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ABSTRACT

The evaluation of an optical biosensor to produce real-time data regarding the 
specific product of interest, which may ultimately permit feed-back control, is 
discussed. Improvement in the understanding of many bioprocess operations 
may benefit greatly from the availability of such data. The ability to make 
control decisions based upon specific product data could lead to increased levels 
of productivity and sample integrity.

The optical biosensor, which utilises a resonant mirror to monitor biomolecular 
interactions, was configured to permit the monitoring of the recombinant 
antibody fragment, D1.3 Fv. The Fv fragment is derived from the monoclonal 
D1.3, which is specific for hen egg lysozyme (HEL) and is able to discriminate 
turkey egg lysozyme (TEL). During operation both HEL and TEL were 
immobilised to the surfaces of two biosensor devices, permitting their use to 
monitor D1.3 Fv during its expression by Escherichia coli. It was demonstrated 
that HEL provided specific data, whilst TEL provided an appropriate control 
response. The combined response towards each surface permitted quantification 
of D 1.3 Fv within fermenter broths.

Analysis of biosensor data, which had traditionally been performed as an off-line 
process using either exponential curve fitting or linearisation routines (derivative 
analysis) to determine the kinetic constants describing the biomolecular 
interaction under investigation, was shown to be too cumbersome where data was 
required in real-time. An alternative analytical method based on linear 
regression of the initial binding curve data was developed, which has been 
demonstrated off-line, to produce analytical results from biosensor data typically 
less than 5 seconds after sample addition. Using the routine based upon linear 
regression the dynamic response of the sensor for purified D1.3 Fv was shown to 
cover the range 0.2 to 150 pg mL'i, which encompasses the total bioprocess for 
the production of D 1.3 Fv.

The sensor has been demonstrated to provide specific product data during the 
course of fermentation, indicating the presence of product and permitting the 
production of a profile depicting the onset of product formation as well the 
maximum titre. Based upon such data decisions regarding the fate of the 
fermentation may be taken, for example indicating the optimal point to harvest in 
order to achieve maximum yields. Preliminary data also indicate the potential of 
the sensor to monitor the purification of D1.3 Fv by immuno-affinity 
chromatography. Highlighting such events as column saturation and indicating 
product location within the eluted fractions.
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Chapter 1

1. INTRODUCTION.

The aim of this research was to investigate the potential application of an optical 
biosensor for "at-line" monitoring (and control) of a bioprocess. An optical 
biosensor system based on the principles of the resonant mirror (Cush et al., 
1993) has been chosen for this purpose. Successful application of such 
monitoring devices could lead to increased productivity of many bioprocess 
operations, in particular where there are currently no specific assays available for 
quantification of the desired product during the time scale of the process under 
investigation (Scheper, 1992).

1.1 What is a bioprocess?

In general, a bioprocess may be considered to represent the application of some 
biological component, typically microbial cells, for the production of a specific 
product, typically protein. The specific product may either be native to the 
organism employed, but equally it may have been introduced via recombinant 
DNA technology. The expression of product will be termed the upstream 
component of the process. The selective harvesting and subsequent purification 
of the desired product from within the complex matrix that it was formed will be 
termed the downstream component of the process. Thus the controlled growth of 
an organism, culminating in a quantity of purified product, is given here to 
represent the bioprocess; where the bioprocess variable under investigation is the 
desired product. For the purpose of this discussion the product will be limited to 
protein per se.

1.1.1 Protein expression.

The expression / isolation of specific proteins during bioprocessing ranges from 
native enzymes, for example catalase extracted from liver, papain extracted from 
pawpaw latex and glucose oxidase from Aspergillus sp. (Chaplin & Bucke, 1990) 
to recombinant antibody fragments expressed in Escherichia coli, for example 
D1.3 Fv anti-hen lysozyme (Ward et al., 1989). The culture of the organism is 
performed to a strict protocol to ensure good reproducibility between operations. 
This is of particular importance where the product is to be employed for 
therapeutic purposes.

Depending on the species used the period of culture may vary between several 
hours and several days, with the scale of operation varying between 1 litre for
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some mammalian cell cultures to 10,000 litres for some bacterial cell cultures 
(Handa-Corrigan, 1991). Although the physical conditions may vary 
considerably between such extremes, the goal is similar - to derive a product with 
known and reproducible characteristics. During the production phase of the 
process it is necessary to control the composition of the fermenter vessel through 
alteration of the temperature, pH, gas composition and possibly substrate 
composition, in order that the organism grows in the desired way. Each of these 
parameters may be monitored in real time (Forman et al., 1991; Kilbum, 1991). 
However, much of the process occurs without there being any data regarding the 
product of interest and its presence is often inferred from the other real time data. 
Therefore the development of specific monitoring devices capable of providing 
quantitative data regarding specific product could be of great benefit.

1.1.2 Protein purification.

Once the desired product has been expressed it is then necessary to retrieve it 
from the often complex matrix within which it was formed. Typically this matrix 
will include metabolic by-products, damaged cells, unused media, and an array 
of other cellular debris. If the product has been expressed extracellularly then it 
is likely to be quite dilute within the media phase. Thus the purification 
procedure will be required to concentrate and extract the product from a 
relatively "clean" environment. However, if the product has been expressed 
intracellularly then the cells must first be lysed in order to release the entrapped 
product. In such cases it is often easier to produce a more concentrated feed 
stream containing product, but it is also "dirtier" and potentially more hazardous 
due to the release of proteolytic enzymes following cell lysis, which may degrade 
the desired product. In such cases there is often a greater urgency in retrieving 
the product before it is rendered useless and therefore the ability to assay samples 
in real-time will greatly improve the chances of recovering maximum bioactive 
product.

The purification process may involve such steps as centrifugation to separate 
cells from the bulk media, filtration to remove finer debris and chromatography 
of some form to yield product in a homogeneous form (Hoare and Dunnill, 1989; 
Lyddiatt, 1991). The ability to monitor the location of product throughout this 
process may improve both yield and bioactive titre, enabling more informed 
decisions at each process step.
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1.2 What does at-line monitoring imply?

When monitoring a given process, two key issues must be addressed; the assay 
format to be employed and the rate at which it may generate data. The assay 
itself can either be direct, in which case it provides specific data regarding the 
process variable; or indirect, in which case data regarding the process variable is 
inferred from other parameters. The rate at which data is generated may be 
continuous with the process variable and in this instance will be referred to as 
"at-line" or "real-time". Real-time data generation occurs at such a rate that the 
bulk process will not have changed significantly from the point of sampling. 
However, in other circumstances there may be a considerable delay between 
sample collection and data output. Therefore the data may no longer represent 
the current state of the process, in which case the assay will be referred to as 
"off-line".

1.2.1 What is the purpose of at-line monitoring?

At-line monitoring implies that the assay system is capable of fimctioning within 
the vicinity of the bioprocess under investigation. It also suggests that the assay 
is able to produce data which is in time with the changing process, therefore 
providing a good description of the bioprocess variable at all points during 
operation.

Currently decisions made regarding the operation of many bioprocesses are based 
on inference. In general there will be no direct quantification of product, 
primarily due to a lack of suitable assay procedures, throughout most of the 
processing sequence. Therefore, based on the success of previous operations, 
profiles generated using data describing changes in pH, temperature, oxygen 
uptake and carbon dioxide evolution rates and possibly some nutrients, may be 
used to predict the state of the current process. All of these parameters may be 
determined in real-time using in situ sterilisable probes. Although it is possible 
to build up a degree of confidence in the prediction of the state of a given process 
with an increasing number of operations, such data can never provide an absolute 
indication of product activity. This will only be made available through the 
development of specific assay procedures capable of functioning in time with the 
changing process.

The application of devices capable of functioning at-line, to provide rapid data 
describing the state of a specific component of the process under investigation, as 
mentioned above, may be of considerable benefit. The performance of many unit
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operations employed during product expression and purification could be greatly 
improved through the application of such assay systems. An indication that 
product is being expressed as desired during cell culture may provide a level of 
process confidence and if necessary could indicate whether any intervention is 
required. This may either be to abort the run, make some adjustment to the 
media or permit the course of the reaction to proceed as planned. However, the 
benefit of such rapid monitoring is perhaps of greater significance during 
downstream processing. The ability to track the location of product throughout 
the harvesting sequence could lead to greatly increased yields. For example, 
during chromatographic separation, a knowledge of which samples contain 
product will permit more selective collection, ultimately reducing the time 
necessary for complete separation.

Thus the purpose of at-line monitoring is to provide rapid data, qualitative or 
quantitative, regarding the specific product o f interest. Such data may be 
employed to enable more informed decisions to be made regarding the fate of 
unit operations during product expression and purification.

1.3 How is sample presented to the monitoring system?

The requirements placed on the monitoring device in order that it may be used 
for real-time data acquisition are quite clear. It must be able to generate data 
regarding the bioprocess variable at such a rate that it provides an essentially 
continuous description of the rate of change of the variable with time. However, 
perhaps a little less defined, is the means by which sample is delivered to the 
sensing device. The assay, in itself, may function perfectly, but if it cannot be 
supplied with sample, then it is useless. Therefore another consideration to be 
taken into account when discussing real-time monitoring involves the transport of 
sample to the sensor (Mattiasson et al., 1993). The monitoring device may either 
be directly incorporated within the process, or it may require removal of sample 
from the process to enable analysis. Each has its own set o f problems. Devices 
which are to be directly coupled to the process, in particular upstream, must 
either be capable of withstanding 121^C and 1 barg (Kent et al., 1990), the 
conditions routinely employed for steam sterilisation of the reactor vessel; or it 
must be separated from the process by some barrier capable of permitting the 
passage of sample whilst maintaining sterility of the process within. Devices 
employed which require delivery of sample ex situ, although avoiding the 
requirement for sterility, will often incur a lag between sterile removal of the 
sample and its application to the monitoring device. Other issues which must be
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addressed w hen. considering sample handling involve potential fouling of 
membranes used to separate the process from the environment. Such effects 
could lead to skewed results. It is therefore essential that conditions for sample 
delivery are well studied and do not interfere with the passage of the desired 
product (the bioprocess variable) to the monitoring device.

1.4 Currently available methods for protein monitoring.

The quantification of protein, as a bulk solution, may be achieved by a variety of 
techniques. These range from direct adsorption of ultra violet light at 280 nm by 
the protein to the formation of a coloured complex upon interaction of the protein 
with a dye, e.g. Coomassie brilliant blue. Dye binding assays are often 
subjective due to variations in the amount of dye adsorbed by different proteins. 
They do not discriminate different protein species, but indicate total soluble 
protein concentration: they provide no measure of protein bioactivity.

When specific data regarding a single species are required it is often necessary to 
employ some other form of assay which can distinguish one protein from 
another. If the protein in question possesses a unique characteristic, for example 
catalytic activity, then an assay which exploits this may be developed. One such 
assay is the conversion of ethanol to ethanal by the enzyme alcohol 
dehydrogenase (ADH). During this reaction NAD is converted to NADH, the 
course of which may be followed at 340 nm. Following calibration of the assay 
it is possible to determine the activity of ADH present in unknown samples. This 
assay has been exploited during the development of a precipitation process 
designed to permit recovery of ADH from homogenates of Baker's yeast (Chard 
et al., 1994). Another example of the use of enzymes to quantify specific 
proteins is based upon the release of nitrophenol (a yellow compound) from p- 
nitrophenylphosphate by alkaline phosphatase. This reaction forms the basis of 
many enzyme linked immunosorbent assays (ELISA) (Burrin, 1986) which are 
routinely employed to quantify numerous proteins. The increase in nitrophenol 
concentration is followed spectrophotometrically at 405 nm.

Possibly one of the most widely employed methods for specific quantification of 
proteins is the immuno-assay. This may take several formats, but in general 
involves the formation of an immuno-complex between the desired protein and a 
specifically raised antibody. Of these techniques ELISA (Burrin, 1986) has been 
extensively employed. ELISA generally takes place within a 96 well polystyrene 
microtitre plate, which permits several measurements to be made simultaneously. 
The assay involves numerous incubation steps, which typically begin with direct
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incubation steps, which typically begin with direct adsorption of the capture 
molecule to the plate. The second step involves blocking of the plate, typically 
with bovine albumin, to ensure complete coverage of the plate walls with protein. 
This should prevent non-specific interaction between the sample under 
investigation and the plate. The third stage involves the interaction between 
desired target protein within the sample and the plate-immobilised capture 
molecule, followed by addition of an enzyme labelled antibody which interacts 
with any plate-captured target protein. Finally, addition of enzyme substrate 
(mentioned above) liberates a coloured product which is directly proportional to 
the concentration of target protein bound to the plate. Between each incubation 
there are several washing steps. An average assay may take at least five hours 
from the point of sample addition to generate specific product data and because 
of the numerous incubation steps involved, data generated are often subject to 
considerable error, typically in the order of ±30% (see Harrison, 1996).

1.5 Techniques that have potential real-time applications.

In order to be of use to the process engineer, it is important that any assay system 
which is to be routinely employed for bioprocess monitoring must be capable of 
generating data within the time scale of the process and to set levels of precision 
and reproducibility. The following section will address the currently available 
techniques which satisfy some or all of these requirements.

There are several reports within the literature which discuss "on-line" analysis 
with particular reference to a processing environment, these cover techniques 
ranging from two-dimensional gel electrophoresis (Dykstra et al., 1992) for 
visualisation of intracellular proteins, through monitoring of cellular biomass 
(Kell et al., 1990) using low radio-frequencies to measure the electrical 
capacitance of cells within the bioreactor, to the use of flow injection analysers 
(Gam et al., 1989; Worsfold et al., 1990; Nielsen et al., 1990; Stôcklein & 
Schmid, 1990) and biosensors (Lüdi et al., 1991; Scheper et al., 1993; Schügerl, 
1993; Paliwal et al., 1993 a, b; Scheper et al., 1994). However, very few of these 
actually monitor specific product and it is more often the case that components of 
the media or metabolic by-products are the targets for analysis. Although such 
analyses permit a greater understanding of the process than is possible from 
analysis of head space gases alone, inferences must still be made regarding the 
state of the desired product.

O f the reports which discuss real-time bioprocess monitoring, two examples 
describe techniques which provide data regarding specific protein products. The
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first of these (Stôcklein & Schmid, 1990) makes use of flow injection 
immunoanalysis (FIIA). The assay system was configured to monitor the 
production of monoclonal antibodies (Mabs) during hybridoma cell culture. The 
FIIA essentially followed the principles of ELISA, except that equilibration of 
sample with immobilised capture species was not required. Quantification of 
Mab was based upon fluorescence at 404 nm, after excitation at 320 nm, of the 
product released during reaction between the substrates 3-(p-hydrOxyphenyl) 
propionic acid and hydrogen peroxide, catalysed by peroxidase conjugate bound 
to the Mab. Detection limits were between 1 and 100 pg mL'^ mouse 
immunoglobulin G (IgG), which is within the range of interest during hybridoma 
cell culture. The assay time varied between 15 and 25 minutes per sample 
according to the mode of operation, with a coefficient of variation based on 10 
assays in the absence of free antigen of ±5%. The second system (Paliwal et al., 
1993 b), based upon high performance liquid chromatography (HPLC), was also 
used to monitor the production of IgG by hybridoma cell culture. However, in 
this instance quantification was achieved by ultra violet adsorption at 220 nm, 
following affinity chromatography using protein A to separate the IgG from other 
components within the broth matrix. The system was shown to quantify IgG 
over the range 20 to 200 pg mL'^ in a spiked fermenter sample, requiring about 3 
minutes per sample to yield a result.

The ability to generate data at such a rate (within minutes) may therefore permit 
its potential application for feedback control. Particularly in the case of 
mammalian cell cultures where doubling times are in the order of several hours. 
However, unless the assay system is sufficiently robust and has been correctly 
demonstrated to provide meaningful data, then its application within a processing 
environment will be of limited use (Schügerl, 1993). Thus for successful 
application the monitoring device must not only be capable of generating data 
regarding a specific component within a complex matrix, but it must also be 
capable of functioning within a process environment. This might involve steam 
sterilisation at 121^C and 1 barg pressure; it could require detection of product 
within complex backgrounds (e.g. fermentation broth); or it might involve 
detection of product from a chromatography column.

1.6 The role of biosensors.

A biosensor is defined as an analytical device that responds to an analyte and 
interprets its concentration as an electrical signal via a suitable combination of a 
biological recognition element and transducer. The transducer converts the
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biological event into an electrical signal (Higgins & Lowe, 1987). A generalised 
scheme of a biosensor is depicted in figure 1.6.1 (based on Higgins & Lowe, 
1987). In general such sensors display selectivity towards a single molecular 
species, however the problems of interference from non-specific interactions at 
the sensor surface can often complicate the detection of the desired signal and 
thus give rise to erroneous results. Because of this the application of biosensors 
per se, particularly in the industrial setting, is still very much in its infancy and it 
will only be with the development of more robust and reliable devices, capable of 
discriminating the desired response from background interference, that they 
might find wider application as analytical tools.

Figure 1.6.1 Schematic representation o f a biosensor, based on Higgins & Lowe 
(1987), showing the biological recognition element; the transducing element 
which converts the biological event into an electrical signal and the signal 
processing element, which captures, amplifies, manipulates and stores the data.

Biological
recognition

element

Sample Transducer
Signal processing

Data
output

amplification
storage

processing

Biosensors may be produced using a variety of techniques and those currently 
documented in the literature fall under two main categories; using either (i) 
chemical transduction or (ii) physical transduction, to generate an electrical
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signal in response to the interaction of sample with sensor. The majority of 
systems that have currently been produced on a commercial scale are specific for 
glucose, aimed predominantly at the diabetic population for personal monitoring 
of blood sugar. However, the development of new technologies may see the 
introduction of biosensors in numerous other areas, including environmental 
monitoring, bioprocessing, agriculture, pharmaceuticals, petro-chemicals and 
defence (Vadgama & Crump, 1992).

1.7 Issues concerning the use of biosensors at-line.

As mentioned previously, the term at-line is used to indicate that the monitoring 
system employed is capable of generating a result within the time frame of the 
process under investigation. Thus, for example, the real time monitoring of a 
microbial cell culture growing with a doubling time of 1 hour will require more 
rapid measurement than a mammalian cell culture with a doubling time of 24 
hours. The sensor employed in either case must be capable of generating data at 
a rate which accurately describes the culture at all times. Any control action 
carried out on the basis of such data should result in the occurrence of the 
expected response. If the sensor is only capable of providing more limited "snap
shots" of the process variable, then any control actions taken as a consequence 
may not lead to the desired response.

The properties required for a biosensor to function at-line may be summarised:

i) It must remain stable over the period of operation of the bioprocess.

ii) It must be capable of automatic recalibration during the operation of the 
bioprocess and provide statistically reproducible data for a particular process 
variable.

iii) It must be capable of generating a result in time with the changing process.

iv) It must be re-usable and ready for re-use in time with the process (as (iii)).

1.8 A brief survey of biosensor technologies.

A recent review of biosensors by Vadgama and Crump (1992) summarises the 
currently available technologies under two main headings, as mentioned above, 
which are further subdivided to provide a more specific description of the mode 
of operation. These categories include amperometric, potentiometric, 
conductimetric and optical devices for those sensors using chemical transduction
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mechanisms and microgravimetric and calorimetric devices for those sensors 
using physical transduction mechanisms. These descriptive headings will 
provide the basis for this brief introduction to the biosensor technologies 
considered to be relevant to the current research.

1.8.1 The amperometric devices - the basic principle involved in taking 
amperometric measurements relies on the use of instrumentation which holds a 
working electrode, at which the desired interaction occurs, at a given potential. 
This is directly related to the species under investigation and is such that a 
current will flow between electrode and analyte in a concentration dependant 
manner. Therefore it is possible to calibrate an amperometric device by plotting 
the relationship between analyte concentration and the current measured. This 
type of biosensor can be classified either unmediated or mediated electrodes.

The unmediated device generally employs an enzyme, which upon the catalysis 
of its substrate liberates an electrochemically active species. The monitoring of 
this species provides an indication of the substrate concentration in the sample. 
For example, the use of glucose oxidase as the recognition element liberates 
hydrogen peroxide during catalysis of glucose. Because of its size and redox 
potential the liberated hydrogen peroxide can be monitored directly by the 
electrode. However, the use of such devices is generally limited, primarily due 
to the presence of interfering substances within the sample matrix that the analyte 
is present. The monitoring of glucose in whole blood suffers from interference 
by ascorbic and uric acid, which are themselves electroactive at the potentials 
required to follow the electrochemistry o f hydrogen peroxide (+650 mV vs. 
saturated Calomel electrode (SCE)). The presence of other species within the 
sample, for example catalase, which consumes peroxide, will also lead to skewed 
results. Therefore in order to broaden the application range of such sensors some 
other means of monitoring the reaction is required which does not suffer from 
interference in this way. This problem has been overcome in part by the 
introduction of mediated electrodes.

The mediated amperometric devices employ an intermediate as the electroactive 
species. It is therefore possible to select conditions which favour the desired 
electrochemical response but negate all others. Hill and co-workers at Oxford 
University have produced a mediated glucose electrode which employs the redox 
active material, ferrocene, as the electron transport agent between glucose 
oxidase and the working electrode (Guo & Hill, 1991). The electrochemistry of
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ferrocene takes place at a much lower potential than hydrogen peroxide, +150 
mV vs. SCE as opposed to +650 mV vs. SCE respectively.

However, the monitoring of glucose concentrations during the operation of a 
bioprocess may not encounter the same interfering compounds as those affecting 
clinical measurements. It may therefore be possible to use an unmediated device 
where peroxide is measured directly at the electrode. Bataillard et al. (1991) 
report an on line analytical method for glucose determination, which incorporates 
an unmediated amperometric electrode within a flow injection manifold as a 
means of sample delivery.

1.8.2 The optical devices - cover a broad spectrum of techniques which will 
only be described here in principle. These include: (1) optical fibres, which have 
been used to increase the realms of spectroscopic measurements. Such 
measurements may be enhanced through the application of immobilised enzymes 
on the fibre that react with substrate in situ. (2) The exploitation of bio- and 
chemi-luminescent reactions to monitor the progress of certain chemical 
reactions. (3) The exploitation of the electromagnetic properties of light, in 
particular the evanescent wave which is generated when light impinges on the 
interface between a low and high refractive index material. This has been 
employed as a means to follow interactions at solid-liquid interfaces.

