire, RG24 8PW, UK 

+44 (0)1256 841144

Pall Gelman Sciences, Europa House, Havant Street, Portsmouth, Hampshire, PCI 

3PD, UK +44 (0)2392 302600

Pfizer Ltd, Ramsgate Road, Sandwich, Kent, CT13 9NJ +44 (0)1304 616161 

Pierce, PO Box 117, Rockford, IL 61105, US +1 800 874 3723 

Rousselet Robatel, Rue de Geneve, F 69740 Genas, France +33 472791888 

Savant Instruments inc.. Life Sciences International (Europe) Ltd., Runcorn, UK 

Sigma-Aldrich Company Ltd., The Old Brickyard, New Road, Gillingham, Dorset, 

SP8 4XT, UK +44 (0)1747 822211

Ultra violet Products Ltd., Unit 1, Trinity, Hall Farm Estate, Nuffield Road, 

Cambridge, CB4 ITG, UK +44 (0)1223-420022

Unilever Research Colworth, Colworth House, Shambrook, Bedford, MK44 ILQ, UK 

+44 (0)1234 22184

Unilever Research Vlaardingen, Olivier van Noortlaan 120, 3133 AT Vlaardingen, 

Netherlands+31 10460 5891

VG Gas Analysis Ltd., Ion Path, Road Three, Winsford, Cheshire, CN7 3GA, UK 

+44 (0)1606 548746

Whatman Ltd., Whatman House, St Leonard's Road, 20/20 Maidstone, Kent,

ME16 OLS, UK +44 (0)1622 676670
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11.0 APPENDIX

Computational fluid dynamics is used to predict complex flow fields, such as those 

occurring in the basket centrifuge. The technique is particularly suited to transient 

turbulent flow problems for which no analytical solutions are available. The CFD 

simulations can be used to map the flow pattern, velocity, shear and energy dissipation 

rate of the basket centrifuge.

The CFD analysis was performed according to Boychyn et a l (2001) using an isotropic 

turbulence, k -s  RNG, model to solve the flow equations. The simulations were 

performed using a commercial finite volume code (CFX, 4.2, AEA Technology, 

Oxfordshire, UK) to solve the integrated form of the flow equations. Previously this had 

been used and its applicability validated (Soon et a l, 2000) using high speed 

photographic techniques. Full details of the implementation of the k-e model in CFX are 

given in the user manual. In the basket centrifuge, the liquid at the inlet was assumed to 

discharge into the empty chamber. The flow was considered to be two-phase (gas- 

liquid), with the liquid entering the air space of the chamber from above, flowing over 

the rotating base of the centrifuge and discharging through the filter cloth. The 

homogeneous two-phase model was used to describe the gas-liquid interaction. The 

CFD simulations provided a complete map of the velocity, shear and energy dissipation 

rate for each of the three scales of basket centrifuge.

In order to run the CFD simulations 3D models of the three scales of basket centrifuges 

were constructed (Fig. 10.1, diagram not to scale). From the CFD simulations volume 

fraction, velocity, shear rate and energy dissipation profiles were calculated (Fig. 10.2, 

10.3, 10.4, 10.5, 10.6). These profiles relate to the pilot-plant scale basket centrifuge 

bowl being operated at its highest energy dissipation rate (l.lxlO^Wkg'^), and the bowls 

of the laboratory-scale basket centrifuge and USD being operated under conditions that 

mimicked the pilot-plant scale. Furthermore the bowls of the laboratory-scale basket 

centrifuge and USD being operated at their highest energy dissipation rate 

(3.7xlO^Wkg’ )̂. Though the geometry of the three basket centrifuges were different, the 

simulated volume fraction, velocity, shear rate and energy dissipation profiles were 

similar, allowing comparisons to be made between the different scales.
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As the geometry of the USD was relatively simple, analytical solution to the equation 

describing the prevailing flow was used to check the energy dissipation rates determined 

by CFD simulations. This was achieved using a spread sheet (Table 10.1,10.2).

Table 10.1 Spreadsheet to calculated Energy Dissipation rates achieved with the 

laboratory-scale basket centrifuge

S p e e d
(R PM )