The application of optical fibres to increase the realms of spectroscopic 
measurements has extended the bounds over which the measurement of species 
with specific optical properties may be measured. Essentially this technique 
involves the incorporation of a reagent, which does not need to be in physical 
contact with the fibre, but is enclosed within a selective membrane over the end 
of the fibre. The interaction of the analyte with the immobilised reagent gives 
rise to a species with optical properties that can be quantified at discrete 
wavelengths. Thus it is possible to devise sensors which monitor several 
analytes simultaneously, provided that the optically active species produced have 
distinct spectra. Because there is no electrical element involved, this type of 
sensor could provide data in instances where the use of electricity may be 
harmful, for example, in vivo monitoring.

The use of bio- and chemi-luminescent materials in sensing devices has been 
coupled with appropriate enzyme systems which generate a pulse of light. This 
occurs when the product of the enzyme catalysed reaction further reacts with the 
luminescent material. However, as a result of each light emitting reaction, the 
concentration of the luminescent material employed is reduced. Therefore these
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devices have a limited lifetime which depends upon the concentration of 
luminescent material that can initially be incorporated within the sensing region. 
One such example (Blum et al., 1993) employs firefly luciferase co-immobilised 
with bacterial oxidoreductase / luciferase to monitor ATP and NADH 
respectively, within the same sample. They claim 40 reproducible assays before 
it was necessary to recharge the device with luminescent reagents.

The use of the evanescent wave produced at the interface, as light passes between 
a medium of high and low refractive index, has found application in a number of 
formats. Essentially these rely on the electromagnetic properties o f light as it is 
totally internally reflected through the optical medium employed. A more 
detailed description of this mode of operation will be given in the following 
chapter.

1.8.3 The microgravimetric devices - can be considered as miniature weighing 
scales, which produce a mass dependant signal. Such devices are constructed 
from piezoelectric materials which are chemically inert and display considerable 
durability. There are two main modes of operation of these devices, one uses an 
electric current to excite the ctystal and the other uses sound waves. In either 
case the general principle is the same. The surface acoustic wave which is 
induced by the excitation of the crystal, produces a vertical oscillation which 
penetrates the medium in contact with the surface of the device, which is 
dependant upon the mass of the crystal. Fluctuation in the mass of a calibrated 
crystal is detected as a change in the resonant frequency. The immobilisation of 
antibodies on these devices may permit their use as immunosensors which detect 
the binding of antigen as a change in oscillation frequency. However, there are 
limitations to the use of these devices, particularly for the quantification of fluids, 
where the damping effect of the solution reduces the vertical oscillation of the 
crystal, leading to a reduction in the recorded signal. It is, however, possible to 
configure these devices such that oscillation occurs horizontal to the surface, 
therefore reducing the damping effects caused by the liquid layer. Improvements 
in the mode of operation of these devices might make them more widely 
applicable for biological monitoring.

1.8.4 The calorim etric devices - make use of the exothermic properties of many 
enzyme catalysed reactions. The design of thermistors which are well insulated 
and have good thermostatic control has permitted the detection of enzyme 
substrates at low concentrations. The heat liberated during reaction is related to
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the concentration of substrate through an appropriate calibration curve. The 
design of flow through systems has enabled the continuous monitoring of 
substrate streams. Calorimetric devices have found numerous applications in 
biology, ranging from process control to environmental monitoring, however 
they are limited in their use by the availability of suitable enzyme systems. 
These devices provide satisfactory results in cases were appropriate enzymes 
have been available and interference from other compounds within the solution 
to be monitored has been negligible (Mosbach, 1991; Scheper et al., 1993).

1.9 Present applications for which biosensors are employed.

The application of biosensors on an industrial scale for the purposes of 
monitoring and control is still very much in the realms of primary research. 
Although biosensor devices have been available for the past twenty years or so, 
at least at university level (Lüdi et al., 1991), they do not appear to have been 
widely accepted by industrial analytical chemists as novel analytical tools. It is 
only recently with the development of more robust and reliable devices that they 
have begun to find application. Probably the largest current market for 
biosensors is in the field of clinical chemistry. An example of this has been the 
successful marketing of a pen-sized glucose sensor under the name "Exac-Tech". 
This device employs disposable electrodes which incorporate the enzyme glucose 
oxidase as the recognition element. Such a device would be of little use at 
industrial scale, because it has been designed for rapid monitoring, on a personal 
level, using disposable electrodes. In order for industry to favour such 
technology it must be able to compete with traditional techniques, such as gas or 
liquid chromatography, both in terms of reproducibility, as well as financially.

Bataillard et al. (1991) present an analytical system specific for glucose which 
incorporates an amperometric sensor within a flow injection analysis (FIA) 
manifold. This consists of a set of automated valves and switches which allow 
samples to be taken, appropriate treatments to be made and results produced with 
minimal human intervention. The incorporation of the sensor within the FIA 
permitted automatic recalibration as well as pretreatment of the sample to be 
analysed. The development of this system for glucose demonstrates the potential 
of the overall technique for process monitoring. The potential application of 
other systems combining the specificity of biosensors with the level of control 
offered by FIA could lead to much improved bioprocess operations.

Other examples of the use of FIA for on line monitoring include systems for: 
glucose, ethanol, phosphate and ammonia during fermentations of S. cerevisiae
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and E. coli (Gam et al., 1989); monoclonal antibodies during their production 
from hybridoma cell culture, mentioned above (Stocklein & Schmid, 1990) and 
sugars, lactic acid, protein and biomass during lactic acid fermentations (Nielsen 
et al., 1990).

1.10 Objectives of the current research.

The aim of this research is to apply the lAsys™ optical biosensor system, 
developed by Affinity Sensors, to the monitoring (and control) of a bioprocess. 
It is proposed that the instrument could be employed to function as a generic 
immunosensor, which could function in real time and produce data suitable for 
incorporation within a control loop regime. Currently the quantification of many 
industrially important proteins takes place off-line. Samples are withdrawn 
either from the process stream, and are then transported to and analysed in a 
laboratory separate from the processing area. This incurs a time lag between the 
sample being taken and the result being produced. As a consequence the 
analytical result determined for the sample may no longer represent that of the 
bulk solution. The resulting level of imprecision, should such data be used for 
control purposes, could lead to a considerable financial loss. Therefore, the 
ability to monitor a particular species within any given solution, in real time, 
could permit more informed decisions to be made concerning the fate of any 
given unit bioprocess operation. This could ultimately lead to improved yields 
and more profitable products, as well as permitting a greater understanding of the 
overall process.

In order to demonstrate the potential application of the biosensor system for real
time monitoring it has been employed to follow the production of recombinant 
antibody fragments during fermentation of Escherichia coli. The expression of 
D1.3 Fv, which is derived from the monoclonal antibody, D1.3, raised against 
hen egg lysozyme (HEL) has been reported (Ward et al., 1989). Monitoring of 
bioactive antibody fragments during the course of fermentation has been 
performed using the optical biosensor in order to assess its potential to provide 
rapid (real time) data regarding the specific product o f interest. The sensor has 
also been employed to follow affinity purification of product following 
fermentation. The biosensor has been compared with an existing ELISA assay 
employed to quantify D1.3 Fv (Berry et al., 1994) to demonstrate it as a viable 
alternative.
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2. OPTICAL EVANESCENT WAVE BIOSENSORS.

Optical evanescent-wave biosensors have found commercial application by 
exploiting two general technologies: surface plasmon resonance (SPR) 
(BIAcore^^, Pharmacia Biosensor, Sweden) and optical waveguides (lAsys^*^, 
Affinity Sensors, Cambridge, UK and IOS-1™, Artificial Sensing Instruments, 
Zürich). The relevant properties of the biosensor systems (BIAcore™ and 
lA sys^^ are addressed in the following discussion. It should be possible to 
apply either technology to bioprocess monitoring, since both utilise the same 
immuno-specificity offered by surface immobilised antibodies.

2.1 Surface Plasmon Resonance.

Surface plasmon resonance (SPR) is based on the optical excitation of the ffee- 
electrons found at the surface of an inert metal (Liedberg et al., 1983; Fâgerstam, 
1991; Liedberg et al., 1995). The sensor consists of a thin metal film (usually 50 
nm gold) deposited on to a glass slide. Biological interaction occurs on the free 
metal surface, and the device is interrogated by monochromatic light, incident 
through the glass below. Strong interaction of the irradiating light beam with the 
surface plasmon only occurs at specific input angles and when this happens there 
is an observed dip in the intensity of the reflected light (Fâgerstam, 1991). This 
is due to the adsorption of light energy by the metal film as resonance of the free- 
electron cloud is induced. The angle at which resonance occurs depends on the 
refractive index (RI) of the medium in contact with the sensing surface (Lukosz, 
1991). It is therefore possible to follow changes in the local RI of the sensor 
surface by measuring the change in the angle necessary to induce resonance. For 
example, the adsorption of a protein film on the sensor surface would be 
sufficient to cause the resonance angle to change. It is therefore possible to 
determine the mass of protein adsorbed on to the surface from the known RI of 
protein, by measuring the change in the resonance position of the SPR device 
(Liedberg et al., 1983).

Figure 2.1.1 illustrates the general configuration of an SPR sensor (taken from 
Malmqvist, 1993). The dark bands displayed in the reflected light beam 
represent the points at which plasmon resonance was induced (the reflected light 
intensity is reduced compared with the irradiating light source) and occurs due to 
adsorption of light energy by the surface plasmon. One band represents the 
resonance position prior to molecular interaction and the other the position after 
interaction. In this case an antibody (the ligand) was physically immobilised on 
the sensor surface, giving rise to the initial resonance position. Subsequent
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binding of its partner (the ligate) was then followed, giving rise to a change in the 
resonance position (the second dark band in the figure). The resonance position 
is altered when the RI of the layer immediately adjacent to the metal film is 
altered. This can either be due to specific interaction, but may also occur through 
non-specific adsorption to the sensor surface. Section 2.3 addresses some of the 
problems encountered when using this technology to monitor real samples.

Figure 2.1.1 Schematic representation o f  an SPR sensor, showing the flow  cell 
with immobilised ligand. The dark bands in the reflected light represent the 
points at which light has been adsorbed by the gold film  upon surface plasmon 
resonance. The angles at which each event occur depend upon the refractive 
index o f  the layer in contact with the sensor surface.
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2.2 Optical waveguides - The Resonant Mirror.

The Resonant Mirror (RM) (Cush et al., 1993) is an example of a monomode 
optical waveguide. As with SPR devices, they also exploit the electromagnetic 
properties of light and can provide an indication of the RI at the sensing surface 
(LukoSz et al., 1990). However, unlike SPR devices, waveguide devices not only 
monitor changes in refractive index, but they also indicate changes in the 
thickness of the layer building up on the sensor surface (Davies et al., 1994). An 
optical waveguide is typically constructed from a thin film of high refractive 
index dielectric material, such as titania, hafiiia or silicon nitride, deposited onto 
a relatively thin low refractive index silica layer which has been fused with a 
high index glass prism.

The construction of these devices is such that light is totally internally reflected 
within the device as a function of the thickness or RI of the material adsorbed 
onto the sensing surface, according to the configuration of the apparatus (Cush et 
al., 1993). The effect of monochromatic light on these devices, as with SPR 
devices, is to induce an evanescent wave which decays exponentially from the 
sensor surface into the sample. However, unlike SPR devices there is no 
noticeable decrease in the intensity of the reflected light upon resonance. When 
total internal reflection occurs within the waveguide, the condition necessary for 
resonance, the reflected light beam undergoes a 90 degree phase change relative 
to the incident light beam. This occurs as a result of the change in "speed" of the 
light as it passes between the high and low refractive index layers; the reflected 
light being slowed down relative to the incident light, causing a phase change by 
half a wavelength. Thus by placing a polarising filter in the path o f the incident 
light beam and a crossed polariser (one that is rotated through 90 degrees relative 
to the input polariser) in the path of the reflected light beam, it is possible to 
select for light which has undergone total internal refection within the wave 
guide. This indicates that it has induced resonance within the wave guide and 
must therefore have been affected by the external environment, i.e. by the 
material in contact with the sensing surface. Exploitation of this fact has enabled 
the use of such devices for the study of biomolecular interactions at the wave 
guide surface (Cush et al., 1993; Buckle et al., 1993; Davies et al., 1994).

Theoretically monomode waveguides should produce sharper resonance bands 
and display a sensitivity at least one order of magnitude greater than SPR devices 
(Lukosz, 1991). These might therefore seem more attractive for analysis of 
samples where analyte is present at low concentration. The lAsys™ optical 
sensing system, developed by Affinity Sensors (Cambridge), is based on 
waveguide technology, employing the Resonant Mirror (RM; Cush et al., 1993).
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It should therefore benefit from the theoretical increase in sensitivity offered by 
such devices. Figure 2.2.1 shows a generalised format of an RM (taken from 
Yeung et al., 1995) and indicates the essential features in their construction.

Figure 2.2.1 Schematic representation o f a Resonant Mirror. Light entering the 
device undergoes total internal reflection within the waveguide when the input 
angle corresponds to the critical angle which depends on the refractive index o f  
the layer in contact with the sensor surface. Only light that has undergone 
internal reflection within the resonant layer can pass through the analyser to the 
detector.
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The application of RMs for the monitoring of biological interactions, as for SPR 
devices, relies on the changing refractive index of the sensing layer immediately 
adjacent to the sensor surface. Therefore both devices may be used to follow 
similar interactions. Section 2.3 will discuss the practical implications of using 
this type of sensor technology.
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2.3 The application of optical sensor devices.

The optical sensor devices discussed above are both capable of following 
biomolecular interactions in real time. They can either indicate changes in RI 
due to material adsorbed to the sensor surface, or present in free solution above 
the sensor surface. For example, replacing water with saline would cause an 
increase in resonance position due to a bulk change in refractive index at the 
sensor surface. Replacing the saline with water would return the resonance 
position to its original state. Addition of a protein solution to the sensor would 
also cause a small bulk RI change. However, it is more common for the sensor 
response to change due to adsorption of protein and hence exclusion of water, 
which alters the RI of the surface. On returning to water the original resonance 
position would not be returned to, instead, a new resonance position would be 
attained, relative to the amount of protein physically adsorbed to the surface.

When using such devices for biomolecular interaction analysis, a capture 
molecule (the ligand) is physically attached to the sensor surface. Subsequent 
binding of its partner (the ligate) is then followed as a change in resonance 
position with time. Such interactions may be affected by non specific binding, 
where some other species, for example lipids in serum, may bind directly to the 
sensor surface. In this case the resonance position would also increase and may 
wrongly be attributed to specific binding of analyte to its capture molecule. It is 
therefore necessary to optimise conditions for each assay system under 
investigation to ensure that all non specific signals are eliminated as far as is 
physically possible.

2.4 The lAsys^^ biosensor system.

The lAsys^'^ optical biosensor, which employs the RM, was evaluated on the 
basis that it may be incorporated into an at-line monitoring and control system 
for following the production and purification of a specific protein. The system 
was configured with an appropriate ligand, relevant to the protein of interest, in 
order to determine the characteristics of the sensor under a variety of conditions. 
The following parameters were considered to be o f importance for this purpose: 
accuracy of the assay; reproducibility of the assay; the number of assays per 
sensor device and response / turn-around time of the sensor assay.

During the course of this research the biosensor system has gone from being a 
R&D prototype to a fully commercial product. As a consequence the appearance 
and operational aspects have changed somewhat and therefore the following
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discussion will cover the key principles behind the instrumentation, which are 
common throughout.

2.4.1 The sensing principle.

The biosensor used during this research is based upon the Resonant Mirror, a 
complete discussion of which is given in Cush et al. (1993). The RM (figure
2.2.1) consists of a high refractive index monomode wave guide coupled to a low 
refractive index silica spacer layer which is fused to a high index glass prism. 
Laser light (k = 670 nm) enters one side of the prism and exits on the other, 
where it reaches a detector. During its passage through the RM some of the light 
crosses through the spacer and into the waveguide, within which it is totally 
internally reflected, travelling from one end to the other. This passage along the 
waveguide is referred to as propagation. When this occurs an evanescent field, 
which decays exponentially into the medium on the sensing side, is created. 
Light will only propagate along the waveguide at certain input angles, resonant 
angles, which depend on the refractive index of the medium in contact with the 
sensing surface (Cush et al., 1993; Davies et al., 1994; Yeung et al., 1995). At 
the resonant angle the reflected light changes phase relative to the incident light 
by half a wavelength (i.e. by 90 degrees). It is therefore possible to calculate the 
resonant angle by specifically monitoring any reflected light which has 
undergone a 90 degree phase change. Plotting resonant angle as a function of 
time gives rise to a trace which may be used to determine the amount of material 
bound to the sensor as well as the rate of binding. It is thus possible to use such 
a device to make kinetic and equilibrium measurements of the interaction 
between two molecular species, for example an antibody and its antigen.

2.4.2 Operation of the sensor system.

The biosensor is controlled by specifically written software using an IBM 
compatible personal computer. The software permits certain features of the 
instrument to be controlled, including operational temperature and rate of sample 
mixing within the sensing chamber. During operation data is produced by the 
instrument at a rate of 3 Hertz. These data describe the input angle which 
induced resonance within the RM as a function of time. It is possible to select 
how many of these data points are collected and displayed by the controlling 
software. It is also possible to smooth the data as they pass from biosensor to 
computer, thereby taking into consideration any points which are "missed”
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should the capture interval be set longer than the rate of generation. For 
example, if data were collected by the computer at a rate of 1 point every 5 
seconds, 14 data points would go unseen. An averaging function ensures that all 
data are represented in the final output. Data appear as a plot of change in 
resonance angle, R, measured in arc seconds (pixels were the units of response 
on the R&D instrument, 1 pixel = 18 arc seconds), as a function of time, t.

2.4.3 Interpretation of biosensor output.

Figure 2.4.3.1 shows a typical sensor trace recorded from the biosensor during 
the immobilisation of ligand, and the subsequent interaction between ligate 
(sample) with the immobilised ligand. The sensing surface of the RM is coated 
with a layer of carboxymethyl dextran, the presence of which provides a greater 
effective surface area for ligand immobilisation, via chemical coupling to the 
carboxyl groups. It also provides an environment which prolongs sample 
viability. Proteins are often denatured during direct adsorption to a planar 
surface: this is overcome by the presence of the dextran matrix (Lofas et al., 
1990). The trace (figure 2.4.3.1) highlights several key features in common with 
much of the recorded biosensor output. The initial baseline, established in 
phosphate buffered saline containing 0.05% Tween 20 (PBS/T), is followed by 
activation of the carboxymethyl groups on the dextran, which appears as an 
abrupt jump in the sensor output. This occurs because of a change in bulk 
refractive index, mentioned above (2.3), and is due to the activation solution 1- 
ethy 1-3-[3-(dimethylamino)propy 1] carbodiimide (EDC; 400 mM) / N-hydroxy- 
succinimide (NHS; 100 mM)) having a higher refractive index than the buffer it 
replaced. Following activation a pre-immobilisation baseline is recorded in 
PBS/T buffer. The addition of ligand results in its covalent coupling to the 
activated carboxymethyl groups on the dextran. Following immobilisation any 
remaining activated carboxymethyl groups are quenched with ethanolamine (1 
M). Hydrochloric acid (~50 mM) is used to remove any protein which has not 
been covalently attached, before a post-immobilisation baseline is established, 
again in PBS/T buffer. The difference in position of the pre- and post
immobilisation baselines, denoted by X in the figure, indicates the amount of 
protein that has been coupled to the sensor surface. Calibration of the surface 
with radiolabelled serum albumin (Davies et al., 1994) indicates that instrument 
response is proportional to the mass of protein bound and that a 163 arc second 
response is equivalent to 1 ng mm'^ of protein attached to the surface. Following 
ligand immobilisation, addition of the ligate (sample) in solution gives rise to an 
interaction curve, which is exponential in nature, from which can be determined
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the kinetics of interaction and the amount of material bound, indicated by Y in 
the figure. Replacement of ligate solution with buffer permits dissociation of 
bound ligate from surface immobilised ligand to be followed. Finally, the ligand 
surface may be regenerated by the addition of HCl (~50 mM) to completely 
dissociate bound ligate from ligand. The ligand coated surface may therefore be 
used to make several analyses of different ligate solutions.

Figure 2.4.3.1 Typical biosensor profile showing ligand immobilisation and 
subsequent ligate binding. The trace shows the key events during covalent 
coupling o f  capture ligand to the carboxymethyl dextran coating o f  a sensor 
surface. Following immobilisation the interaction o f  ligate in solution with the 
immobilised ligand is then followed. The various events are indicated below the 
x-axis: (a) addition o f  EDC/NHS activation mixture; (b) PBS/T buffer wash - pre 
immobilisation baseline; (c) addition o f  ligand solution - immobilisation; (d) 1 M  
ethanolamine - blocking step to quench any unreacted activated sites; (e) PBS/T 
buffer wash; (f) 50 mM HCl wash to remove non-covalently bound ligand; (g) 
PBS/T buffer wash - post immobilisation baseline; (h) addition o f  ligate - 
recording o f  association phase; (i) PBS/T buffer wash - recording o f  dissociation 
phase; (j) 50 mM HCl regeneration - removal o f  all bound ligate; (k) PBS/T 
buffer wash - new baseline fo r  next association.
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2.4.4 Evaluation of kinetic param eters from biosensor interactions.

The interaction between surface immobilised protein (ligand) and its specific 
partner (ligate) in solution occurs as a time dependant process and it is therefore 
possible to extract kinetic information from the analysis of such data 
(O'Shannessy et ah, 1993). In the simplest case the interaction between ligand 
and ligate can be represented by the equilibrium:

ka
[A] + [B ]« [A B ]  

kd

where is the association rate constant and k^ the dissociation rate constant, [A] 
represents the concentration of surface immobilised ligand, [B] the concentration 
of ligate in solution (which is present in excess and therefore remains constant) 
and [AB] the concentration of surface bound complex. The rate of formation of 
[AB] (association) with time, /, is described by equation [1].

4A B ]/^^= kJA ][B ]-kd |A B ] [1]

The rate equation assumes that the interaction occurs as a simple bi-molecular 
event, where one surface ligand combines with one soluble ligate molecule. 
Although in reality this is not always the case, the equation has formed the basis 
upon which kinetic analyses are made.

During the course of any given interaction followed by the biosensor, the 
following conditions will hold: the concentration of surface ligand, [A], is finite 
and may be given as [A]q prior to the addition of [B], and subsequently as ([A]q- 
[ABJt) at time, t. The measured biosensor response, R, is proportional to the 
concentration of surface complex, [AB]^. The maximum response, R^ax, is 
dependant upon the initial active ligand concentration immobilised to the surface,
[A]q. The concentration of soluble ligate, [B], is generally present in excess and
therefore should remain constant. Thus substituting the various terms into
equation [1] yields [2]:

d lA R y d t  = kJBl([A]o - [ABJt) - k^lAB]t [2]

which can be rearranged as follows:

d[ABydt = ka[B][A]o - k,[B][AB], - kd[AB]^

.-. d[ABydt = k,[B][A]o - [AB]t(kJB] + l y  

which in terms of biosensor response gives:
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dRIdt = k J B ]R „ ,,  - R(k,[B] + k^) [3]

At equilibrium, dRJdt = 0, since the net flux of ligate to and from the surface is 
constant, hence equation [3] becomes:

0 = ka[B]Rjnax “ R(ka[B] + k^)

ka[B]Rmax = R(ka[B] + kj)

dividing through by kj and [B] and substituting K^, the affinity constant, where 
Ka = kg/kj, yields the equation:

KARtnax = r [ ka + ^

which can be rearranged to give:

R/[B] = K a(R„3x - R) Ml

The rate of dissociation of surface complex, [AB], upon replacement of ligate 
solution, [B], with buffer is described by:

dRIdt -  -k(|R [5]

However, this assumes that all bound ligate is released from ligand; there is no 
re-binding of ligate to ligand; the dissociation rate is independent of 
concentration and the instrument response, R, returns to the initial baseline. The 
above equations [3], [4] and [5] may be employed to derive various kinetic data 
from biosensor profiles.

Calculation of the affinity constant, Ka, is achieved through the application of 
equation [4]. Plotting R/[B] versus R yields a line with gradient equal to Ka 
(units M 'l). However, successful application of this form of analysis requires 
that individual binding curves have begun to approach equilibrium. This may 
take several hours (Chaiken et al., 1992), particularly when ligate concentration 
is low.

Linearisation of equation [3] as dRJdt versus R, produces a line with slope equal 
to kgyg, the observed rate constant, where k^y  ̂= (kg[B]+ k^). Plotting k^yg versus
[B] yields a line with gradient -k^ and intercept at [B] = 0 of k^. It should be 
noted that due to experimental limitation it is often difficult to measure 
accurately values of R close to [B] = 0 and therefore the potential error in kj 
derived in this way is high. In order to apply this analytical technique to 
determine Ka it is necessary to record several biosensor curves over a range of
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concentrations of [B] in order to derive the kinetic parameters, and kj, from 
which the affinity constant, can then be calculated.

To overcome the difficulties in the determination of k̂ j by the above approach, 
direct analysis of the R versus t dissociation data may be performed. This is also 
achieved by linearisation of the rate equation [5] (O’Shannessy et al., 1993; 
Morton et al., 1995) following integration, which becomes:

I i a  '  ! "

.*. -ln(-kdR)/kj = r + c [6]

where c is the constant of integration. At the onset of dissociation the instrument 
response is given as Rj, the current instrumental response. Since dissociation 
does not occur at t = 0 it is usual to rescale the time axis such that t = where 

represents the point at which dissociation commenced.

c = -ln(-kjRi)/kj

substituting back into [6] gives:

-ln(“k̂ jR)/k(j = (/-/j) - ln(-kjR;)/kj

multiplying through by -kj and rearranging gives:

Inf-k^iRj) - In(-kjR) = k̂ fZ-Zi)

.. ln(R|/R) = kj(M{) [7]

Plotting ln(Rj/R) versus (equation [7]) yields a line with slope k^. However, 
this approach assumes that all of the complex, [AB], dissociates to [A] + [B], 
which in reality is rarely the case (O'Shannessy et al., 1993) and therefore an 
alternative approach to the analysis of such data is required.

The use of non-linear regression (curve fitting) is an approach that has been 
applied to minimise the errors that frequently occur when biosensor data is 
linearised as described above (O’Shannessy et al., 1993). Consideration of the 
association response will be taken first. Rearrangement and integration of 
equation [3] gives:

dR
ka[B]Rcqb - R(ka[B] +  kd)

= jd t
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. In(k.lBlIC,^ - R(k.[Bl + W  
•• rtiBj—k.

where is the equilibrium response for a particular ligate solution, B, and c is 
the constant of integration. When r = 0, R = 0,

. ^ _ ln(L[B]R^qb)
-(ka[B] + kd)

which substituted back into [8] gives:

ln(k.[B]Reqb - R(k,[B] + ka) ^  ln(ka[B]R^b)
- k.[Bl + kd - k.|B] + kd  ̂ '

Rearrangement of equation [9], following multiplication by -(kg[B] + kj) 
throughout gives:

In
(k .[B ]K ,b  - R (k .[B ] +  W

ka[B]Reqb
— - (ka[B] +  kd)/

which may be rearranged into the exponential form:

/ / I  rm n   ̂ 1,(k a[B ]IL qb - R (k a[B ] +  kd) 

ka[B]Reqb

This may be further rearranged to give an equation in terms of R, the biosensor 
response.

(ka[B]R^b - R(ka[B] + kd) = (ka[B]R^b)e-^‘̂ -t®̂

.-. R(ka[B] + kd) = (ka[B]Reqb) (1 - )

R  =
k.|B|IL,b '  

lk a [B ]  +  kdV
(1 - + “->‘ ) [10]

however, since k̂ j is small (in the order 10"̂  S'^) in comparison with kg (in the 
order 10  ̂M'^s"^) equation [10] is often simplified to give:

R  =  ReqbCl -  [ 1 1 ]

The inclusion of a term, Ro, the biosensor response immediately prior to the 
addition of ligate, [B], takes into account that the response may not necessarily 
be zero at the onset of association. Therefore equation [11] becomes:

R  =  (Reqb -  R o )( l  -  e " '̂ >‘ )  +  Ro [ 1 2 ]
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The biosensor output may be analysed by applying non-linear regression directly 
to the R versus t data. This theoretically allows and to be determined from 
a single binding curve, as the terms of the exponent. However, it is more often 
the case that several concentrations of ligate, [B], are analysed. The term (kg[B] 
+ k(i) in equation [12] is replaced by k^yg. Analysis o f several profiles recorded 
at different concentration permits a plot of kobs versus [B] to yield a line with 
slope -kg and intercept k^.

Analysis of dissociation data may also be achieved through the application of an 
exponential equation to the R vs. t data. Equation [7] may be rearranged into 
exponential form as:

R = Ri(e [13]

As discussed above, such an equation assumes complete dissociation of complex 
[AB]. However, this in practice does not occur, predominantly because of 
potential re-binding of dissociated [B] to the now free sites, [A], on the surface 
(George et al., 1995). Thus the inclusion of a term Rf, the response to which the 
instrument tends after infinite time, accounts for the fact that the response does 
not return to the initial baseline, R^, following the dissociation event. Equation 
[13] therefore becomes:

R  = (Ri - Rf)(e M) + R, [14]

Application of equation [14] to the R versus t data recorded during dissociation 
allows k^ to be determined directly, since this event occurs independently of 
concentration.

The analysis of biosensor data is currently performed off-line on stored profiles. 
Due to the nature of the analytical routines currently employed it would be 
difficult to perform such analyses on the biosensor output in real-time, should it 
be required for feed-back control purposes. Therefore it may be necessary to 
develop some other means to extract the kinetic information from the R versus t 
data.
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3. M ATERIALS & M ETHODS.

Reagents were obtained from the following suppliers and were of the highest 
grade available: Aldrich (Gillingham, Dorset, UK); BDH Chemicals (Merck 
Ltd., Lutterworth, Leicester, UK); Biogenesis Ltd. (Bournemouth, UK); Bio-Rad 
Laboratories Ltd. (Hemel Hempstead, UK); RP Cargille Laboratories, Inc. (New 
Jersey, 07009-1289 USA); Difco Laboratory Supplies (Surrey, UK); Fisons 
Scientific (Loughborough, UK); Gradipore Ltd (Pyrmont, 2009 Australia); ICN 
Biomedicals Ltd. (High Wycombe, Bucks., UK); Pierce (Rockford, Illinois, 
USA); Pierce & Warriner (Chester, UK); Sigma Chemical Company (Poole, 
Dorset, UK); Pharmacia LKB Biotech (St Albans, Herts., UK); Pharmacia 
Biosensor (Uppsala, Sweden). Unless otherwise stated, reagents were from 
BDH.

3.1 Protein expression.

The expression of the antibody fragment, D1.3 Fv, which is specific for hen egg 
lysozyme (HEL), was carried out in collaboration with Joanna Harrison (Dept. 
Chem. & Biochem. Eng., UCL). The production and purification of this protein 
was studied in order to determine the potential of the biosensor system as a real
time bioprocess monitor.

3.1.1 The organism.

Escherichia coli strain BMH 71-18, which harboured with a high copy number 
plasmid (200 per cell), based on pUC19, was provided by M. Berry (Unilever 
Research, Colworth Laboratory, Bedford, UK). The plasmid encoded the Vy 
and V l domains of the antibody Fv fragment. Details concerning plasmid 
construction can be found in Ward et al. (1989) and Berry et al. (1994). The 
DNA encoding each of the variable domains is under control o f the lacZ 
promoter, which required no induction to initiate expression. Each domain, Vy 
and V l, was expressed from individual promoters. They were targeted to the 
periplasmic space by the pelB leader sequence, wherein they associated naturally 
to form native Fv fragments. The plasmid also contained an ampicillin resistance 
gene which was used as a selection marker.

Some experiments were also performed using a different form of the antibody 
fragment to HEL. These were also expressed in E. coli, but unlike the Fv, the 
two chains and V l were physically joined by a short peptide sequence. They
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were expressed from a single promoter on the plasmid and are referred to as 
single chain (Sc) Fv antibody fragments.

3.1.2 The medium.

E. coli glycerol stocks were produced by Joanna Harrison from a freeze dried 
master culture provided by Unilever Research. Cells were cultured in M9P 
medium (based on Ryan et al., 1983), described below, during antibody fragment 
expression. Samples collected during culture / fermentation were plated on TY 
agar to assess plasmid stability.

2 X TY medium was prepared using 16 g L'^ bactotryptone, 10 g L  ̂ yeast 
extract, 2% w/v bactoagar (Difco) and 5 g L 'i NaCl (Sigma) prepared in distilled 
water. The selection marker, ampicillin (Sigma), was added to a final 
concentration of 1 mg

The modified M9P medium (prepared using distilled water) contained the 
following: 12 g L'l NazHPO^, 6 g L-l KH2PO4, 0.5 g NaCl, 0.49 g L'l 
MgS04 .6H20 , 0.015 g L"i CaCl2.2H20 , 0.06 g L‘  ̂L-proline (Sigma), 0.001 g L‘ 
1 thiamine (Sigma), 20 g glycerol, 20 g L"̂  yeast extract (Difco) and 0.001 g 

ampicillin (Sigma). The main components of the medium, except the 
supplements MgS04 .6H20  and CaCl2.2H20 , which were made up individually 
as 1 M solutions and thiamine and ampicillin, which were prepared immediately 
before use as 0.1% solutions, were in situ steam sterilised at 121^C for 20 min 
within the reactor vessel. Once the sterile medium had cooled to BT^C, the 
supplements were aseptically added to the vessel via a sterile 0.2 pm polysulfone 
disc filter (Whatman Ltd., Maidstone, UK) fitted to a sterile 50 mL syringe.

3.1.3 Cell culture.

During the course of the research fermentations were performed in several 
reactor vessels, with different capacities. These included a 14 L Chemap 
GF0014 glass vessel (Alfa Laval Engineering Ltd., Middlesex, UK), 7 L and 42 
L LH Series 2000, with glass and stainless steel vessels respectively and 20 L LH 
Series 1075 stainless steel vessel (Inceltech UK Ltd., Berkshire, UK). The 
vessels were fitted with the following ancillaries, which were used to monitor 
various physical parameters during fermentation. Dissolved oxygen, temperature 
and pH were monitored using Ingold electrodes (Mettler Toledo Ltd., Leicester, 
UK) under the control of a TCS instrumentation 6358 eight loop controller
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(Turnbull Control Systems Ltd., Worthing, UK). Temperature and pH were 
controlled to set-points by alternate cooling / heating and by addition of acid and 
/ or base, respectively, as required. Off-gas analysis was performed using a 
MM8-80 mass spectrometer (VG Gas Analysis Ltd., Cheshire, UK). The 
parameters measured were oxygen, nitrogen, carbon dioxide and argon; from 
which were determined the oxygen uptake rate (OUR) and carbon dioxide 
evolution rate (CER). The data generated by each of the monitoring devices was 
collected using a Real Time Data Acquisition Systems (RTDAS) package 
(Acquisition systems. Fleet, UK) and stored on a personal computer. Each 
fermentation was operated to the following set-point values: temperature 37®C, 
pH 6.8 (effected through the use of 4 M orthophosphoric acid and 4 M sodium 
hydroxide (BDH)). Aeration and agitation of the vessel were manually adjusted 
to maintain the dissolved oxygen concentration above 20% saturation where ever 
possible.

The fermentation was carried out as a batch process and in general was complete 
within 24 hours from the point of inoculation. Glycerol stocks were used to 
inoculate shake flask starter cultures, which were subsequently used to inoculate 
the reactor vessel. Shake flasks were either prepared using 100 mL (to give 1% 
vessel volume inoculum) or 500 mL (for 5% vessel volume inoculum) M9P 
medium within 500 mL and 2 L flasks respectively according to the size of 
inoculum required. The medium was prepared as described above. Each 100 
mL medium was inoculated with a 1 mL glycerol cell stock. These were 
incubated overnight at 30^C in an orbital shaker. The 500 mL inocula were 
prepared using a cell culture that had been grown up for 5 hours at 30^C in 100 
mL medium (prepared from 1 mL glycerol cell stock). During fermentation 
samples were aseptically withdrawn from the reactor vessel for analysis, these 
were stored at 4^0 until assayed. A more detailed discussion of the fermentation 
can be found elsewhere (Harrison, 1996).

3.2 Protein purification.

The product of the fermentation, D1.3 Fv, was purified to homogeneity following 
expression. Due to the nature of the process it was possible to recover product 
from the broth supernatant. Following cell culture the reactor vessel was drained 
and the broth passed through a IP tubular bowl centrifuge to remove cellular 
debris (Pennwait Ltd., Surrey, UK). This is an air turbine driven device that was 
operated at 45,000 rpm, generating a centrifugal force of 50,000 x g. Whole 
broth was passed through the bowl, from bottom to top, at a rate of 5 L h’ .̂
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which produced a cell cake within the bowl. Clarified supernatant was collected 
from the top of the bowl. To the clarified supernatant was added 0.02% w/v 
sodium azide (Sigma) to prevent further cell growth, this was then stored at 4^0 
prior to affinity purification.

Affinity purification of the D1.3 Fv was performed following the method 
described by Ward et al. (1989). The following buffers were used during the 
loading and elution of Fv: running buffer - phosphate buffered saline (PBS, 10 
mM phosphate, 2.7 mM KCl, 138 mM NaCl, pH 7.4; prepared by dissolving one 
tablet per 200 mL distilled water) (Sigma); pre-elution buffer - 50 mM 
diethylamine, pH 10 (Sigma); elution buffer - 50 mM diethylamine, pH 12.5. 
Because of the potentially denaturing effect o f the elution buffer (pH 12.5), 
eluted fractions were collected into 2 M Tris-HCl, pH 7 (Sigma) to neutralise the 
samples (0.1 x fraction volume was used). The purpose of which was to preserve 
antibody fragment bioactivity. Hen egg lysozyme (code L-6876, Sigma) was 
attached to a 5 mL NHS-activated HiTrap affinity column (Pharmacia LKB 
Biotech Ltd., St Albans, UK) following the supplied immobilisation protocol. 
The column was incorporated into the following set-up: a PI peristaltic pump, 
fitted with 3.1 mm (inside diameter) tubing, a UV-1 Optical unit (280 nm 
wavelength), Frac-100 fraction collector and Rec-1 chart recorder (all from 
Pharmacia LKB). The maximum flow rate of the pump was 11 mL min'^ (the 
maximum for the column being 20 mL min'^). The chart recorder was calibrated 
to give a full scale deflection using a 1 mg mL‘i solution of bovine serum 
albumin (Sigma) prepared in PBS. Prior to loading of the broth sample, the 
column was washed through with elution buffer (5 column volumes) to remove 
any non-covalently coupled lysozyme.

A volume of 1.2 L broth supernatant was passed through the column at a flow 
rate of 4 mL min‘ ,̂ having previously been passed through 0.2 pm membranes to 
remove any remaining debris. During column loading 8 mL fractions of broth 
supernatant were collected using a fraction collector. Before loading commenced 
a sample of broth was analysed on the biosensor for D1.3 Fv (see below), further 
samples were analysed for D1.3 Fv at intervals during loading. Analysis was 
performed to detect whether the column had become saturated. Once all of the 
broth had been passed through the colunrn, it was washed with PBS (5 column 
volumes) prior to elution of D 1.3 Fv. The PBS wash coming through the column 
was collected into a beaker. Just before pre-elution the fraction collector was 
again connected to the end of the column. Pre-elution buffer was pumped for 3 
column volumes to remove any non-specifically bound material. Removal of 
D1.3 Fv was then initiated by addition of elution buffer (3 column volumes), 
which was followed by PBS (5 column volumes) to wash the column.
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Following purification the column was washed through with PBS containing
0.02% w/v sodium azide to prevent microbial contamination, before being stored 
at 4OC. Fractions collected during the elution of D 1.3 Fv were stored at 4^C 
prior to analysis. Sample analysis was performed using the biosensor and Bio- 
Rad protein assay described below (fermentation monitoring). They were also 
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in order to 
determine the purity of the product obtained.

Electrophoresis was performed using the Micrograd system (Gradipore) with pre
cast 6-20% SDS-gels (dimensions 8.3 x 3 cm). The running buffer, TTS, 
consisted of Tris (0.1% w/v), Tricine (0.4% w/v) and SDS (0.01% w/v) (Sigma) 
adjusted to pH 7.5 and the sample loading buffer was SDS (2% w/v), glycerol 
(10% w/v), bromophenol blue (0.025% w/v) (Sigma) made up in TTS buffer. 
Sigma low-molecular weight protein standards were used, which contained 
serum albumin (Mj- 66,000 Da), fumarase (Mj- 48,500 Da), carbonic anhydrase 
(Mj- 29,000 Da), P-lactamase (Mj-18,400 Da) and a-lactalbumin (Mj-14,200 Da). 
Protein samples were mixed 1:2 v/v with sample loading buffer. They were 
boiled for 5 min, then loaded 10 pL per lane, using a P-20 Gilson pipette. Gels 
were run at a constant 200 V, requiring approximately 30 min for complete 
separation of sample. Following separation, gels were fixed using a solution of 
distilled water containing methanol (45% v/v) and acetic acid (10% v/v) (Fisons) 
for 30 min. They were then stained using Coomassie brilliant blue (0.25% w/v) 
in the above solution, for 1 hour, and destained using the same fixative solution 
overnight. After staining / destaining the gels were photographed for future 
reference.

3.3 Analytical techniques.

During the course of this research much of the analysis of protein samples has 
been performed using the optical biosensor. However, several other techniques 
have also been implemented at various stages.

3.3.1 Optical biosensors.

During this research two optical biosensor systems were used, lAsys™, which 
fonned the basis of the thesis (Affinity Sensors, Cambridge, UK) and BIAcore™ 
(Pharmacia Biosensor, Uppsala, Sweden). Both instruments were operated 
according to the respective manufacture's documentation.
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3.3.1.1 The lAsys^i^ biosensor system.

The lAsys”̂^ biosensor, as indicated above (chapter 2), was not in commercial 
production at the onset o f this research, but has been introduced to the market 
during progression of the work. As a consequence the instrumentation has 
altered considerably during the transition from R&D prototype to commercial 
product. The following will therefore cover operational aspects of both 
instruments, although the focus will be on the commercial system, upon which 
the bulk of the work has been performed, in particular that involving 
fermentation monitoring.

3.3.1.1.1 Instrum ental aspects.

The R&D prototype was designed to exploit the resonant mirror (RM) for 
biochemical sensing, using a stainless steel flow cell, which covered an area of 
9.11 mm^ on the RM surface (Watts et al., 1994). Sample for analysis was 
delivered to the RM surface using a peristaltic pump at a flow rate of 2 pL s'^. 
The RM devices were constructed by electron beam evaporation of silica and 
hafnia onto optically polished glass wafers, cut into 1 x 1.12 cm chips. These 
were integrated with the instrumental optics via a quartz prism. The chips were 
optically coupled with the prism using index matching fluid, which had a 
refractive index of 1.705 to 1.735 (Cargille, Series M). The flow cell, sealed 
using an 'O'-ring, was clamped on top of the RM chip, forming a water-tight 
chamber with approximate volume, 8 pL (Buckle et al., 1993; Watts et al., 
1994). Instrumental output was collected by a personal computer and the data 
displayed graphically on a monitor.

The commercial biosensor was redesigned: it replaced the flow cell of the 
prototype with a stirred cuvette. The RM is physically integrated within the 
cuvette, which defines an area of approximately 20 mm^ on the sensing surface. 
The cuvette has a maximum capacity of approximately 250 pL, but is typically 
used with a working volume of 200 pL. Because of the integrated design there is 
no longer any requirement for index matching. It is therefore possible to remove 
RM cuvettes from the instrument, store them and then replace them within the 
instrument for future use.

Sample for analysis was delivered to the sensor surface under the control of an 
oscillating stirrer, which ensured complete mixing of the sample within the
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sensing chamber. Sample addition to the cuvette was made using either P-200 or 
P-20 Gilson Pipettman pipettes according to the volume required. Sample was 
removed from the cuvette using a manually operated peristaltic pump which was 
integrated within the instrument. Cuvettes were located within a clamped 
"docking" area, which was thermostatically controlled to provide reproducible 
assay conditions, wherein they became integrated with the instrumental optics. 
The instrument was controlled using a dedicated software package, operating 
under Microsoft® Windows™. The software enabled definition of the 
experimental temperature within the range 4 to 37®C; the amplitude of the stirrer 
within the range 0.6 mm (100%) and 0 mm (0%); the frequency of data sampling 
between 3 points per second (the rate at which data is constantly generated by the 
instrument) and X (there is theoretically no limit on the sampling interval, 
although a sensible upper limit may be 30 min depending upon the nature of the 
investigation); as well as the degree of smoothing applied to the data. Data was 
smoothed using the technique of adjacent averaging, which could be set between 
1 (no smoothing) and 19 points. During routine use the instrument temperature 
was set to 25^C; the stirrer was operated at maximum amplitude; and data was 
collected at 3 points per second with no smoothing applied.