A n g u lar
ve loc ity

R ey n o ld s
n u m b e r

Disk tip 
velocity

T o rq u e P o w er Im pelle r
c o re

E n erg y
d iss ip a tio n

3 2 5 3 341 1212474 21 .12051 0 .5 9 1 4 0 6 2 0 1 .4 6 4 6 1 .3 3 E -0 5 1 .51E + 04
4 4 3 3 4 6 4 1 6 5 2289 28 .78181 1 .0 3 2 3 5 9 4 7 9 .2 4 4 3 1 .2 5 E -0 5 3 .8 2 E + 0 4
5447 570 2 0 3 0 2 3 2 3 5 .3 6 5 3 3 1 .4 9 5 7 4 6 8 5 3 .1 8 6 5 1 .2 E -0 5 7 .0 9 E + 0 4
6351 6 6 5 2 3 6 7 1 7 5 4 1 .2 3 4 6 6 1 .9 7 1 9 2 6 1 3 1 1 .4 7 9 1 .1 7 E -0 5 1 .1 2 E + 0 5
7114 74 5 2 6 5 1 5 6 4 4 6 .1 8 8 5 3 2 .4 1 8 6 8 7 1 8 0 1 .8 6 5 1 .1 4 E -0 5 1 .5 8 E + 0 5
7780 8 1 5 2 8 9 9 7 9 9 5 0 .5 1 2 6 2 2 .8 4 1 4 3 7 2 3 1 4 .9 7 4 1 .1 2 E -0 5 2 .0 6 E + 0 5
8 3 2 7 872 3 1 0 3 6 7 9 5 4 .0 6 4 0 9 3 .2 1 1 1 0 2 2 8 0 0 .0 8 6 1.1 IE -0 5 2 .5 3 E + 0 5
8 7 8 0 919 3 2 7 2 5 2 3 5 7 .0 0 5 2 5 3 .5 3 2 3 5 9 3 2 4 7 .7 9 1 .0 9 E -0 5 2 .9 7 E + 0 5
9 1 7 3 961 3 4 1 9 0 0 4 5 9 .5 5 6 8 5 3 .8 2 2 0 4 3 6 7 1 .4 3 1 .0 8 E -0 5 3 .3 8 E + 0 5
9 4 4 8 98 9 3 5 2 1 5 0 4 6 1 .3 4 2 3 2 4 .0 3 0 7 5 6 3 9 8 7 .9 9 9 1 .0 8 E -0 5 3 .7 0 E + 0 5

Impeller core is the laminar boundary layer volume o f the basket centrifuge, in which energy dissipation 
was calculated. E is Excel’s symbol for 10*.

Table 10.2 Spreadsheet to calculated Energy Dissipation rates achieved with the 

USD

S p e e d
(RPM )

A ngular
velocity

R ey n o ld s
n u m b e r

Disk tip 
velocity

T o rq u e P o w er Im peller
c o re

E nergy
d issipation

7 035 7 3 6 .7 0 3 5 259381 1 4 .36572 0 .0 1 1 5 8 8 8 .536901 5 .6 5 E -0 7 1 .51E + 04
9 5 8 5 1 0 0 3 .7 3 9 3 5 3 3 9 9 .7 19.57291 0 .020221 2 0 .2 9 6 3 9 5.31 E -07 3 .8 2 E + 0 4
11775 12 3 3 .0 7 5 4 3 4 1 4 5 .2 2 4 .0 4 4 9 6 0 .0 2 9 2 8 6 3 6 .1 1 1 9 8 5 .1 E -0 7 7 .0 8 E + 0 4
13735 1 4 3 8 .3 2 6 5 0 6 4 1 0 .6 2 8 .0 4 7 3 5 0 .0 3 8 6 3 9 5 5 .5 7 5 2 4 .9 5 E -0 7 1 .12E + 05
15380 16 1 0 .5 9 5 6 7 0 6 1 .8 3 1 .4 0 6 5 0 .0 4 7 3 6 5 7 6 .2 8 4 8 9 4 .8 3 E -0 7 1 .58E + 05
16830 1 7 6 2 .4 3 3 6 2 0 5 2 3 .5 3 4 .3 6 7 4 5 0 .0 5 5 7 0 4 9 8 .1 7 3 9 6 4 .7 5 E -0 7 2 .0 7 E + 0 5
18005 1 8 8 5 .4 7 9 6 6 3 8 4 5 .8 3 6 .7 6 6 8 4 0 .0 6 2 8 9 8 1 1 8 .5 9 3 7 4 .6 8 E -0 7 2 .5 3 E + 0 5
18990 1 9 8 8 .6 2 8 7 0 0 1 6 2 .8 3 8 .7 7 8 2 5 0 .0 6 9 2 2 7 1 3 7 .6 6 7 3 4 .6 3 E -0 7 2 .9 7 E + 0 5
19820 2 0 7 5 .5 4 6 7 3 0 7 6 5 4 0 .4 7 3 1 4 0 .0 7 4 7 6 9 15 5 .1 8 5 4 4 .6 E -0 7 3 .3 8 E + 0 5
2 0 4 3 0 2 1 3 9 .4 2 5 7 5 3 2 5 5 .7 4 1 .7 1 8 7 8 0 .078961 168.9321 4 .5 7 E -0 7 3 .7 0 E + 0 5

Impeller core is the laminar boundary layer volume o f the basket centrifuge, in which energy dissipation 
was calculated. E is Excel’s symbol for 10*.

227



Chapter 11

Energy dissipation is calculated from the following equations: 

P
£  =

p V

where 8 Energy dissipation per unit mass (Wkg'^)

P is power (W) 

p is fluid density (Kgm^ ’ )̂

V is the laminar boundary layer volume (m^)

Appendix

(10.1)

Power is determined from:

P = (oT

where co is angular velocity (s'^) 

T is torque (Nm)

(10.2)

From the Reynolds number calculation the flow through the basket centrifuge was 

calculated to be turbulent.

Rv^Re =
V

where Re is Reynolds number 

R is diameter (m)

Voo is disk tip velocity (ms'^)

V  Kinematic viscosity (m ŝ" )̂

(10.3)

Consequently the torque was calculated as:

T = 0.0588 Trpv^ f v . l -X 1 4 / "
125 R

V 252
(10.4)
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The laminar boundary layer volume was determined from the following equation:

V = 2;r r ^ d â

V = 031R-
V y

+ 0.1057K'
■J R

X

/  \
-0.32889R-

%

V V R

X
(10.5)

where ô is boundary layer thickness (m) 
-1-1/

S = 0.37 (10.6)
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Laboratory
scale

USD

Pilot plant 
scale

Figure 10.1 3D models of the three scales of basket centrifuge
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