3.3.1.1.2 Biomolecular interaction analysis.

Although the physical appearance of the instruments varied somewhat, the 
biochemical principles governing the use of the RM were the same. Therefore 
the following operational protocol is equally applicable to both. It also applies to 
the BIAcore™, which utilises similar biochemical principles, although it operates 
quite differently.

The sensing surface of the RM devices was either derivatised with a coating of 
carboxymethylated dextran (CMD) (Davies et al., 1994) or aminosilane (Watts et 
al., 1994), to which were covalently coupled the desired capture species (the 
ligand). Ligand immobilisation followed a standard protocol for each sensor 
surface. BIAcore™ surfaces (sensor chip CM-5, Pharmacia Biosensor, Uppsala, 
Sweden) also had a coating of CMD.

Immobilisation to carboxymethyl dextran - Covalent coupling of ligand to 
CMD was achieved through the formation of amide linkages between carboxyl 
groups on the dextran and amino groups on the protein. A typical immobilisation 
(described in Gill et al., 1996a) was performed thus: Once placed within the 
instrument, the RM surface was equilibrated in PBS buffer containing 0.05% v/v 
Surfactamps™ 20 (Pierce & Warriner), denoted PBS/T, over a 5 min interval.
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The carboxyl groups were then activated to N-hydroxysuccinimide esters over an 
interval of 8 min using a solution of 1-ethyl-3-[3-(dimethylamino)propyl] 
carbodiimide, 400 mM, (EDC) (Sigma) and N-hydroxysuccinimide, 100 mM, 
(NHS) (Sigma). The activated surface was then equilibrated with PBS/T buffer 
for a further 5 min to establish a pre-immobilisation baseline before 
immobilisation was initiated by the addition of the protein solution (prepared in 
10 mM acetate buffer (Sigma)) to be used. The immobilisation step had no set 
time interval, but was adjusted according to the final application of the surface. 
In general it varied between 3 and 15 min (see below for protein specific 
protocols). Reduction of the immobilisation time permitted some control over 
the concentration of protein immobilised. Following the immobilisation step any 
remaining active ester groups were blocked with a solution of ethanolamine, 1 M 
at pH 8.5, (Sigma) over a 2 min interval. This was replaced with PBS/T to 
establish a post immobilisation baseline. The difference between the pre- and 
post- immobilisation baselines was used to indicate the amount of ligand that had 
been immobilised.

Specific immobilisation procedures - During the course of this research several 
ligand species were employed. They were immobilised following the above 
protocol, except for variation of the time that each was in contact with the sensor 
surface. The various ligands employed were:

• rabbit anti-yeast alcohol dehydrogenase (polyclonal antiserum) and mouse 
anti-human alcohol dehydrogenase (monoclonal antibody) (Biogenesis Ltd). 
Both were prepared in acetate buffer at 25 pg mL'^, with the pH adjusted to 
5. Immobilisation time was 15 min. Studied using R&D prototype 
instrument. Used to monitor the interaction of purified yeast alcohol 
dehydrogenase.

• rabbit anti-mouse Fc specific (RAM Fc) (polyclonal antibody) (ICN
Biomedicals) prepared in acetate buffer at 25 pg mL"^, with the pH adjusted 
to 5. Immobilisation time 15 min. Studied using R&D prototype and
commercial instrument. Used to monitor the interaction of mouse 
immunoglobulin G and in the development of a sandwich assay for yeast 
virus like particles.

• human serum albumin (HSA) (Biogenesis Ltd) prepared in acetate buffer at
25 pg mL'i with the pH adjusted to 5. Immobilisation time 10 min. This was 
predominantly studied using the R&D prototype instrument. Used to monitor 
the interaction of anti-hSA monoclonal.
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hen egg lysozyme (HEL) (Sigma) prepared in acetate buffer at 15, 30 and 50 
jig mL-i with the pH adjusted to 5. Immobilisation time varied between 3 
and 15 min. Studied using commercial instrument. Used to monitor the 
interaction of D 1.3 monoclonal, D1.3 Fv and D1.3 ScFv antibody fragments. 
Also used with the BIAcore™ (see 3.3.1.2).

turkey egg lysozyme (TEL) (Sigma) prepared as above for HEL. Used to 
monitor non-specific binding during production of D 1.3 Fv and in studies 
with D1.3 ScFv using the commercial instrument.

horse heart cytochrome C (hhCc) (Sigma) prepared in acetate buffer at 1 mg 
mL'^ with the pH adjusted to 5. Immobilisation time 5 min. Studied using 
commercial instrument. Used to determine non-specific binding of D 1.3 Fv 
samples.

anti-motif monoclonal antibody (provided by M. Berry) which showed 
specificity for the primer sequence used in the construction of the antibody Fv 
fragment studied. The antibody was prepared in acetate buffer at 20 pg mL*i 
with the pH adjusted to 5. Immobilisation time was 10 min. Studied using 
commercial instrument. Used to monitor dénaturation / renaturation of D 1.3 
Fv.

20D7 anti-y-interferon monoclonal antibody (provided by Dr. D. James, 
University of Kent). The antibody was prepared in acetate buffer at 20 pg 
mL‘  ̂ with the pH adjusted to 5. Immobilisation time was 10 min. Studied 
using commercial instrument. Used to monitor the interaction of recombinant 
human y-interferon.

BB2 anti-virus like particle monoclonal antibody. The antibody was prepared 
in acetate buffer at 25 pg mL-i with the pH adjusted to 5. Studied using 
commercial instrument. Used to monitor the interaction of virus like 
particles.

Immobilisation to aminosilane - Covalent coupling of ligand to aminosilane 
derivatised surfaces was achieved using the bifunctional cross linking agent, 
bis(sulfosuccinimidyl)suberate (BS^) (Pierce). This surface was used during the 
investigation of virus like particles (VLPs) in collaboration with Sophia Tsoka 
(Dept. Chem. & Biochem. Eng., UCL). The absence of the dextran coating 
permitted detection of species in the order of 50 nm diameter and above, which 
may otherwise have been impeded by the molecular sieving effect of the CMD.
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After incorporation of the RM within the instrument, the surface was equilibrated 
in phosphate buffer (10 mM, pH 7.7) (Sigma) for 5 min. The surface was then 
activated by addition of BS^ (0.57 mg mL'l in phosphate buffer) for a 10 min 
interval, followed by phosphate buffer for a further 5 min to establish a pre
immobilisation baseline. Immobilisation was initiated by addition of monoclonal 
antibody, BB2 (specific for VLP) at a concentration of 250 pg mL'l in phosphate 
buffer. The BB2 was a kind donation from the laboratory of Professor Gull 
(Department of Biochemistry, University of Manchester). After immobilisation, 
which took 15 min, the surface was blocked using a solution of bovine serum 
albumin (2 mg mL"  ̂ in phosphate buffer) (code A6003, Sigma) for 5 min. A 
post immobilisation baseline was then established with phosphate buffer, over a 
5 min period, before being replaced with PBS/T buffer. RAM Fc was also 
immobilised following the above protocol, during development of the sandwich 
assay for VLP using BB2.

3.3.1.1.3 M onitoring biomolecular interactions.

Following the immobilisation of ligand, the derivatised RMs were used to study 
the interaction of the respective partners (the ligate) with their immobilised 
ligands. The procedure employed for this purpose may be generalised as 
follows, although there were minor variations of certain conditions depending 
upon the protein species being studied.

Following the immobilisation step the surface was put through a regeneration 
cycle prior to interaction analysis studies. This was to remove any non- 
covalently attached protein and also to precondition the surface. Regeneration of 
the ligand surface was achieved using a dilute solution of hydrochloric acid 
(Fisons) within the range 10 to 50 mM. The effect of acid was to cause complete 
dissociation of the protein (ligate) under investigation from immobilised ligand. 
Regeneration was initiated by replacing the solution currently in contact with the 
sensor with HCl. The HCl was in contact with the surface for 2 min before it 
was replaced with buffer in readiness for the next sample analysis.

The majority of the proteins studied were obtained in purified form. They were 
diluted in PBS/T buffer, typically over a range of concentrations, to permit 
production of a calibration curve and determination of the kinetic constants 
describing their interaction with immobilised ligand. Interaction studies were 
performed by the addition of 20 pL of sample into 180 pL of buffer already 
present within the sensor cuvette and equilibrated with the surface, providing an 
initial baseline for the ensuing interaction event. When analysing solutions
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containing D1.3 Fv the buffer was supplemented with NaCl (29.25 g L'^). This 
was shown to reduce non-specific binding (see below, Ch. 4). Therefore each 
sample was diluted 1:10 during interaction with the surface immobilised ligand. 
The purpose of this dilution step was to minimise effects due to changes in 
temperature and refractive index upon sample addition, both of which give rise to 
changes in instrument response. A specific operational protocol for both 
immobilisation and sample analysis for the commercial instrument can be found 
in Gill et al. (1996a). A typical protocol, used during recording of data analysed 
in section 5.4, is given below.

1. Production of baseline by addition of PBS/T/S (180 pL) to the cuvette, 
established over 3 min interval.

2. Addition of 20 pL sample to initiate association phase, 5 min interval.

3. Initiation of dissociation phase by replacement of sample with 200 pL 
PBS/T/S buffer, 2 min interval.

4. Regeneration of HEL surface with 50 mM HCl (200 pL) in preparation 
for next sample, 2 min interval.

5. Go to 1, repeat according to the number of samples, with a maximum of 
10 interactions profiles per data file.

3.3.1.2 The BIAcore^’̂  biosensor system.

The BIAcore™ optical biosensor system (Pharmacia Biosensor, Uppsala, 
Sweden) which exploits the phenomena of surface plasmon resonance (section
2.1) (Malmqvist, 1993) was used to study the interaction between hen egg 
lysozyme and the antibody fragment, D1.3 Fv, as well as the monoclonal, D1.3. 
The instrument, which uses a 50 pm flow cell for sample delivery, was operated 
according to the manufacture's documentation, with a flow rate of 5 pL min i. 
The protocol employed was similar to that used with the lAsys™ biosensor 
(described above). However, because the operation of the instrument is under 
robotic control, once the samples had been placed within the relevant chambers 
and the instrument started, no fiirther manual intervention was required. The 
instrument was controlled by a dedicated software package, operating under 
Microsoft® Windows™.
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3.4 Fermentation monitoring.

The expression of the recombinant antibody fragment, D1.3 Fv, which is specific 
for hen egg lysozyme (HEL) was studied as a model system. The production of 
antibody fragments was followed to evaluate the potential application of the 
biosensor for real-time bioprocess monitoring. The biosensor was compared 
with the currently available monitoring technique, ELISA, which was employed 
following fermentation to measure the levels of antibody fragment in the various 
samples collected throughout the process.

During the course of fermentation samples were removed at regular intervals, 
these required the following processing treatments prior to analysis:

• Centrifuge 2 x 1 mL aliquots of whole broth for 5 min at 13,000 rpm in pre
weighed (completely dried) Eppendorfs using a microcentrifuge to yield broth 
supernatants and cell pellets for dry weight determination.

• Homogenisation of whole broth at 700 bar with one discrete pass using a 
Gaulin Micron Lab 40 (APV Gaulin GmbH, Lubeck, Germany), followed by 
centrifugation as above, to yield 2 x 1  mL homogenate supernatant samples.

• Osmotic shock to release the periplasmic contents was performed as 
described by French et al. (in preparation). Lysozyme was omitted from the 
lysis buffer. Duplicate 1 mL samples were centrifuged as above, to yield cell 
pellets. These were resuspended in ice cold osmotic shock buffer (20% w/v 
sucrose, 200 mM Tris-HCl pH 7.6, 1 mM EDTA) (Sigma) and incubated on 
ice for 5 min. The samples were then pelleted as before, the supernatant 
discarded and the pellet resuspended in ice cold water (1 mL). This was 
incubated on ice for a further 5 min, before a final centrifugation to yield a 
supernatant containing the periplasmic contents.

Following the relevant processing steps, sample analysis was then performed. 
This included:

• biosensor analysis, during which the interaction between the expressed D1.3 
Fv and lysozyme was monitored, in the broth supernatant, homogenate 
supernatant and periplasmic content fractions. From which was determined 
the total level (homogenate) and extracellular level (broth) of D1.3 Fv 
expressed. The protocol described in Holwill et al. (1996) was followed. The 
biosensor was calibrated using affinity purified D1.3 Fv provided by Unilever 
Research.
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ELISA was also employed to measure the amount of D 1.3 Fv produced, as 
per the biosensor. The protocol described in Berry et al. (1994) was 
followed, it may be summarised thus: Dilute samples 1:5 with 0.3% w/v 
bovine serum albumin (Sigma) in PBS, centrifuge at 13,000 rpm for 10 min 
and pass through a 0.2 pm polysulfone disc filter (Whatman Ltd., Maidstone, 
UK). Nylon pegs, pre-sensitised with HEL (provided by Unilever Research) 
formed the basis of the assay. The pegs, arranged in strips of 12, were 
designed to fit into the wells of flat bottomed microtitre plates. The pegs 
were first incubated at room temperature in the presence of sample for 30 
min. They were then rinsed in distilled water, before being incubated with a 
rabbit polyclonal serum raised against D1.3 Fv (Unilever Research, Colworth, 
UK), again for 30 min at room temperature. After further rinsing with 
distilled water, the pegs were finally incubated in the presence of goat anti
rabbit alkaline phosphatase conjugate (Sigma) for a further 30 min. After a 
final rinse with distilled water, the pegs were then placed into /?-nitrophenyl 
phosphate (Sigma), to yield nitrophenol, the absorbance of which was 
measured at 405 nm using a Titertek Multiskan Plus Mkll plate reader 
(Labsystems Group (UK) Ltd., Basingstoke, UK). The assay was calibrated 
using affinity purified D1.3 Fv standard provided by Unilever Research.

Total protein measurements were made using the Bio-Rad (Bradford) protein 
assay, which was calibrated using a solution of bovine serum albumin 
(Sigma), serial diluted over the range 0.0156 to 1.0 mg mL'l. The 
concentrated assay mix was diluted 1:5 with distilled water to produce the 
working reagent, this was stored at 4^0. The assay was performed by adding 
950 pL assay reagent to 50 pL sample in a 1 mL polystyrene cuvette. After a 
5 min incubation the absorbance at 595 nm was determined using a UVIKON 
930 (Kontron Instruments) spectrophotometer.

The optical density of the whole broth was determined at 660 nm using a 
Beckman DU64 (Beckman Instruments (UK) Ltd., High Wycombe, UK) 
spectrophotometer. Samples were diluted with distilled water to maintain an 
absorbance reading below 0.8 units. This measurement was used as an 
indication of biomass.

Dry cell weight determinations were based upon the mass of cells obtained 
after centrifugation of 1 mL whole broth. Cell pellets were collected in pre
weighed, dried, Eppendorfs. These were then placed in an oven at lOO^C for 
at least 24 hours before being re-weighed. The weight of each tube was 
determined to four significant figures. The mass of cells was determined by
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subtracting the pre-weight from that containing cells. This value was then 
scaled to yield a figure in terms of grams of cells per litre.

Plasmid stability / viable cell counts were determined by aseptic serial 
dilution (1:10 steps) of whole broth in sterile saline, followed by plating of 
100 pL aliquots (spread over the plate) on 2 x TY in the presence and 
absence of ampicillin. The plates were incubated at 37^C overnight. The 
number of colonies were counted the following day. The difference in the 
number of colonies in the presence of ampicillin compared with those in its 
absence was used as an indication of the number of cells harbouring the 
plasmid encoding D1.3 Fv.
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RESULTS

The majority o f this research has concentrated upon the monitoring of the 
antibody fragment, D1.3 Fv, both in purified form as well as during its 
expression from Escherichia coli. The following three chapters will concentrate 
on the key areas which form a general focus for this thesis, addressing what are 
considered to be the central issues when considering the biosensor system for at- 
line monitoring. These will be followed by a chapter that addresses several other 
protein systems which have been studied "along the way". Although misplaced 
chronologically, the details are perhaps best discussed under the general heading 
"other systems", indicating the broad potential of the biosensor as a generic 
analytical tool. Finally, the significance of the current research will be drawn 
together in an overall discussion, followed by the some concluding remarks and 
ideas for future investigation.
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4. NON-SPECIFIC BINDING.

4.1 Introduction.

The application of real-time analytical techniques to resolve specific parameters 
during the operation of a given bioprocess requires either direct incorporation of 
the sensing device within the process stream or delivery of material to the 
sensing device in such a way that the integrity of the process is not disturbed. 
Probes capable of monitoring pH, temperature and dissolved oxygen (Forman et 
al., 1991; Kilbum, 1991) are routinely employed for providing real-time data 
during fermentation. However, they are stable to steam sterilisation and there are 
very few devices capable of generating specific data regarding individual 
components of the broth which can be subjected to the same conditions. Proteins 
often form key elements within biosensing devices, which would be destroyed 
during the sterilisation process. Therefore, the application of membrane barriers, 
which permit selective passage of the desired analyte whilst retaining cellular 
material, thereby maintaining asepsis within the reactor vessel, have received 
considerable attention (Merten et al., 1986; Forman et al., 1991; van der Merbel 
et al., 1993; Schügerl, 1993). Such devices often suffer from fouling, 
particularly when employed over long periods of time. Consequently their 
characteristics change and molecules which may have pEissed freely across the 
membrane at the onset of the process, become impeded during the latter stages. 
In a recent review (Schügerl, 1993) two examples of such phenomena are given. 
A membrane based on hydrophilized polypropylene, with a pore size of 0.2 pm, 
was used to determine the passage of several species within a fermentation 
matrix. After 7 days operation the transmission of glucose (Mj-180 Da) appeared 
unaffected, bovine serum albumin (Mj- 67,000 Da) had fallen to -95%  and mouse 
IgG (Mj- 150,000 Da) had fallen to -20%  of the original level. When compared 
with an hydrophobic Teflon membrane the problems of fouling were even greater 
and the same species showed transmissions of -100%, -17% and -3%  of the 
original levels respectively, after a similar interval of use. Thus employing either 
of these membranes would lead to considerably skewed results.

Fouling or non-specific binding can also manifest in other ways, which may also 
lead to misinterpretation of data. Interaction of components, other than the 
desired analyte, within a complex matrix and the sensing device employed might 
indicate the presence of product. It is therefore important that the assay system 
be fully evaluated before it is employed for routine analysis. Reports by Jones et 
al. (1992) and Kuen et al. (1993) highlight problems caused by non-specific
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binding (NSB) during the development of ELISA based assays. In each case it 
was shown that minimisation of "false positive" responses was possible by 
correct pre-treatment of samples and careful definition of the buffer systems 
employed.

The following discussion highlights the steps taken to minimise effects due to 
"false positive" responses by the reduction of NSB during the assay of D 1.3 Fv 
antibody fragments expressed by E. coli. The assay was developed using the 
lAsys™ optical biosensor, in order to demonstrate its potential application for at- 
line fermentation monitoring.

4.2 The biosensor assay.

4.2.1 Investigation of affinity purified D1.3 IgG and DI.3 Fv.

The assay developed to monitor D1.3 Fv antibody fragments employed hen egg 
lysozyme (HEL) as the capture species. D1.3 Fv is derived from the mouse 
monoclonal, D1.3 IgG, which was raised against HEL. The crystal structure of 
the antibody / antigen complex has been determined (Amit et al., 1986) to a 
resolution of 2.8 A. The specificity of D 1.3 Fv for lysozyme has been shown to 
depend on amino acid residue 121 (Amit et al., 1986) and it was demonstrated to 
distinguish between several avian egg white lysozyme species which differ by 
only a few amino acids, but importantly that at position 121. Amit et al. (1986) 
employed an ELISA to study the interaction between a Fab fragment of D 1.3 IgG 
and various lysozyme species. They demonstrated that the fragment could 
discriminate between HEL and lysozymes from partridge, California quail, 
Japanese quail, turkey, pheasant and guinea fowl, all of which had different 
amino acids at position 121. However, the fragment bound equally well to 
bobwhite quail lysozyme, which although different by four amino acids, was 
similar to HEL at position 121.

The interaction between D1.3 IgG and lysozyme involves contacts between D1.3 
IgG and the following amino acids on HEL: 18, 19, 21, 22, 23, 24, 25, 27, 116, 
117, 118, 119, 120, 121, 124 and 129 (Amit et al., 1986). Other research based 
upon D1.3 IgG has included determination of the kinetics of interaction between 
the whole IgG as well as various fragments, including Fv (Ward et al., 1989; 
Borrebaeck et al., 1992; Lasonder et al., 1994) as well as the application of 
fragments as immunoaffinity ligands (Berry et al., 1991, 1992). Due to the vast 
wealth of literature concerning this antibody it was considered to represent a 
good model system for investigation.
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Consideration has also been given to the catalytic nature o f lysozyme. The 
enzyme catalyses the cleavage of peptidoglycan found in the outer membranes of 
several bacterial species, in this instance E. coli. The mode of action of 
lysozyme has been well studied (Stryer, 1981) and the catalytic site determined 
to centre around amino acids 35 to 38, 44, 52, 56, 57, 59, 61, 62, 75, 101, 103, 
107 to 110 and 114 (Canfield & Liu, 1965; Phillips, 1966). There is no direct 
overlap in the catalytic binding site and the epitope for D1.3 IgG at the primary 
structure level. It is therefore conceivable that both antibody and enzyme 
substrate may bind to lysozyme at the same time, steric hindrance permitting and 
dependant upon the tertiary structure. Thus a lysozyme species which only 
differs at position 121 may not interact with D1.3 IgG, but should still be 
expected to bind substrate. Such a species might provide a means to quantify 
background binding resulting from either enzyme / substrate interaction or other 
non-specific interactions with lysozyme.

Preliminary studies with the biosensor were based upon the interaction between 
purified D1.3 IgG and purified D1.3 Fv with surface immobilised HEL to 
measure the extent of the positive interaction and with surface immobilised 
turkey egg lysozyme (TEL) to measure any NSB. Based upon the data presented 
in Amit et al. (1986) derived using ELISA and Berry et al. (1992) derived using 
affinity chromatography, the Fv fragments should not react with TEL.

Both HEL and TEL were covalently attached at similar concentrations to the 
carboxymethyl dextran (CMD) coating of RM biosensors, following the standard 
immobilisation protocol. These were then used to study the interaction of the 
antibody preparations. Preliminary studies employed phosphate buffered saline 
(PBS) to which was added 0.05% v/v SurfactAmps 20®, denoted PBS/T, as the 
baseline buffer. This buffer was routinely employed during biosensor interaction 
studies (Buckle et al., 1993). Figure 4.2.1.1 indicates the biosensor response for 
the interaction between purified D1.3 IgG and the two lysozyme species and 
figure 4.2.1.2 interaction profiles for purified D1.3 Fv with HEL and TEL. The 
profiles for D1.3 IgG were recorded at 5 pg mL"^ (33 nM) and those for D1.3 Fv 
at 1 pg mL‘1 (36 nM). These solutions were considered to contain a similar 
number of molecules, the IgG being approximately 5 times the molecular mass of 
the Fv fragments. Therefore NSB occurring as a consequence of the number of 
molecules in solution was expected to be similar in either case. Each profile 
indicates an interaction or association phase (60 to 960 s) followed by a 
dissociation phase (960 to 1300 s). Association occurs when sample is present 
within the biosensor cuvette, in contact with the sensor surface and dissociation 
occurs when sample solution is replaced by buffer, permitting release of surface 
bound ligate into solution. Figure 4.2.1.1 indicates that D1.3 IgG interacts with
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HEL (solid line), but not with TEL (broken line), under the conditions used. 
This is highlighted by the fact that upon replacement of sample with buffer the 
original baseline is not returned to with HEL, whereas the response from the TEL 
coated surface returns to the initial baseline. The new baseline position for the 
response to HEL represents the amount of D 1.3 IgG that has physically bound to 
the immobilised ligand (HEL). Figure 4.2.1.2 indicates there to have been some 
irreversible interaction between D1.3 Fv and TEL. Upon initiation of 
dissociation conditions the instrument response tends to a new position above the 
original baseline, indicating that something within the sample has physically 
bound to the surface. The associative interaction of D 1.3 Fv with HEL is similar 
to that of D1.3 IgG, however, due to the lower avidity, upon initiation of 
dissociating conditions the instrument response decays more rapidly as bound 
D1.3 Fv is released back into solution.

These observations contradict those presented in the literature which indicate that 
D1.3 Fv should not interact with TEL (Amit et al., 1986; Berry et al., 1992). 
However, they may be explained by the differences in assay sensitivity. In order 
to assess whether the interaction between D1.3 Fv and TEL was "real", horse 
heart cytochrome c (hhCc) was immobilised on a biosensor surface. HhCc is 
similar to lysozyme with respect to molecular mass and isoelectric point. It was 
therefore considered that hhCc would act as a suitable mimic for lysozyme at the 
pH used for analysis (Berry and Pierce, 1993). However, when D1.3 Fv was 
applied to the hhCc coated surface at similar concentrations to those used with 
HEL and TEL the response was negligible (figure 4.2.1.2, dotted line). Based 
upon these results it was concluded that D1.3 Fv shows a low level of cross 
reactivity towards TEL under the conditions employed.

Because there had not been any interaction of sample with hhCc, NSB was not 
considered to be an issue affecting the use of the assay. Therefore during the 
ensuing experiments to produce a calibration curve using purified D1.3 Fv 
provided by Unilever Research, interaction profiles were only recorded using 
HEL coated sensors.
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Figure 4.2.1.1 Interaction profiles fo r  D1.3 IgG (5 pg  m L 'f  33 nM) with HEL 
(solid line) and TEL (broken line) recorded using PBS/T as the baseline buffer. 
The profile indicates there to have been no physical interaction between the 
sample and the control ligand, TEL (dashed line), following the buffer wash the 
original baseline is returned to.
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Figure 4.2.1.2 Biosensor profiles fo r  the interaction between purified D1.3 Fv 
(1 pg m L 'f  36 nM) and HEL (solid line), TEL (broken line) and hhCc (dots) 
recorded using PBS/T as the baseline buffer. The profile indicates there to have 
been some physical interaction between the D L3 Fv sample and the control 
ligand, TEL (dashed line), following the buffer wash a new baseline is attained. 
Due to the lack o f  response from hhCc only the association phase data were 
recorded.
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4.2.1.1 Calibration of the sensor with affinity purified D1.3 Fv.

Calibration of the sensor was achieved using affinity purified D1.3 Fv. A stock 
solution of which was derived from the broth supernatant obtained following the 
first batch fermentation of E. coli performed within the GF0014 (see below, 
4.2.2). The solution was shown to be >99% pure by SDS-PAGE (see below, 
6.3). D1.3 Fv standard was also provided by M. Berry (Unilever Research). 
When applied to the biosensor, the activity of the D1.3 Fv solution prepared 
during this work was different to that of the standard solution provided by 
Unilever, based upon the quoted concentration. The initial rate of binding, 
determined using linear regression (described below, 5.3, 5.5), of the Fv 
produced here was higher than the Fv provided by Unilever (figure 4.2.1.1.1). 
The initial rate of binding is proportional to the concentration of bioactive
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material present in solution, since the assay format employed is reliant upon the 
activity of the sample and not the immobilised ligand. The calibration curves 
also showed some variation in the activity of different batches of Fv standard 
provided by Unilever, the newer material displaying higher activity (squares), 
compared with older material (circles). One explanation for this variation may 
be due to the way in which solutions had been stored. The first batch of standard 
obtained from Unilever was aliquoted and stored at -20^C (circles). However, it 
was subsequently suggested by M Berry that under such conditions the activity 
of the standard may be lost over time. Therefore all subsequent solutions were 
aliquoted and stored at 4®C. Sodium azide (0.02% w/v) was added to all 
standard solutions as a preservative to prevent microbial contamination.

The variability of these results (figure 4.2.1.1.1) highlights a common problem 
encountered when working with such protein systems, where the assay used to 
quantify an unknown sample relies on the bioactivity of the sample and the 
standard. If the activity of the standard should alter during storage, then data 
generated over a period of time may be adversely affected. Quantification of 
unknown material may therefore yield several values depending upon the state of 
the standard employed. Any calibration curves used to quantify D1.3 Fv were 
produced using the most recent standard solution provided by Unilever (this 
being the standard employed with ELISA). Use of the Unilever standard 
permitted a comparison of the ELISA and biosensor assay to be made (see 
below, 6.2.2.4).
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Figure 4.2.1.1.1 Calibration plot for the interaction between D1.3 Fv and 
immobilised hen egg lysozyme. The figure represents D1.3 Fv purified during 
this research (triangles) along with standard solutions provided by Unilever 
(circles and squares). The circles represent material stored at -2(fC  and the 
squares and triangles material stored at 4^C. The error bars represent the 
standard deviation o f the mean based on 5 sample analyses per point fo r  the 
triangles and squares and 3 sample analyses per point for the circles.
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4.2.2 Preliminary investigation of fermentation based samples.

The interaction between purified DL3 Fv and HEL had been extensively studied 
and an understanding of the interaction kinetics obtained, leading to a publication 
on kinetic analysis of biosensor data (Gill et ah, 1996 a). However, the analysis 
of D1.3 Fv within a "bioprocess environment" had yet to be considered. The 
complex nature of the broth used during expression of D 1.3 Fv was expected to 
present a different range of problems to those encountered with purified protein 
solutions. The broth would not only contain the desired product, but a range of 
other soluble E. coli proteins, metabolites, and spent media components.

A batch fennentation of Escherichia coli was perfonned at 7 L scale, within the 
Chemap GF0014, in order to produce broth supernatant fractions containing D1.3
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Fv which may be used in a preliminary investigation. Samples were collected at 
intervals throughout the process, following which they were analysed using the 
biosensor. The biosensor was configured to use HEL for monitoring the 
interaction of the fermentation samples, based on the assumption drawn from the 
investigation with purified D1.3 Fv that NSB was negligible.

Analysis of the various samples collected during fermentation gave rise to the 
profile shown in figure 4.2.2.1. Although the sampling of the fermenter was 
infrequent, the data indicate a time-dependent increase in the apparent D1.3 Fv 
activity within the broth supernatant. The response of the media prior to 
inoculation appeared as a "bulk" change due to increased refractive index 
compared with the buffer within the cuvette. This was considered to represent 
the basal response. Subsequent samples gave increasing responses, which 
reached a plateau approximately 20 hours after inoculation, following which 
there was a slight decline in the measured signal. This may indicate that with 
extended exposure to the environment within the fermenter vessel antibody 
fragments begin to denature, losing bioactivity towards HEL. The conclusion 
drawn from this preliminary investigation of fermenter based samples was that 
the biosensor assay enabled detection of product increase within broth 
supernatant during the course of the process.

The broth supernatant obtained following completion of the fermentation was 
subjected to affinity chromatography in order to derive a stock of purified 
antibody fragments. These were then subjected to further investigation in an 
effort to gain data demonstrating the statistical reproducibility of the biosensor 
based assay. They were also used in the production of calibration curves (figure 
4.2.1.1.1).
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Figure 4.2.2.1 Preliminary fermentation profile fo r  extracellular bioactive D1.3 
Fv produced during fermentation ofE. coli within a 14 L vessel, derived using an 
HEL coated biosensor. Data analysis was achieved by measuring the absolute 
change in instrument response after each broth supernatant sample had been in 
contact with the sensor fo r  180 s.
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The second fermentation to be undertaken, although not central to this thesis, 
proved to be significant in the ongoing development of the biosensor assay. The 
fermentation involved the production of a different form of the antibody 
fragment to HEL, D1.3 ScFv (single chain Fv) (Berry and Pierce, 1993). It was 
expressed during fed-batch fermentation of E. coli. Unlike D1.3 Fv, which is 
expressed as two individual species, Vy and V^, which naturally associate to 
form active Fv within the periplasm, the two chains in ScFv are linked by a 
polypeptide and are expressed as a single species. The details of this 
fermentation can be found in the thesis of Joanna Harrison (1996). However, the 
essential features that relate to the ongoing development of the biosensor assay 
are summarised in the following paragraph.

Samples were collected during the course of fermentation and the broth 
supernatants applied to the HEL coated biosensor. In order to assess what 
proportion of the response recorded during the interaction of samples with HEL
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was due to other components of the broth, a supernatant sample from another E. 
coli fermentation expressing a-amylase (provided by Emma Fischer; Dept. 
Chem. & Biochem. Eng., UCL) was also analysed. The response recorded with 
this broth supernatant was significant. Figure 4.2.2.2 shows the biosensor 
response recorded using a broth sample from the D1.3 ScFv fermentation and 
one from the a-amylase fermentation along with a blank media sample used for 
the ScFv fermentation. Following the association phase, each sample was 
replaced with buffer to indicate the level of material physically bound to the 
ligand coated surface. This was determined as the difference in baseline before 
and after interaction of the sample with the surface. These results suggested that 
the level o f NSB was far higher than initially expected, indicated by the broth 
with no D 1.3 ScFv.

As a further control, a biosensor cuvette was prepared with bovine serum 
albumin (BSA) immobilised to its CMD surface. BSA being the protein often 
employed during ELISA to minimise NSB to the plate. Broth supernatant 
samples from each fermentation (D1.3 ScFv and a-amylase) were analysed using 
the BSA coated sensor (figure 4.2.2.3). The change in instrument response with 
the D 1.3 ScFv containing sample after returning to buffer was negligible (approx. 
25 arc seconds; figure 4.2.2.3 solid line) compared with the response of the same 
sample towards HEL (approx. 600 arc seconds; figure 4.2.2.2 solid line). Thus 
suggesting that the response measured towards HEL was due to interaction 
between components of the sample and HEL itself. The negligible response of 
the D1.3 ScFv containing sample to BSA suggesting there is little NSB to the 
components of the cuvette itself. However, when the supernatant sample from 
the control fermentation was analysed using the BSA coated sensor the change in 
response was three times that of the D1.3 ScFv containing sample (approx. 75 
arc seconds; figure 4.2.2.3 broken line). This may possibly be due to the 
interaction between amylase and the CMD coating on the surface.

It was concluded from these experiments that any NSB occurring due to 
components of the fermentation broth were with lysozyme and not the cuvette 
itself. A possible explanation for this may result from the interaction of 
peptidoglycan fragments released from the outer envelope of damaged E, coli 
cells as described in section 4.2.1. Further investigation was therefore initiated 
in order to minimise or account for this NSB.
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Figure 4.2.2.2 Biosensor profiles fo r  the interaction between Blank media 
(dots), E. coli broth supernatant containing no ScFv (broken line) and D1.3 ScFv 
containing broth supernatant (solid line) with immobilised HEL. The figure 
indicates there to be no interaction due to the media, whereas there is 
considerable interaction from each o f  the broth supernatants, highlighted by the 
new baseline position following the buffer wash.
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Figure 4.2.2.3 Biosensor profiles fo r  the interaction between E. coli broth 
supernatant containing no ScFv (broken line) and DJ.3 ScFv containing broth 
supernatant (solid line) with immobilised BSA. The figure indicates there to be 
minimal interaction o f  the ScFv containing sample, highlighted by the negligible 
difference in the baseline before and after sample addition (approx. 25 arc 
seconds).
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4.2.3 Understanding non specific binding.

In order to gain an understanding of the degree of non specific binding occurring 
as a result of components of the fermentation broth, turkey egg lysozyme was 
used to prepare biosensor surfaces. Samples collected during the batch and fed- 
batch fermentation of E. coli to produce D1.3 Fv, D1.3 ScFv and the control 
fermentation producing a-amylase were analysed using HEL and TEL coated 
sensor cuvettes. A recent publication (Lasonder et al., 1994) indicated that the 
interaction between D1.3 and lysozyme was not dependant upon charge 
interactions. Therefore the presence of sodium chloride at relatively high 
concentration in the sample buffer should not interfere with the specific 
interaction between antibody fragments and HEL. Thus the buffer system used 
in the biosensor assay was re-evaluated. Kuen et al. (1993) suggest that buffer
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composition can have considerable effects on the final outcome of immuno-type 
assays.

Initially the buffer system employed during affinity chromatography was 
evaluated. Diethylamine (50 mM) at pH 10 was used to remove non specifically 
bound material from the column prior to elution of D 1.3 Fv at pH 12.5 (Ward et 
al., 1989). Thus interaction profiles were recorded in the presence of 50 mM 
diethylamine at pH 10. The D1.3 Fv containing broth sample showed interaction 
at this pH, which is consistent with affinity chromatography. However, the pH 
10 buffer did not appear to eliminate NSB due to interaction of the broth sample 
which contained no D 1.3 Fv (figure 4.2.3.4), which contradicts the observations 
of affinity chromatography. This buffer was concluded to be of little benefit 
during the assay of broth supernatant samples containing D1.3 Fv.

Following the use of diethylamine, the standard PBS/T buffer supplemented with 
sodium chloride (29.5 g L^) was evaluated. This new buffer was denoted 
PBS/T/S. The various fermentation samples were applied to HEL and TEL 
coated sensors with PBS/T/S as the running buffer. It was expected that the high 
salt concentration should minimise any interactions resulting from electrostatic 
attraction, resulting from the overall positive charge state of lysozyme (pi = 11) 
and negative charge state of residual carboxyl groups on the CMD, at pH 7.4. 
The consequence of this buffer on the measured responses was significant. 
Figures 4.2.3.5, 4.2.3.6 and 4.2.3.7 demonstrate the effect of adding sodium 
chloride (29.5 g L‘l) to the standard PBS/T running buffer on the recorded 
interaction profiles between purified D1.3 Fv, E. coli broth supernatant 
containing D1.3 Fv and E. coli broth supernatant containing a-amylase and HEL 
and TEL respectively. The data presented in these figures have been normalised 
so that all interactions begin at point zero and show only the associative 
response.

The effect of adding salt to the PBS/T buffer reduced the response of the purified 
D1.3 Fv to HEL by approximately 30% and to TEL by approximately 60% 
(figure 4.2.3.5). The response of the E. coli D1.3 Fv containing broth to HEL 
was reduced by 10% and to TEL by 35% (figure 4.2.3.6); and the response of the 
control E. coli broth was reduced by 70% to TEL and 80% to HEL (figure 
4.2.3.7). More recently interaction profiles with recombinant bacteriophage T4 
lysozyme have also been produced using purified D1.3 Fv. The T4 lysozyme had 
been assayed by its ability to degrade Micrococcus luteus, followed as a 
reduction in the absorbance of a cell suspension (Jolies et al., 1984), thus 
demonstrating its affinity for peptidoglycan. Figure 4.2.3.8 shows that there was 
a positive response of purified D1.3 Fv towards HEL (solid line) but that there
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was no interaction with T4L (broken line) when applied using PBS/T/S as the 
baseline buffer. It may therefore be possible to use T4L as an alternative control 
ligand in place of TEL (see below, 7.4, for further discussion of the assay with 
respect to D 1.3 ScFv).

The affinity of lysozyme for peptidoglycan is high and depends largely on the 
formation of hydrogen and ionic bonds (Stryer, 1981; Freifelder, 1983). This 
would confirm the observed reduction in the magnitude of the interaction profile 
recorded on the biosensor when a buffer of high salt concentration was used. 
The ionic potential of the buffer interfering with the formation of hydrogen and 
ionic bonds. However, even in the presence of PBS/T/S the interaction of a 
sample of wild type E. coli K-12, obtained from Sigma, with immobilised 
lysozyme was demonstrated (figure 4.2.2.9), suggesting that NSB might also 
result from electrostatic binding of other E. coli proteins to the sensor surface. 
The cells, which were supplied lyophilised, were reconstituted at 10 g dry 
cell weight to mimic the cell densities encountered during fermentation. Two 
aliquots were prepared in PBS/T buffer, one was resuspended by gentle mixing 
before microcentrifugation to yield a supernatant. The other was sonicated for a 
total of 50 seconds to disrupt the outer envelope, applying 10 s pulses 
interspersed with 10 s intervals to avoid overheating the sample. The sonicated 
cell suspension was then microcentrifuged to yield a second supernatant. Each 
supernatant was analysed using a HEL coated biosensor in the presence of 
PBS/T/S buffer. The derived interaction profiles, shown in figure 4.2.2.9, 
indicate that following sonication the level of interaction with lysozyme is 
greatly increased. This could represent the case during fermentation, were cells 
are damaged by the environment within the fermenter vessel. Therefore it might 
be expected that the levels of non specific binding due to ’T. coW' should 
increase throughout the course of fermentation, as the population of damaged 
cells and hence levels of peptidoglycan fragments, increases.
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Figure 4.2.2.4 Interaction profiles fo r  E. coli broth supernatants that contained 
D L3 Fv (solid line) and did not contain D1.3 Fv (broken line) with HEL, 
recorded in the presence o f  50 mM diethylamine at p H  10. These conditions are 
used to remove non specifically bound material during affinity chromatography 
to purify D I.3 Fv on HEL. The individual curves have been scaled to start at 
0, 0.
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Figure 4.2.2.S Interaction profiles fo r  purified D I.3  Fv with HEL and TEL 
recorded using PBS/T and PBS/T/S as the baseline buffers. Circles, response to 
HEL in PBS/T; squares, response to TEL in PBS/T; solid line, response to HEL 
in PBS/T/S; broken line, response to TEL in PBS/T/S. The individual curves 
have been scaled to start at 0,0.
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Figure 4.2.2.6 Interaction profiles fo r  E. coll broth supernatant containing D1.3 
Fv with HEL and TEL recorded using PBS/T and PBS/T/S as the baseline 
buffers. Circles, response to HEL in PBS/T; squares, response to TEL in PBS/T; 
solid line, response to HEL in PBS/T/S; broken line, response to TEL in PBS/T/S. 
The individual curves have been scaled to start at 0,0.
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Figure 4.2.2.7 Interaction profiles fo r  E. coll broth supernatant containing a- 
amylase with HEL and TEL recorded using PBS/T and PBS/T/S as the baseline 
buffers. Circles, response to HEL in PBS/T; squares, response to TEL in PBS/T; 
solid line, response to HEL in PBS/T/S; broken line, response to TEL in PBS/T/S. 
The individual curves have been scaled to start at 0,0.
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Figure 4.2.2.8 Interaction profiles between purified D1.3 Fv and HEL (solid 
line) and T4L (broken line) recorded using PBS/T/S as the baseline buffer. The 
individual curves have been scaled to start at 0,0.
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Figure 4.2.2.9 Interaction profiles fo r  wild type E. coli K-12 supernatant with 
HEL. The interactions represent the response obtained from a supernatant o f  
sonicated (solid line) and non-sonicated (broken line) cell suspensions 
(equivalent to a biomass o f  10 g  L'^ DCW). The increased response following  
sonication, which disrupts the cell wall, indicates the potential degree o f  
background interaction which may be encountered during fermentation resulting 
from broken or damaged cells. The individual responses have been scaled to 
begin at 0.0.
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4.3 The working assay.

The consequence of the above findings led to the development of the working 
assay. It had been demonstrated that purified D1.3 Fv was able to distinguish 
between HEL and TEL (figures 4.2.2.5, 7.4.1) when interaction profiles were 
recorded using PBS/T/S as the running buffer. Therefore PBS/T/S was chosen as 
the new running buffer in preference to the standard PBS/T. During 
immobilisation of ligand to the CMD coating of the biosensor surface not all 
carboxymethyl groups are consumed (P. Buckle, personal communication). 
Therefore the ligand coated surface will contain some free carboxyl residues. 
The negative charge of these groups at neutral pH, the conditions used during 
sample analysis, may encourage ion exchanging with any positively charged
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species present within the sample matrix during analysis. It was thus considered 
that the increased salt concentration of the PBS/T/S buffer should minimise such 
interactions with any free carboxyl residues on the CMD. During analysis, 
fermentation samples were to be assayed on biosensor surfaces coated with HEL 
and TEL. The response to the TEL coated surface was then to be subtracted 
from the response to the HEL coated surface in order to yield a response 
considered to represent the specific interaction between D1.3 Fv and HEL. Any 
response recorded towards TEL was considered to represent background or non
specific binding resulting from other components within the sample matrix.

In order to validate the proposed biosensor assay, samples of purified D1.3 Fv at 
known concentration were diluted in fermentation broth supernatant which also 
contained D1.3 Fv that had leaked from the periplasm during the course of the 
fermentation. These were applied to the hen and turkey lysozyme coated 
biosensor surfaces. In this case the concentration range was 3 to 15 pg mL"  ̂
with respect to the purified D1.3 Fv that was added to the broth solution. These 
concentrations were an order of magnitude lower when added to the biosensor 
surface due to the dilution of sample 1 in 10 into the cuvette. Analysis of 
biosensor curves recorded on both HEL and TEL using the fermentation broth 
based samples gave rise to the data presented in figure 4.3.1. The figure 
indicates the basal response for zero added Fv concentration, which represents 
the interaction of the various components (including the endogenous D1.3 Fv) of 
the diluted fermentation broth with lysozyme. When the diluted broth sample 
was applied to TEL in the presence of PBS/T/S buffer the biosensor response 
was about 70% of that measured towards HEL. One possible explanation for the 
interaction between broth and lysozyme, as already mentioned, could either 
result from the release of cellular proteins or peptidoglycan into solution / 
suspension, as debris from damaged E. coli outer membranes, demonstrated by 
figure 4.2.2.9. Figure 4.3.1 (squares) also indicates that the response of each 
fermentation broth based sample to TEL is constant. This demonstrated that 
there was no interaction due to the purified D1.3 Fv which had been added to the 
broth with TEL, which is consistent with the findings of previous experiments 
performed using the biosensor (Gill et al., 1996 a). In addition, these data also 
indicate that there is no apparent interference from components o f the broth on 
the interaction between D1.3 Fv and HEL, demonstrating the ability of the 
biosensor based assay to provide specific data regarding the product of interest 
during fermentation. It is therefore concluded that through the use of increased 
salt, where samples are assayed on both HEL and TEL, the biosensor may be 
used to provide specific data regarding D1.3 Fv.
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Calculation of the D1.3 Fv content of the fermentation broth used to prepare the 
above samples by ELISA indicated the concentration to be 3.9 mg (+/- 31%). 
Based upon figure 4.3.1 the concentration of D1.3 Fv, determined from the 
intercept of the two lines, within the undiluted broth was 7.2 mg L 'l (+/- 16%). 
Although the level of error for each of these measurements is considerable, when 
considered at the 95% confidence level the difference between the two values is 
not significant. Thus validating the biosensor as an alternative assay to ELISA, 
capable of providing specific data regarding the product o f interest. The larger 
error on the ELISA measurement is potentially due to the greater number of 
incubation steps and dilutions required in order to produce a result. The data 
presented in figure 4.3.1 were produced by determining the initial rate of 
interaction between sample and immobilised ligand (see 5.3, 5.5 below).

Figure 4.3.1 Initial rate plot fo r  the interaction between purified D1.3 Fv which 
has been spiked into fermentation broth with HEL (circles) and TEL (squares). 
The response to TEL indicates the background response resulting from the 
interaction o f  other components within the broth. There is no response to TEL 
due to the purified D1.3 Fv which is present in increasing concentration, 
demonstrated by the horizontal nature o f  the line (squares). The error bars 
represent a 95% confidence interval based on triplicate sample analyses.
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5. RAPID ANALYSIS OF BIO SENSO R DATA.

5.1 Introduction.

A rapid assay technique must be complemented by an equally rapid data analysis 
routine if the advantages for monitoring and control are to be gained. Therefore, 
not only does the assay have to respond in time with the changing process under 
investigation, but the analysis of the biosensor output must also occur 
coincidentally with data collection. The following chapter will discuss the 
mechanisms implemented to analyse biosensor data and the rate at which an 
analytical result may be achieved.

5.2 Conventional techniques for optical biosensor data analysis.

Analysis o f the output from the currently available optical biosensor systems is 
based upon determination of the kinetic and equilibrium constants that describe 
the interaction between surface immobilised ligand and soluble ligate 
(Borrebaeck et al., 1992; Chaiken et al., 1992; Malmqvist, 1993; O'Shannessy et 
al., 1993; Lasonder et al., 1994; Morton et al., 1995; Edwards et al., 1995). This 
has been achieved through application of the first order rate equation, described 
in 2.4.4, in either its linearised formats (equations [3], [4] and [7]) or non-linear 
formats (equations [12] and [14]). The purpose of such analyses has been to 
derive the association rate constant, kg, and the dissociation rate constant, k^, 
from which can be determined the affinity constant, K. However, such analyses 
may be considered cumbersome in situations where the biosensor is employed to 
quantify a given analyte in solution. After suitable calibration, specific data 
regarding the concentration of product, without the need to know the kinetics of 
interaction, may be required.

The application of non-linear regression for the analysis of biosensor data is 
discussed in Gill et al. (1996 a). Data recorded using the lA sys™  optical 
biosensor were analysed using the equations described in chapter 2 , in particular 
equation [12], which is used during application of an exponential curve to the 
biosensor data. The paper discusses the potential application of the analytical 
technique for real time data analysis and provides an indication of the minimum 
number of data points necessary to permit confident analysis. Section 5.4 will 
discuss the analysis of specific biosensor data using these techniques.
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5.3 Determination of concentration from initial rate of interaction.

In order to achieve the greatest sample throughput possible, the analysis of 
biosensor data was re-addressed. It was considered that not only should the 
biosensor system generate data in time with the changing process variable under 
investigation, but that it should also be possible to analyse the data as it is 
generated; therefore enabling control decisions to be made based upon the results 
obtained. Currently interaction profiles are recorded and stored to disk. They 
are subsequently analysed using software which requires operator input to define 
the appropriate regions for analysis. However, with suitable engineering it may 
be possible to achieve real-time analysis, under the control of the biosensor 
operating system; therefore permitting direct feed-back control of sample 
delivery and assay. The proposed analytical technique is far from the final 
concept, but it serves to demonstrate the potential application of the biosensor 
system for real-time monitoring and control.

The proposed analytical procedure is based upon linear regression (Holwill et al., 
1996). The routine, although applied off-line during this thesis, has the potential 
of permitting real-time analysis of biosensor data. Data is taken into the routine 
sequentially, currently from a stored text file, but conceivably directly from the 
biosensor during its collection. The analytical algorithm is coded in the 
Lahtalk™ scripting language of the data analysis package, Origin^^ 4.0 
(MicroCal Software Inc., Northampton, MA, USA). The linear regression 
routine has been demonstrated on a preliminary level to perform satisfactorily 
with stored biosensor profile data (Holwill et al., 1996). It employs the standard 
equations for linear regression (Chatfield, 1992) to determine the gradient of the 
initial rate of interaction between immobilised ligand and soluble ligate. The 
following equations are interpreted by the analytical routine; equation 1 provides 
an estimate of the gradient of the data; equation 2 an estimate of the intercept and 
equation 3 an indication of the error in the gradient estimate.

c = R-gt  [2]

^R,-c'ZR,-g'LR,i,
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where R and F are the average linear response and time respectively, R( is the
^  A.

instrument response at time S  and C are the estimates of the linear regression 
and n is the number of points used in the regression. Var{g)„ is the variance of 
the gradient estimate. These equations may be converted to a form which only 
require the latest measured data point to update the formulae and provide a new 

estimate of S  and C with minimal computation. They may be used in an on
line configuration where data collected by the biosensor is analysed and 

estimates of S  and c  are updated until a satisfactory result is obtained. A 
convenient way to define this result is by the error in the estimated gradient given 
by equation [3]. The routine can be configured to stop and display the initial rate 
when a pre-defined lower error threshold has been achieved.

The association phase of a typical biosensor profile tends to be non-linear with 
time, particularly at high sample concentrations. It is therefore necessary to use 
additional stopping criteria when applying the linear regression routine to analyse 
such data in order to obtain the initial rate of interaction. These minimise 
departure of the estimated rate measurement from the true initial rate as curvature 
of the biosensor data increases. Following calibration of the biosensor with 
known solutions, the initial rate may then be correlated with concentration to 
permit analysis of unknown solutions.

Because the biosensor places a burden upon the CPU of the computer operating 
the controlling software, it is important that any routine applied for real time data 
analysis must be capable of functioning alongside the controlling software, in a 
multi-tasking environment. Any lag incurred during analysis may lead to 
misrepresentation of the changing process variable, which if used for feed-back 
control could lead to incorrect actions being taken. The routine must therefore 
perform all calculations at the rate o f data acquisition with minimal processing 
requirements, in order that communication between biosensor and computer is 
not affected. Interruption of communication between biosensor and controlling 
computer can cause data loss and may ultimately lead to complete cessation of 
the biosensor-computer interaction, resulting in total loss of monitoring and 
control capabilities. Application of the routine to biosensor data will be 
discussed in section 5.4.
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5.4 Analysis of biosensor data by conventional techniques.

In order to illustrate the various analytical techniques, a series of biosensor data 
recorded for the interaction between purified D1.3 Fv and immobilised hen egg 
lysozyme were studied. These show the differences in the data obtained 
following analysis and indicate the requirements on the data for successful 
analysis.

A serial dilution of affinity purified D1.3 Fv standard was prepared in PBS/T 
buffer over the concentration range 0.045 to 11.6 pg mL"\ Samples were 
applied in triplicate to an HEL coated CMD biosensor, which had 1.5 ng mm'2 
protein immobilised to its surface. Table 5.4.1 indicates the concentration of 
each sample, along with the order in which it was applied to the HEL surface. 
However, due to the dilution of sample 1:10 into the cuvette, the working 
concentration was an order of magnitude lower (i.e. 0.0045 to 1.16 pg m L '\  
During determination of the kinetic parameters the D1.3 Fv concentration within 
the cuvette was used in order to ensure that the correct constants were obtained, 
because of the relationship between concentration and rate of association. The 
order in which each sample concentration was analysed was randomised in order 
to minimise any effects due to systematic error.

The application of samples to the biosensor followed the protocol given in 
section 3.3.1.1.3. At each addition of buffer, the cuvette contents were replaced 
three times in rapid succession, by aspiration and further addition of solution to 
ensure complete removal of the previous contents. The protocol was repeated 
according to the number of samples to be analysed. Biosensor profiles were 
recorded on disk for subsequent analysis.

The data files recorded for the interactions between D1.3 Fv and HEL were 
analysed using equations [3], [4], [7], [12] and [14] shown in section 2.4.4 and 
also using linear regression, based upon the equations depicted in section 5.3. 
Biosensor profiles for the interaction between D1.3 Fv with immobilised HEL 
are shown in figure 5.4.1. These represent the range of instrumental responses 
observed for the samples analysed, and indicate the various regions used for 
analysis. Region a to b represents the baseline, b to c represents the association 
phase (the interaction between D1.3 Fv and HEL) and region d to e, the 
dissociation phase (the release of D 1.3 Fv bound to immobilised HEL back into 
solution). Analysis of the various regions highlighted on figure 5.4.1 are 
described in the following sections.

Because the level of non-specific binding during the interaction between purified 
D1.3 Fv and HEL had been shown to be negligible when PBS/T/S was used as
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the baseline buffer (section 4.2.3; figure 4.2.2.5), it was considered unnecessary 
to use TEL as a control in these experiments.

Figure 5.4.1 Biosensor profiles fo r  the interaction between purified D1.3 Fv and 
immobilised HEL. The curves represent high, medium and low concentration 
samples, indicating the range o f  instrument responses obtained. The abrupt 
jumps in response at b  and d  are due to changes in bulk refractive index upon 
sample addition and buffer replacement respectively.
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Table 5.4.1 Concentration o f  stock D 1.3 Fv solutions used to demonstrate the 
application o f  the various analytical routines (described above) and provide an 
indication o f  the reproducibility o f  the biosensor assay.

D1.3 Fv stock concentration Order in which sample was applied to the 
HEL surface.

(pg mL'^) (nM)

0 0 5 15 24

0.0453 1.66 1 17 27

0.0906 3.33 4 12 22

0.1812 6.66 8 19 30

0.3625 13.3 10 18 26

0.725 26.6 3 13 29

1.45 53.3 9 16 23

2.9 106.5 6 11 28

5.8 213.1 7 14 25

11.6 426.2 2 20 22

5.4.1 Determ ination of affinity from equilibrium measurements.

Calculation of the affinity constant, may be achieved by plotting the 
equilibrium response as a function of concentration versus equilibrium response 
(equation [4], section 2.4.4). Biosensor profiles are recorded at several 
concentrations, such that they are within at least 70% of the apparent equilibrium 
value (region b to c, figure 5.4.1). The maximum extent is determined by 
application of an exponential curve to the data (equation [12], section 2.4.4). 
This value is then divided by the molar concentration and plotted against the 
maximum extent. Figure 5.4.1.1 shows the curve obtained when R^qy/C versus
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Reqb is produced for the D1.3 Fv interaction data, where is determined as 
the maximum response for the sample and C, the concentration of sample used 
(table 5.4.1). The equilibrium constants derived by this technique are shown in 
table 5.4.4.1. The increased y-errors at low R are due to greater uncertainty in 
the extrapolation of the maximum response using exponential curve fitting of 
what is essentially a straight line (see figure 5.4.1, lower profile), which also 
causes increased x-error at high R when plotted as depicted in figure 5.4.1.1.

Figure 5.4.1.1 Scatchard plot fo r the interaction between purified D1.3 Fv and 
HEL. The data are based on the samples detailed in table 5.4.1. The gradient o f  
the plot represents the affinity constant, Kj. The error bars represent a QSVo 
confidence interval based on triplicate measurements.
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5.4.2 Analysis of biosensor data by linearisation of the rate equations.

The data recorded using the biosensor describes the interaction between two 
molecular species, in this instance D1.3 Fv and HEL. Because the data are 
recorded in real time they contain kinetic information which may be extracted 
through application of the first order rate equation (section 2.4.4). It is possible 
to analyse both association and dissociation data using equations [3] and [7] 
respectively (section 2.4.4) in order to yield a value for kg, the association rate 
constant and kj, the dissociation rate constant. Analysis of the association phase 
(region b to c, figure 5.4.1) will be discussed first, followed by the dissociation 
phase (region d to e, figure 5.4.1).

During analysis of the association phase, the biosensor data, recorded as 
response, R, as a function of time, is derivatised to yield dRJdt^ the rate of 
change of response with time. Plotting dRJdt versus R yields a straight line, with 
negative gradient k^yg. The appropriate regions of the R versus t data for the 
interaction between D1.3 Fv and HEL shown in figure 5.4.1 are depicted as 
dRJdt versus R in figure 5.4.2.1. Data analysis was performed using the 
derivative function of the analysis package, OriginJ^. The gradient of the linear 
portion (typically between 0 and 100 to 150 arc seconds) of dRJdt versus R, k^yg, 
which describes the rate of binding of D 1.3 Fv to HEL, was determined by linear 
regression using the standard routine within Origin^^. The kinetic constants 
were subsequently determined by plotting k^yg versus C (figure 5.4.2.2), where C 
represents the molar concentration of D 1.3 Fv used. The figure highlights some 
of the difficulties encountered when using this analytical technique. It is often 
difficult to assess which region of the graph represents the initial rate of change 
of instrument response with time in order to determine k^yg.
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Figure 5.4.2.1 Plot showing the rate o f  change o f  instrument response as a 
function o f instrument response fo r the data shown in figure 5.4.1. The slope o f  
each curve was subsequently plotted against concentration to determine K^. The 
linear fits to the data represent: solid line, 0.0045 pg mU^ D1.3 Fv (circled and 
marked a); dashed line, 0.0725 pg mU^ D1.3 Fv (circled and marked b); and 
dotted line, 1.16 pg mL'^ Fv.
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Figure 5.4.Z.2 Kinetic plot fo r  the interaction between D1.3 Fv and HEL. 
Values fo r  were determined using derivative analysis. The gradient o f  the 
line represents and the intercept at zero concentration kj. The error bars 
represent 95% confidence interval based on triplicate analyses.
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Analysis of the dissociation phase is achieved by plotting the logarithm of the 
ratio of the response value on initiation of dissociating conditions, Rj, with the 
response, R, as a function of time {t-t-  ̂ thereafter (equation [7], section 2.4.4). 
This produces a line, the gradient of which is k^. Because individual dissociation 
events occur independently of concentration, theoretically each dissociation 
phase recorded using the biosensor should yield the same value for k^. However, 
the equation employed for this analysis assumes that on complete dissociation the 
initial baseline at the start of association would be returned to. This in reality 
does not occur, probably due to rebinding of ligate to ligand within the CMD 
matrix (discussed in O’Shannessy et al., 1993 and George et al., 1995). Figure
S.4.2.3 depicts the transformed biosensor data (R versus t, figure 5.4.1) 
describing dissociation. The gradient of each line was determined using linear 
regression between 10 and 70 seconds after commencement of dissociation 
conditions. The kinetic constants determined from analysis of both association 
and dissociation phase data are given in table 5.4.4.1.
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Figure 5.4.2.^ Dissociation p lo t fo r  the release o f  bound D L 3  Fv from surface 
immobilised FfEL The data were analysed using equation [7], section 2.4.4. The 
linear fits  to the data represent: solid line, 0.0045 p g  mU^ Fv; dashed line, 
0.0725 p g  mL'  ̂Fv; and dotted line, 1.16 p g  mL^ Fv.
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5.4.3 Analysis of biosensor data using exponential curve fitting.

As mentioned in 5.4.2, the R versus t data produced by the biosensor contains 
infonnation describing the kinetics of interaction between the two species, D1.3 
Fv and HEL. The data also contain, by their very nature, information describing 
the change in biosensor response. This may be used to construct a calibration 
curve similar to those obtained with ELISA, which depicts some measured value, 
typically derived from an end-point or equilibrium measurement, as a function of 
analyte concentration, up to a saturating limit. In the case of the biosensor data 
this would be represented as an absolute change in response (AR) and in the case 
of ELISA, as absorbance of coloured product released due to the action of bound 
enzyme-conjugate. Application of an exponential equation of the form [12] 
(section 2.4.4) to the R versus t data describing association (region b to c, figure
5.4.1) yields both kinetic data (k^yj as well as the maximum change in response 
(AR). Thus, from such analysis it is possible to generate two series of curves. 
One depicting change in instrument response versus analyte concentration (AR
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vs. C) and the other the rate of interaction between analyte and immobilised 
ligand vs. C), from which the affinity constant, K^, may be determined.

Figures 5.4.3.1 and S.4.3.2 depict a calibration curve for D1.3 Fv generated using 
AR versus Fv concentration and a kinetic plot indicating the association and 
dissociation rate constants, respectively. These analyses were performed using 
the package FASTfit which is supplied with the biosensor system. The package 
requires user definition of the following events in order to extract the relevant 
information from the R versus t data: 1) The points at which association and 
dissociation were initiated upon addition and removal of sample, respectively; 2) 
the period of baseline which is to be used; 3) the period of association phase data 
and 4) the period of dissociation phase data. The relevant sections of data are 
selected using coloured bands which may be moved independently along the R 
versus t data set. These allow definition of the start and finish point for each 
section. The gradient of the baseline is determined by linear regression, this is 
then used to base normalise the following interaction data. Association phase 
data may be analysed using a single or double exponential equation. 
Dissociation phase data may also be analysed using a single or double 
exponential curve, with the option to either force the fit back to the original 
baseline, or simply apply the equation to the data as it stands. The analysis 
produces values for AR, k^yg and k^ respectively.

The analysis of these data (table 5.4.1) were achieved using 30 s baseline 
immediately prior to sample addition, 180 s association phase data starting 5 s 
after sample addition and 60 s dissociation phase data starting 10 s after sample 
aspiration from the cuvette. The reason for the analysis not starting from time 
zero is discussed in Gill et al. (1996 a) and is necessary to compensate for sudden 
changes in biosensor response upon sample addition / removal. Figures 5.4.3.3 
and 5.4.3.4 show the biosensor curves depicted in figures 5.4.1 along with the 
exponential curve fits produced by the FASTfit software. The kinetic constants 
determined by the application of exponential curve fitting are displayed in table 
5.4.4.1. The data displayed within the curve fits is as follows: the solid line 
represents the fit; the data is shown as the variant line, indicating instrument 
noise; the left axis shows instrument response (Position); the right axis indicates 
the equilibrium response, marked by the dotted lines.
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Figure 5.4.3.1 Calibration plot fo r  the interaction between D1.3 Fv and HEL 
based on the extrapolated instrumental response after infinite contact time. The 
error bars represent 95% confidence interval based on triplicate analyses.
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Figure S.4.3.2 Kinetic plot fo r  D L3 Fv and HEL. The pseudo-first order rate 
constant, was determined using exponential curve fitting. The gradient o f  
the line represents and the intercept at zero concentration k^. The error bars 
represent 95% confidence interval based on triplicate analyses.
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Figures 5.43.3 a. b and c Exponential curve fits to the association phase data 
(region b to c) shown in figure 5.4.1: (a) shows the application o f  a single 
exponential function to the binding curve for 1.16 pg mL'^ D1.3 Fv solution ; (b) 
shows the application o f a single exponential function to the binding curve for 
the 0.0725 pg mL-^ D1.3 Fv solution and (c) shows the application o f a single 
exponential function to the 0.0045 pg mL'^ D1.3 Fv solution. The plots were 
generated by the analysis package, FASTfit. The right hand axis indicates the 
maximum response for each curve, predicted from the fit.
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Figures S.4.3.4 a. b and c Exponential curve fits  to the dissociation phase data 
(region d to e) shown in figure 5.4.1: the plots relate to the D1.3 Fv 
concentrations (a) 1.16 pg  mL'^; (b) 0.0725 pg  mL'^ and (c) 0.0045 pg mL- 
fespectively. Each curve was produced using a single exponential Junction. 
The plots were generated by the analysis package, FASTfit. The right hand axis 
indicates the extent o f  dissociation fo r  each curve, predicted Jrom the fit.
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5.4.4 The kinetic constants.

Analysis of biosensor data using the above techniques is in general a complex, 
off-line procedure. It is necessary to record what might be described as 
"complete" profiles, as shown in figure 5.4.1, at a variety of concentrations, in 
order to detennine the desired kinetic parameters. However, should the analysed 
data be required for real-time concentration determination, it would be difficult 
to achieve using any of these techniques. They may be considered as a means to 
extract analytical parameters from historical data-sets. Table 5.4.4.1 displays the 
various parameters detenuined using each of the methods outlined above (section 
5.4). Obser\/ation of these data indicate there to be some degree of variation

Rapid Analysis of Biosensor Data 88



Chapter 5

between the different analytical techniques. In particular, the value for k^, 
determined by linearisation of the rate equation, is much lower than the other 
values. This is predominantly due to the inappropriate use of this form of 
analysis, as discussed above, which assumes that each curve would decay to the 
original baseline. Hence the value for determined using the parameters 
produced by the linearised equations is also lower than the others. Otherwise 
there is generally good agreement, within error, of each of the kinetic and 
equilibrium constants.

Table 5.4.4.1 The kinetic constants fo r  the interaction between D L 3 Fv and 
HEL. Values marked "curve fitting" were produced by the exponential curve 
fitting routines (section 5.4.3) and values marked "linearisation" were 
determined using either derivative analysis or logarithmic analysis o f  the data 
(section 5.4.2). Parameters marked "fig. x.x" were derived from the Figures 
shown above. Errors represent a 95% confidence interval.

Parameter Value Error (n=3)

kg (curve fitting) 0.0014 nM'i s'l 0.0001

kg (linearisation) 0.0013 nM‘i s‘i 0.00003

kj (curve fitting) 0.0079 s-i 0.0044

kj (linearisation) 0.0019 s-! 0.00006

kd (Fig. 5.4.2.2) 0.00473 s-l 0.00048

kj (Fig. S.4.3.2) 0.0047 s-i 0.00 IS

Kd (curve fitting) S.6S nM 3.17

K]) (linearisation) 1.46 nM 0.0S7

Kd (Fig. 5.4.1.1) S.OS nM 0.6S

Kj) (Fig. 5.4.2.2) 3.64 nM 0.38

Kd (Fig. S.4.3.2) 3.36 nM 1.1
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5.5 A routine for real-time data analysis.

The requirement for specific data describing a particular species within a 
bioprocessing environment has been discussed above. In order that the output 
from the optical biosensor may be used to provide such information it was 
necessary to analyse the data by some other means, capable of being 
implemented in real-time during recording of the interaction profiles. Analysis 
of biosensor data using the curve fitting method was shown to require at least 70 
s of association response to permit confident prediction of AR (Gill et al.,
1996 a).

Observation of the initial portion of figure 5.4.1 indicates that the biosensor 
response is linear, before curvature occurs after the first few seconds of sample 
contact with the immobilised ligand. This prompted the development of a linear 
regression routine, described in section 5.3. Although the routine has been used 
off-line during the course of this research, it has the potential for real-time 
application. In its current format the routine requires a certain amount of 
operator input, although it is envisaged that when fully integrated within an 
automated system, where sample handling is computer controlled, this could be 
minimised. The data generated may then be applied to control both sample 
application to the biosensor, allowing variation in analysis time and hence greater 
sample throughput, as well as providing data which may be used to control the 
bioprocess under investigation.

Application of the biosensor assay for quantitative monitoring of key products 
within a bioprocessing environment does not require the dissociation phase 
(region d to e, figure 5.4.1) to be recorded, since it is the association phase 
response which varies with concentration. Consequently the protocol for sample 
analysis was changed to omit dissociation and initiate regeneration immediately 
following association. Thus only the association phase responses have been 
analysed by this method.

Biosensor profiles recorded for the samples described in table 5.4.1 were 
analysed using the linear regression routine coded using the L ab ta lk^  scripting 
language of the data analysis package. Origin™. Figure 5.5.1 indicates the 
significant events that occur during analysis of an association phase using the 
routine. The routine has been coded to detect the point of sample addition and 
then to produce an estimate of the initial gradient under the control of various 
"stopping" parameters. These act to ensure sufficient data is analysed in order to 
produce a value to within a given confidence limit, but also to ensure that the 
minimum number of data points necessary for confident analysis are used.
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Thereby providing an analytical result as rapidly as possible after sample 
addition.

The PBS/T/S buffer used within the cuvette has a higher bulk refractive index 
than the PBS/T buffer used for sample preparation. Under these experimental 
conditions there is an abrupt drop in the baseline upon sample addition (figure
5.4.1) due to the dilution and hence reduction in refractive index of the buffer 
within the cuvette. This fact has been exploited in the development of the off
line version of the analytical routine. Detection of the sudden drop is achieved 
by monitoring the gradient of the baseline. When a point is detected which 
deviates from the mean gradient by more than a user defined factor, which can be 
set to tolerate instrumental noise, then the routine prompts the operator for a 
response - does this sudden change in baseline represent initiation of an 
interaction event? A negative response causes the routine to continue monitoring 
the baseline until further deviations are detected, whereas a positive response 
initiates calculation of the initial rate of interaction between sample and capture 
ligand.

Once the point of sample addition has been successfully detected the routine 
requires no further operator input. Prior to the start of analysis several 
parameters are set by the operator. These govern how soon after detection of the 
event that analysis commences and then when it is to stop and report the initial 
rate of binding. These may be explained with the aid of figure 5.5.1.

The operator initially places a cursor on the baseline somewhere before the 
addition of sample. The routine then performs linear regression on the baseline 
under the control of a user defined parameter which dictates the tolerance in the 
variation of individual data points from the mean gradient of the baseline. A 
point which deviates significantly may be considered to represent sample 
addition (a). Data collection for analysis commences at point b, which is 
followed by a user defined delay (b to c) ensuring that sufficient data are 
available for linear regression. The routine may then halt and display the 
gradient estimate when a user defined minimum threshold has been satisfied (d). 
In cases were data are extremely curved an additional parameter 5, which does 
not permit the intercept of the fit to deviate by more than a pre-determined 
amount from the initial data point at b, stops the routine at e.
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Figure 5.5.1 Explanation o f  the analytical linear regression routine. The 
routine is initiated by the user at a, (the point at which sample was added to the 
cuvette). Data collection fo r  analysis then commences at b. This is followed by 
a user defined delay (b to c) which ensures sufficient data points are available to 
permit linear regression (in this case 2 data points). The routine then halts when 
the error in the estimate o f  the gradient falls below a pre-determined limit and 
displays the final value o f  the "initial rate" at point d. In cases o f  extreme 
curvature the stopping parameter Ô, which does not permit the intercept o f  the fit  
to deviate by more than a pre-determined amount from the initial data point b, 
stops the routine at point e.

The solid line represents the biosensor data, the dashed line represents the initial 
rate estimate based on the achievement o f  a minimum error limit. The dotted 
line indicates the reduced initial rate estimate which occurs i f  the minimum error 
limit criterion is not met and the stopping parameter 5  is used.
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In order to assess the performance of the analytical routine two simulated data 
sets were created, one with a linear profile representative of a low concentration 
sample and one with a non-linear profile described by a first order rate equation, 
representative of a high concentration sample, similar to the upper and lower
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traces in figure 5.4.1. The simulated profiles were created using the following 
equations:

Linear data : R = gt + c + v.

Non-linear data : R = Roo (l - exp(-kont)) + n.

where R is the biosensor response, Roo the equilibrium response, t, time, g the 
gradient, c the intercept, the association rate constant and v, random 
Gaussian noise. The linear data had a gradient, g, o f 2.5 arc seconds s'^ and the 
non-linear data had a maximum extent, Roo, of 400 arc seconds with an 
association rate constant, kon, of 0.05 M"i s-i, which corresponds to an initial rate 
of 21.43 arc seconds S’L Random Gaussian noise, v, with zero mean and 
standard deviation 1 arc second, was added to simulate instrumental noise. The 
magnitude of this noise had previously been determined through the application 
of non-linear regression to biosensor data (Gill et al., 1996a) and is apparent 
from figures 5.4.3.3c and 5.4.3.4c.

Although the simulated data does not include the sudden drop in response due to 
the refractive index change on sample addition, the analytical routine is initiated 
at the point at which interaction would commence in the real system. The result 
of applying the analytical routine to the simulated linear profile is shown in 
figure 5.5.2. The plot shows that after about 10 s from the start of simulated 
interaction, a gradient with an estimated error of less than 5 % is obtained. The 
closed circles demonstrate how the estimated error in the gradient reduces as 
time progresses. The open squares show the deviation of the estimate relative to 
the true gradient, indicating there to be close correlation between the error in the 
estimate and the absolute deviation from the true initial rate. The dotted line is 
the estimated gradient given by the routine, arrived at with an estimated error of 
4.7 %. Fig. 5.2.3 shows analysis of the simulated monophasic profile, in which 
the increasing curvature of the data ultimately leads to increased deviation of the 
initial rate estimate from the true initial rate (open squares). In this case the 
correlation between the error in the gradient estimate (closed circles) and the 
deviation from the true rate (open squares) is less well defined compared with the 
linear data (figure 5.2.2). It is therefore not possible to halt the algorithm based 
solely on the reducing error in the estimate of the gradient. As described 
previously an additional stopping rule in the algorithm is used, which prevents 
the intercept of the fitted line from departing from the initial data point at the 
start of analysis by more than 1 % (Ô in figure 5.5.1). This detects the onset of 
underestimation of the initial rate due to the curvature of the profile. The 
deviation of the intercept from the initial data point is shown by the open
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triangles in figure 5.2.3 and when it exceeds a threshold (1 % in this case) the 
estimated gradient at that time is given as the initial rate measurement. In the 
majority of examples shown in this thesis convergence to the threshold error in 
the initial rate estimate was usually rapid and the 5 stopping criterion was rarely 
used.

Analysis of the simulated biosensor data using the linear regression routine 
produced the following results:

The initial rate of the linear simulation of the low concentration profile was 
determined to be 2.498 arc seconds s-i. This compares with the actual rate of
2.5 arc seconds s'^ and represents agreement to 99.9 %.

The initial rate of the non-linear simulation of the high concentration profile 
was determined to be 18.44 arc seconds s'l. This compares with the actual 
rate of 21.43 arc seconds s'^ and represents agreement to 86 %.

During recording of the data in figures 5.5.2 and 5.5.3 the analytical routine was 
set to exit at a coefficient of variation of the initial rate estimate of <= 5 % with 
the 5 parameter set at 1 % (see figure 5.5.1). The corresponding events 
highlighted on the schematic in figure 5.5.1 are: for figure 5.5.2 analysis
commenced at 5 s and the analytical result was obtained at 10.6 s. The 
individual event markers, shown on the x-axis, are as follows: a - 5 s; b - 5.4 s; c 
- 5.8 s; d - 10.6 s and for figure 5.5.3 analysis commenced at 5 s and the 
analytical result was obtained at 6.2 s. The individual event markers are as 
follows: a - 5 s; b - 5.4 s; c - 5.8 s; d - 6.2 s.
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Figure 5.5.2. Simulated linear data, showing decrease in the error o f  the 
estimated gradient (shown as the coefficient o f  variation) and the accuracy o f  the 
measurement along with the estimated initial rate. The data were generated with 
a frequency o f 3 Hz. The linear extrapolation o f  the initial rate estimate is shown 
by the dotted line.
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Figure 5.5.3 Simulated monophasic cw'ved data, showing decrease in the error 
o f  the estimated gtxidient, the accuracy o f  the measurement, deviation o f  the 
intercept o f  the estimated gradient from the initial data point (S value) and the 
estimated initial rate. The data were generated with a frequency o f  3 Hz. The 
linear extrapolation o f  the initial rate estimate is shown by the dotted line.
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When the biosensor data recorded for the interaction between purified D1.3 Fv 
with lysozyine were analysed using the linear regression routine, the results 
obtained followed a similar trend to those observed with the simulated data. 
Figures 5.5.4 and 5.5.5 show two examples of the fit and error profiles for the 
analysis of a low concentration (similar to figure 5.5.2) and a high concentration 
(similar to figure 5.5.3) sample respectively. Figure 5.5.4 shows a rapid initial 
reduction in the error of the estimate of the gradient. Subsequently between 3 
and 5 s an increase occurs due to measurement of several points which depart 
from the estimated line at that time. After approximately 5 s the error begins to 
reduce again as more reproducible data are measured and ultimately 10 s after 
sample addition an error in the estimate of the gradient of less than 5 % is 
reached. The error in the estimate of the gradient of the data shown in Figure 
5.5.5, unlike that shown in figure 5.5.4, constantly reduces with increasing 
number of data points. A smooth profile is achieved and a reduction in the error 
of the estimated gradient to below 0.5 % is achieved 5 s after sample addition.
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However, the initial rate was actually determined using a 5 % threshold, which 
caused the routine to display the rate estimate after only 0.72 s (3 data points) 
from the point at which analysis commenced. In both figures 5.5.4 and 5.5.5 the 
percentage deviation from the initial point remains below 1 % throughout, hence 
the routine does not exit based on the S criterion.

□igure 5.5.4 Plot indicating error profile (circles) in determination o f  the initial 
rate fo r  (D1.3 Fv 0.2 jug mL'^). The minimum threshold fo r  the error in the 
initial rate estimate was set to 5 %. The dotted line is the initial rate estimate 
and the solid line the biosensor data. The linear extrapolation o f  the initial rate 
estimate is shown by the dotted line. The squares show the increase in the 
deviation from the initial data point at b, used by the S  parameter to stop the 
routine in cases o f  extreme curvature. The routine exited at a coefficient o f  
variation o f  4.7 %. The Sparameter was set at 1 %. The corresponding events 
highlighted on the schematic in figure 5.5.1 are: analysis commenced at 0 s and 
the analytical result was obtained at 10.7 s. The individual event markers, 
shown on the x-axis, are as follows: a - 0 s; b - 0.66 s; c - 1.44 s; d -  10.7 s
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Figure 5.5.5 Plot indicating error profile (circles) in determination o f  the initial 
rate fo r  DJ.3 Fv (16.6 jug mL'^). The minimum threshold fo r  the error in the 
initial rate estimate was set to 0.5 % to show the reduction in the error profile, 
however during analysis the rate was determined using a 5 % threshold. The 
linear extrapolation o f  the initial rate estimate is shown by the dotted line. The 
squares show the increase in the deviation from the initial data point at b, used 
by the ô  parameter to stop the routine in cases o f  extreme curvature. The routine 
exited at a coefficient o f  variation o f  3.3 %. The ô  parameter was set at 1 %. 
The corresponding events highlighted on the schematic in figure 5.5.1 are: 
analysis commenced at 0 s and the analytical result was obtained at 2.51 s. The 
individual event markers are as follows: a - 0 s; b - 0.72 s; c - 2.15 s; d -  2.51 s.
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The consequence of applying the linear regression routine to analyse the D1.3 Fv 
samples described in table 5.4.1, is shown in figure 5.5.6, which depicts a plot of 
initial rate of interaction as a function of D 1.3 Fv concentration. It is apparent 
from this plot that the line of best fit through the data shows slight curvature with 
increasing concentration. This curvature is an artefact of the linear regression 
routine in its current format, which needs the stopping criterion, Ô: which acts to 
prevent the underestimation of the initial rate in cases of high sample 
concentration where the biosensor data begin to curve almost immediately upon
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sample addition. Therefore, improvement in the algorithms used for analysis of 
the data may reduce the curvature of the calibration plot.

In general less than 5 s of association phase data were required for confident 
prediction of the initial rate of interaction, compared with 70 s required for curve 
fitting. Figure 5.5.7 depicts the time required for analysis as a function of D 1.3 
Fv concentration. The plot indicates increased analysis time at low D1.3 Fv 
concentration. This is due to the increased signal to noise ratio which impeded 
reduction in the error of the initial rate estimate used to halt the analytical routine 
(discussed above). Calibration curves based on initial rate o f interaction were 
produced for each lysozyme cuvette used during analysis of fermenter samples 
(see chapter 6). A complete description of the linear regression routine can be 
found in Holwill et al. (1996).

Figure 5.5.6 Calibration plot based on initial rate o f  interaction between D1.3 
Fv and immobilised HEL, determined using the analytical routine described 
above (5.5). The error bars represent 95% confidence interval based on 
triplicate analyses.
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Figure 5.5.7 The effect o f  D1.3 Fv concentration on the number o f  data points 
(time during which biosensor response was recorded) necessary fo r  confident 
estimation o f  the initial rate o f  binding using the linear regression routine. 
Longer analysis times indicate that a greater number o f  data points were 
required fo r  analysis. Error bars represent a 95% confidence interval based on 
triplicate measurements. The analytical routine was set to exit at a coefficient o f  
variation o f  the initial rate estimate o f  <= 5 % with the S  parameter set at 1 % 
(see figure 5.5.1).
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5.6 Summary.

Analysis of biosensor data can be achieved in a variety of ways. When 
employing such devices it is therefore necessary to choose the correct analytical 
method for the application to which the biosensor is being employed. 
Linearisation of the rate equations or exponential curve fitting may be used to 
detennine the kinetic and equilibrium constants in instances where the aim of the 
investigation is to study the affinity of antibody for antigen or receptor for ligand, 
for example. However, determination of the initial rate of interaction using 
linear regression would appear to be better suited in situations where analysis of 
biosensor data is required as rapidly as possible, where it is to be used for direct 
feed-back control of the process under investigation, for example identification 
of fractions collected during affinity chromatography.
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6. BIOPROCESS M ONITORING.

6.1 Introduction.

The monitoring of unit bioprocess operations is an area of biotechnology which 
has received considerable interest in recent years (Paliwal et ah, 1993; Scheper, 
1992). These may be separated into upstream (fermentation) and downstream 
(product recovery) components, each with different requirements for successful 
real-time data acquisition. During fermentation, the rate of data acquisition will 
often depend on the growth rate of the organism employed. For a typical E. coli 
culture the doubling time is in the order of one hour. Therefore the time frame 
within which measurements may be made before the culture changes 
significantly is quite large. This is not always the case when monitoring 
downstream processes, where the rate of change of the desired variable may 
occur within seconds, requiring a monitoring device capable of generating data at 
a considerably greater rate.

An assay system which is able to produce data at a rate of 10 points per hour 
should provide a good description of product formation during fermentation. 
However, the same resolution may be insufficient to describe the state of product 
during its purification. In this case the data obtained from probes employed to 
monitor temperature, pH or dissolved oxygen would be more desirable. All of 
which provide an essentially continuous description of the respective variable 
with time. The number of assay techniques capable of producing rapid data 
regarding key components of the fermentation broth have increased in recent 
years (Paliwal et al., 1993; Scheper, 1992; Dunphy & Synovec, 1993; Nikolajsen 
et al., 1988). However, they still require considerable refinement before they 
may be employed for routine bioprocess monitoring.

The use of optical biosensor technology for monitoring biomolecular interactions 
is another area which has received considerable interest of late and numerous 
examples are now present in the literature (Scheper et al., 1994; Nice et al., 1993; 
Fâgerstam et al., 1992; Buckle et al., 1993; Watts et al., 1994; Gill et al., 1995, 
1996 a & b; Holwill et al., 1996). Because of their inherent specificity and 
ability to provide real-time data regarding the product of interest, these devices 
offer a means to monitor specifically a single component within a complex 
mixture. The development of automated fluid handling systems, capable of 
delivering sample in situ to such sensing devices could therefore facilitate their 
application within a bioprocess monitoring environment.
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During the course of this research, the lAsys"^^ optical biosensor has been 
configured to monitor recombinant antibody Fv fragments produced by 
periplasmic secretion in Escherichia coli. The interaction between the antibody 
fragment, D1.3 Fv, anti-hen egg lysozyme and its specific antigen, hen egg 
lysozyme (HEL) has been studied. The biosensor has been shown to provide 
data specific for the product of interest (chapter 5; Holwill et ah, 1996; Harrison 
et al., in preparation; Gill et al., 1995, 1996 b) from fermentation based samples. 
The ability of the biosensor to produce data regarding the product o f interest has 
also been compared with an existing enzyme linked immunosorbent assay 
(ELISA) (section 6.2.2.4). ELISA was routinely used to screen samples 
collected during fermentation, following its completion, for the presence of D 1.3 
Fv. Antibody fragments were expressed periplasmically in E. coli following a 
method described by Berry et al. (1994).

6.2 Fermentation monitoring.

The expression of D1.3 Fv anti-hen egg lysozyme during fermentation of 
Escherichia coli strain BMH 71-18, which had been infected with a high copy 
number plasmid based on pUC19 (200 copies per cell), (provided by M. Berry, 
Unilever Research) was performed as a batch process. Several fermentations 
were carried out in a variety of reactor vessels as described in chapter 3. The 
monitoring of each fermentation involved measurement of the following 
parameters, which may be divided into three groups, including: 1) pH, 
temperature and dissolved oxygen concentration (DOT) of the broth within the 
vessel; 2) oxygen, carbon dioxide, nitrogen and argon in the fermenter head 
space gases; and 3) dry cell weight, broth optical density, viable cell count, 
soluble cellular protein concentration and bioactive D1.3 Fv concentration. 
Measurement of the parameters in group (1) were made using in situ steam 
sterilisable electrodes which produced a continuous description of each variable 
with time. Measurement of the parameters in group (2) were made using mass 
spectrometry. Analysis was achieved in 30 seconds, producing a percentage 
saturation value for each of the gases. However, because the mass spectrometer 
was arranged to serve several fermenter vessels sequentially, the interval between 
readings for any given vessel varied between 1 and 5 min, depending upon the 
number of vessels in use. An air reference measurement was taken every cycle 
to provide a comparison with the gas composition from each fermenter vessel. 
Measurement of the parameters in group (3) were all off-line assay procedures, 
although with the necessary instrumentation some may have been irhplemented 
at-line. The purpose of these fermentations was to produce samples for analysis
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using the biosensor in order to determine the reproducibility of measurement and 
to assess the real time performance of the biosensor based assay.

During the course of this research a total of eight batch fermentations were 
performed, using four different reactor vessels. The reason for using such a 
range of vessels was due simply to availability. Ideally the same vessel would 
have been used for all fermentations, had it been physically possible, to enable a 
statistical evaluation of the process. The vessels used were a 14 L Chemap 
GF0014 glass vessel (Alfa Laval Engineering Ltd., Middlesex, UK), 7 L and 42 
L LH Series 2000, with glass and stainless steel vessels respectively and 20 L LH 
Series 1075 stainless steel vessel (Inceltech UK Ltd., Berkshire, UK). Three 
fermentations were carried out using the 14 L Chemap GF0014 fermenter, three 
using the 7 L LH Series 2000 fermenter, one using the 42 L LH Series 2000 
fermenter and one using the 20 L LH Series 1075 fermenter. Some of these were 
carried out in collaboration with Joanna Harrison (Dept. Chem. & Biochem. 
Eng., UCL) and consequently some of the data presented here will also appear 
within her thesis.

The strategy employed for the monitoring of each fermentation using the off-line 
assay techniques was modified according to the data generated from previous 
runs in an attempt to increase the resolution of the measurements made. Not all 
fermentations were monitored continuously with respect to the removal of 
samples for analysis using the biosensor and other off-line techniques. The real
time data (physical parameters) were monitored constantly throughout. The 
following discussions will cover aspects of fermentation monitoring, 
concentrating on the use of the optical biosensor to monitor D1.3 Fv.

6.2.1 The physical param eters.

The parameters covered here exemplify what may be considered as a typical 
"real-time" profile describing the metabolic activity of the organism employed. 
However, they do not indicate the presence of product and may only be 
employed to infer that the organism is growing in a similar manner to historical 
operations which are known to have been successful. These parameters include 
changes in the oxygen uptake rate (OUR) and carbon dioxide evolution rate 
(CER) which are determined by mass spectrometry of the fermenter head-space 
gases. The respiratory quotient (RQ; RQ = CER/OUR) may thus be determined 
throughout the course of fermentation. Table 6.2.1.1 indicates the times at which 
distinct peaks were observed in the OUR and CER readings, along with the RQ 
values at those points, for five of the fermentations carried out during the course
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of this research. Due to problems encountered with the data logging system 
these data were not available for the other three fermentations. Analysis of these 
results indicates the reproducibility of the fermentation with respect to the 
metabolism of the organism. Although the absolute values for OUR and CER 
might appear quite varied, the reproducibility between the time that each peak 
occurred and the RQ at each point is good. Based on such data it may be 
inferred that the growth of the organism is behaving as expected. Figure 6.2.1.1 
depicts the mean values along with the standard deviation for each of the 
parameters shown in Table 6.2.1.1.

A typical trace obtained from the real time data acquisition system, showing the 
variation in air flow rate, stirrer speed and DOT is depicted by figure 6.2.1.2, and 
the variation in OUR and CER, along with RQ are depicted in figure 6.2.1.3. 
The figures indicate that between the point of inoculation and 6 hours into the 
fermentation the DOT falls from 100% to below 20%, where it is maintained by 
increasing the air-flow rate and stir speed. Thereafter it rises back to 100% over 
the following 19 hours. There is an initial increase in both the OUR and CER, 
peaking just after 6 hours have passed following inoculation of the vessel. There 
then follow a further two peaks, the final around 10 hours after inoculation of the 
vessel. These are thought to correspond with the consumption of the various 
carbon sources in the media (Joanna Harrison, personal communication). The 
reproducibility with which each of the peaks occur, indicated by figure 6 .2 .1.1, is 
less than 10% coefficient of variation; with the variation of the RQ at each point 
being less than 6%. Thus indicating the overall performance with respect to the 
organism's metabolism to be constant.
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Table 6.2.1.1 Reproducibility data fo r  the oxygen uptake rate and carbon 
dioxide evolution rate fo r  four different batch fermentations to produce D1.3 Fv. 
Three peaks in the OUR and CER profiles were observed in each case, these 
indicate potential utilisation o f  different carbon sources.

Run Vessel Time of OUR CER RQ
peak (h) (mMol L 'l h 'l) (mMol L 'l h'O

1 14 L 6.35 87 83 0.93
7.45 95 77 0.81
10.25 118 91 0.77

2 14 L 6.25 69 60 0.87
6.95 77 66 0.86
8.8 86 71 0.83

3 14L 6.7 61 59 0.96
7.45 65 56 0.87
10.7 81 65 0.80

4 14L 5.6 63 60 0.95
6.9 77 67 0.87
8.7 85 70 0.82

5 7 L 6.05 151 155 1.02
7.25 226 190 0.84
9.4 260 211 0.81

Bioprocess Monitoring 106



Chapter 6

Figure 6.2.1.1 Bar gt'aph representing the reproducihility^ o f  the OURJCER data 
shown in Table 6.2.1.1. The open bars represent the first peak, the solid  bars the 
second peak and the hatched bars the third peak. The error bars represent a 
95% confidence interval fo r  the 5 fermentations.
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Figure 6.2.1.2 Real-time data produced during a 14 L batch fermentation o f  E. 
coli expressing D1.3 Fv showing variation in air-flow rate and stirrer speed in 
order to maintain a DOT o f  > 20Vo. (Run 3, Table 6.2. L I).
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Figure 6.2.1.3 Off-gas analysis fo r  a 14 L batch fermentation o f  E. coli 
expressing D1.3 Fv indicating the metabolic activity o f  the organism. The 
distinct peaks in both OUR and CER are thought to correspond to consumption 
o f  distinct carbon sources within the media. (Run 3, Table 6.2.1.1).
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6.2.2 The biological param eters.

The aim of this research was to study the production of D 1.3 Fv using the optical 
biosensor. However, it was also necessary to monitor several other key 
parameters in order to provide a framework to which the D1.3 Fv data may be 
compared. Therefore the following discussion will cover the other key aspects of 
the fennentations carried out. Although not exhaustive, the following results 
provide an indication of the way in which the cell population varied with time 
during the course of a typical fermentation. The variables monitored included 
dry cell weight, optical density of the whole broth at 660 nm, soluble protein 
concentration of broth and homogenate supernatants, viable cell counts and 
analysis of D 1.3 Fv content.

Samples were aseptically withdrawn from the fermenter vessel at regular 
intervals. These varied according to the monitoring strategy employed, but were 
typically between 1 and 2 hours per sample during the early stages of the
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fermentation when the cells were growing exponentially and the rate of oxygen 
consumption was high. The sampling frequency was changed to between 3 and 4 
hours once the rate of cell growth had reduced and begun to approach stationary 
phase.

6.2.2.1 Biomass determination.

Biomass was determined by inference, based on the optical density (OD) of the 
whole broth at 660 nm and in absolute terms based upon dry cell weight 
measurements made using the pellet obtained from the centrifugation of 1 mL of 
whole broth. Based upon the data recorded during this research there appears to 
be a linear relationship between OD550 and biomass, (i.e. the OD550 value is 
similar to the dry cell weight). OD550 measurements were made using a 
Beckman DU64 spectrophotometer. Samples were diluted with distilled water to 
ensure that the spectrophotometer reading did not exceed 0.8 units. Cell pellets 
were collected in duplicate using dried pre-weighed 1.5 mL Eppendorf tubes. 
These were baked at lOO^C until completely dry. The mass of the empty dried 
tube was subtracted from that of the same dried tube containing cells. The 
derived mass was then multiplied by a factor of 1000 in order to obtain the dry 
cell mass in grams per litre. Figures 6.2.2.1.1 a and b depict the increase in 
biomass determined by each method based upon fermentation's performed within 
the 14 L Chemap GF0014 and 7 L LH 2000 vessels respectively (runs 3 and 5, 
Table 6.2.1.1). Globally these figures are similar, indicating the reproducibility 
of the fermentation. The kink in the OD trace at 2-4 hours may be caused by air 
bubbles in the cuvette interferring with the measurement, or it could result in a 
change in the organisms metabolism which is indicated by an observable change 
in the gas profiles at the same time (Figures 6.2.1.2 and 6.2.1.3).

In general the maximum biomass yield was 15 g L 'l, however, the latter 
fermentations gave yields in the order of 5 g L L Two possible explanations for 
this reduction in cell density were put forward. The first was that over the course 
of the research there had been some deterioration of the glycerol cell stocks, 
reducing their viability. The second was that the oxygen transfer properties of 
the larger fermenter vessels (20 and 42 L) were not as good as the smaller ones 
(7 and 14 L), imposing oxygen limitation on the culture at an earlier point in the 
fermentation, thereby leading to reduced cell populations. However, because the 
real time data were not available for either fermentation performed at large scale 
this cannot be confinned. However, the most plausible explanation for the 
reduction in biomass is likely to be the first, i.e. deterioration of cell stocks.
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Figure 6.2.2.1.1a Biomass profile fo r  a batch E  coli fermentation expressing 
DJ.3 Fv performed within a 14 L vessel (Run 3, Table 6.2.1.1).
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Figure 6.2.2.1.1b Biomass profile fo r  a batch E  coli fermentation expressing 
D L 3 Fv performed within a 7 L vessel (Run 5, Table 6.2.1.1).
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Ô.2.2.2 Protein assay.

The total soluble protein concentration of broth and homogenate supernatants 
were detemiined using the Bio-Rad Bradford assay. Although not all 
fermentations were monitored in this way, the purpose of the assay was to 
provide an indication of the relationship between total soluble protein and 
specific product, D1.3 Fv. Figure 6.2.2.2.1 indicates the increase in soluble 
cellular protein, based on data obtained from the fermentation performed in the 
20 L LH Series 1075. Measurements were made on both homogenate and broth 
supernatants, indicating total and extracellular soluble protein concentration 
respectively. The figure indicates a rapid increase in soluble protein 4 hours after 
inoculation of the vessel. This rises to a plateau, which occurs between 11 and 
12 hours post inoculation. The plateau coincides with the point at which biomass 
also reaches an upper limit (figures 6.2.2.1.1a and b). Therefore indicating that 
soluble protein is directly linked with biomass, as might be expected.
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Figure 6.2.2.2.1 Soluble cellular protein produced during batch fermentation o f  
E. coli expressing D1.3 Fv, performed at 15 L volume within the 20 L LH  Series 
1075, determined using homogenate supernatant (Total) and broth supernatant 
(Extracellular).
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6 2 2 3  Viable cell counts.

In order to determine the stability of the plasmid encoding D1.3 Fv within the 
population of cells within the reactor vessel, aseptically collected samples were 
plated on selective and non-selective media. These were incubated over night, 
before the number of colonies were counted. Plasmid stability was determined as 
the ratio of colonies on non-selective media to colonies on selective media. 
Figure 6.2.2.3.1 shows a photograph of selective and non-selective plates upon 
which have been cultured samples taken 6 hours after inoculation of the vessel. 
The high copy number of the plasmid, approximately 200 per cell, ensured 
stability greater than 95% in the majority of cases studied, therefore every cell 
was potentially capable of expressing the desired product, D1.3 Fv. The plates 
shown in figure 6 .2 .2 .3.1 indicated a viable cell count of 100%, with 12 colonies 
per plate for the upper pair, sampled from the 14 L fermenter (run 3, Table
6 .2.1.1) and 16 colonies per plate for the lower pair, sampled from the 7 L 
fermenter (run 5, Table 6.2.1.1).
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Figure 6.2.2.3.1 Photograph showing the culture ofE. coli cells withdrawn from  
the fermenter at 6 hours after inoculation on selective media (right hand plates) 
and non-selective media (left hand plates), indicating plasm id stability within the 
exponentially growing population o f  cells. Samples cultured on the upper pa ir o f  
plates were taken from the 14 L fermenter (run 3, Table 6.2.1.1) and sample 
cultured on the lower pa ir o f  plates were taken from the 7 L ferm enter (run 2, 
Table 6.2.1.1). The broth was diluted to 1x10'^ with sterile saline. A volume o f  
100 \iL diluted broth was applied to each plate.
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6.2.2.4 Quantification of D1.3 Fv.

The quantification of D1.3 Fv was achieved using an enzyme linked 
immunosorbent assay (ELISA) and using the optical biosensor. The ELISA was 
an established technique (Berry et ah, 1994) employed following completion of 
the fermentation. It was therefore not possible to determine whether a particular 
fermentation had expressed product until it was complete. However, the 
introduction of the biosensor assay, which permitted sample analysis during 
fermentation, allowed the success of the process to be assessed in "real-time". 
The data presented in this section will aim to validate the biosensor as an 
alternative methodology for the analysis of D1.3 Fv containing samples, 
compared with the existing ELISA.

Figure 6.2.2.4.1 depicts a standard curve produced using purified D1.3 Fv 
provided by Unilever, assayed by ELISA and using the biosensor. Analysis of 
the biosensor data was performed to yield an equilibrium response (described in 
section 5.4.3) and to yield a response based upon the initial rate of interaction 
between the Fv and the lysozyme coated surface (described in section 5.5). On a 
logarithmic scale, the gradient of each curve is similar with respect to D1.3 Fv 
concentration. Based on the gradient of the linear portion of each calibration 
curve it would appear that either assay should provide similar quantitative data 
regarding D1.3 Fv, given appropriate dilution to bring the response of the 
unknown sample within the linear range of the calibration.

To further validate the biosensor assay, it was compared with ELISA in its ability 
to assay D1.3 Fv produced during fermentation. Samples collected during a 
fermentation run carried out in the 14 L Chemap (Run 2, Table 6.2.1.1) were 
analysed using the ELISA and biosensor assay to compare the ability of the two 
techniques to provide an estimate of the extracellular and periplasmic bioactive 
D1.3 Fv concentration. Figure 6.2.2.4.2 shows the resulting fermentation profile 
with respect to extracellular bioactive D1.3 Fv and figure 6.2.2.4.3 the profile 
with respect to periplasmic bioactive D1.3 Fv. Samples withdrawn from the 
vessel were assayed as soon as possible after collection using the biosensor, 
permitting build up of the profile whilst the fermentation was still in operation. 
Then following completion of the fermentation all samples were assayed by 
ELISA. Although these profiles indicate that there is a disagreement between the 
two assays with respect to the D1.3 Fv titre, by a factor of 7 for extracellular Fv 
and by a factor of 3 for periplasmic Fv, the shapes of the profiles are almost 
identical. The point at which an increase in bioactive D1.3 Fv was first detected 
and the point at which a plateau was attained are identical in both cases.
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The errors shown on the profiles (figures 6.2.2A.2 and 6.2.2.4.3) represent a 95% 
confidence interval. In general, these errors are marginally larger for the ELISA, 
particularly towards the end of fermentation when the Fv titre was increasing.. 
This is possibly due to the increased number o f dilutions required in order to 
bring the data within the linear range of the calibration for these samples. It is 
interesting to note that following what appears to be a plateau for extracellular Fv 
determined by ELISA (figure 6.2.2.4.2) there are subsequently two points well 
above the plateau. The large error on the second of these might indicate these 
data to be outliers. In which case the data determined by ELISA would follow 
the trend observed with the data produced by the biosensor. After reaching a 
plateau at 12 hours post inoculation, there is a slight reduction in the D1.3 Fv 
titre.

The data presented for periplasmic Fv indicate a closer similarity between the 
two assays with respect to profile shape. There is an obvious maxima in 
periplasmic D1.3 Fv at 12 hours post inoculation, which then decays with 
increasing time. These data suggest that the greatest D1.3 Fv titre would have 
been achieved upon harvesting the cells at 12 hours post inoculation. Therefore, 
were a control decision to harvest have been taken using the biosensor data, the 
length of the fermentation could have been halved, whilst permitting the 
optimum yield of bioactive product.

The data presented in figures 6 .2.2.4.1 to 6.2.2.4.3 indicate the ability of the 
biosensor to provide data which is of comparable quality to ELISA, 
demonstrating it as an alternative method for monitoring D1.3 Fv during 
fermentation. Although there is some disagreement in absolute titre, the key 
events, including onset of product formation and attainment of maximum product 
titre, are similar. Therefore, were either of these profiles to be used for event 
detection they should lead to similar consequences. When the data presented in 
figures 6.2.2.4.2 and 6.2.2.4.3 were plotted against each other the data indicated 
a linear relationship (figure 6.2.2.4.4). The difference in bioactive D1.3 Fv titre 
is apparent from the two gradients, with the extracellular titre determined by the 
biosensor being lower. Consequently, the biosensor was applied to monitor 
several fermentations in order to gain an understanding of the reproducibility of 
the process with respect to the expression of product, whilst the fermentation was 
progressing. It was proposed that the data generated by the biosensor might be 
used to enable certain control decisions to be made regarding the fate of the 
fermentation whilst it was still in operation.
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Figure 6.2.2.4.1 Calibration curve produced using purified D1.3 Fv standard 
provided by Unilever, assayed by ELISA (circles) and biosensor (squares and 
triangles).
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Figure 6.2.2A.2 Fermentation profile depicting increase in extracellular 
bioactive D1.3 Fv during the course o f  a 14 L batch E. coli fermentation 
determined using ELISA (squares) and biosensor (circles). (Run 2, Table 
6.2.1.1). The error bars represent a 95% confidence interval.
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Figure 6.2.Z.4.3 Fermentation profile depicting increase in periplasmic 
bioactive DJ.3 Fv during the course o f  a 14 L hatch E. coli fermentation 
determined using ELISA (squares) and biosensor (circles). (Run 2, Table 
6.2.1.1). The error bars represent a 95% confidence interval.
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Figure 6.2.2.4.4 Plot showing the relationship between the data produced by the 
biosensor and by ELISA fo r  the quantification o f  D1.3 Fv within fermentation 
broth. The open circles (solid line) represent the periplasmic bioactive D1.3 Fv 
data and the closed squares (broken line) the extracellular bioactive DI.3 Fv 
data. The error bars represent a 95% confidence interval.
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6.2.3 Rapid sample analysis using the biosensor.

Analysis of biosensor output by the above method (section 6.2.2), as described in 
chapters 2 and 5, is an off-line procedure which requires that data is recorded for 
a sufficient interval that when analysed using an exponential equation (section
5.4.3) the data represents at least 70% of the extrapolated maximum (figure 
5.4.3.3c). Such requirements increase the effective assay time and thereby 
reduce sample throughput (Gill et al., 1996 a). Thus in order to maximise the 
number of data points which may be produced regarding product, the application 
and analysis of biosensor data has been altered. There is no longer a requirement 
for the data to approach equilibrium before analysis may be performed. Instead 
the initial rate of interaction between sample and immobilised ligand is 
determined through the application of linear regression (section 5.5) to the first 
few data points recorded by the biosensor (Holwill et al., 1996). Thé following
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discussion will cover reproducibility of the assay technique along with its 
application to fermentation monitoring.

6.2.3.1 Statistical reproducibility.

In order to assess the reproducibility of the biosensor assay and the analysis of 
the data, a series of interaction profiles were recorded using affinity purified 
D1.3 Fv derived from one of the fermentation's carried out during this research. 
A serial dilution was prepared covering the range 0.002 to 1.5 mg mL'l (0.07 to 
55 pM), giving solutions one order of magnitude lower in concentration when 
applied to the biosensor. A total of seven solutions were produced and each was 
applied five times to a hen egg lysozyme coated biosensor. Samples were 
applied in random order of concentration to minimise systematic error, following 
the protocol: Interaction phase, 1 min; regeneration phase, 1 min; establish new 
baseline, 2 min. The biosensor data were analysed using the linear regression 
routine outlined in section 5.5 and the equilibrium method outlined in section 
5.4.1. Figure 6 .2.3.1.1 shows the calibration curve obtained following analysis 
of the data. The error bars represent a 95% confidence interval based on the 
analysis of five interaction profiles recorded at each concentration. The 
individual data points obtained from the linear regression routine are also plotted 
as a bar graph depicting the initial rate measurement for each replicate 
application to the biosensor (figure 6.2.3.1.2). The mean coefficient of variation 
for the analysis of D 1.3 Fv using the initial rate method was 12.7%. This ranged 
from 21% at low concentration to 4% at high concentration and was considered 
to result from slight variation in the concentration of sample present in the 
cuvette following addition.

The rate at which samples were dispensed manually using a Gilson pipette in an 
attempt to maximise sample throughput tended to introduce small air bubbles 
within the pipette tip, reducing the effective sample volume. The effect of this 
would be greatest at low sample concentration, as indicated by the increased 
variation in the analysed data. Thus, it may also have been possible to improve 
accuracy of pipetting by increasing the time interval of the assay such that the 
requirement for rapid sample handling was reduced. Alternatively, an automated 
sample delivery system, capable of reproducible sample handling, might also 
have minimised this variation.

Figure 6 .2.3.1.1 indicates the increased dynamic range achieved through the 
application of the linear regression method of analysis compared with 
detennination of the equilibrium response. The figure highlights the potential
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benefits to be gained when applying the biosensor to monitor the complete range 
of samples which may be encountered during bioprocessing. Ranging from 
relatively low concentration during fermentation, to relatively high concentration 
during purification.

The increased linearity of the calibration curve produced using the initial rate 
measurement, when shown on a logarithmic scale, may be explained by the fact 
that every measurement is made within seconds of the sample coming into 
contact with the sensor surface. Because the surface is regenerated between each 
sample analysis, the number of available sites will be similar each time. 
Therefore the initial rate measurement describes the combination of D 1.3 Fv with 
"free" lysozyme molecules immobilised on the sensor surface. However, the 
equilibrium type of analysis produces a measurement of the total number of D 1.3 
Fv molecules that have combined with the surface immobilised lysozyme. Since 
there are only a limited number of sites available there will be a saturation point, 
beyond which no further D1.3 Fv may bind. Thus the dynamic range of a 
calibration based on equilibrium analysis depends on the number of surface sites 
available for interaction, which will limit the upper concentration threshold that 
will produce a linear response.
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Figure 6.2.3.1.1 Calibration curve determined by calculating the initial rate o f  
interaction between DL3 Fv and immobilised HEL using the linear regression 
routine discussed in section 5.5.1. (solid line) and by estimating the equilibrium 
extent o f  each response through the application o f  exponential curve fitting 
(broken line) as discussed in section 5.4.1. Error bars represent a 95% 
confidence interval based on 5 measurements.
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Figure 6.2.3.1.2 Reproducibility^ p lo t fo r  the analysis o f  the interaction profde  
data describing the binding o f  purified D1.3 Fv to immobilised HEL by linear 
regf'ession. Bars represent from left to right D1.3 Fv at 0.2, 0.62, 1.85, 5.5, 
16.6, 50 and 150 p g  mL'^ respectively. Samples were analysed in random order 
o f  concentration to avoid sy’stematic error.
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6.23.2 Monitoring of D1.3 Fv during fermentation.

In order to demonstrate the potential of the assay developed using the biosensor 
for rapid monitoring of the desired product, D 13 Fv, it was employed to follow 
the production of antibody fragments during fermentation of E. coli. The 
purpose of this was to determine the earliest point at which it could be 
confidently predicted that product expression had begun. As well as providing 
an indication that production had ceased and therefore predicting the optimum 
point to harvest. The assay had been demonstrated to provide data consistent 
with the existing ELISA (figures 6.2.2.4.1, 6.2.2.4.2 and 6.2.2.4.3), previously 
employed to assay D1.3 Fv following completion of the process. The assay had 
also been shown to provide reproducible data for the interaction between purified 
D1.3 Fv diluted in buffer, as well as purified D1.3 Fv diluted in fermentation 
broth (figures 6.2.3.1.1 and 4.3.1) (Holwill et ah, 1996; Gill et ah, 1996 b)
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Although a number a fermentations have been performed during the course of 
this research, not all were monitored using the optical biosensor. The following 
data were derived from four fermentations performed at 3.5 (Run 5, Table
6.2.2.1), 7 (Run 3, Table 6.2.2.1), 15 and 30 litre working volumes respectively 
within the four vessels described. With the exception of the fermentation 
performed at 30 litres, where the inoculum was 5% working volume, the inocula 
were 1% working volume. D1.3 Fv activity within broth supernatant derived 
from each fermentation was monitored throughout using the biosensor. The 
intracellular D1.3 Fv activity was also monitored. The method which had been 
routinely employed by Joanna Harrison to release intracellular D1.3 Fv was 
osmotic lysis. However, the nature of the lysis procedure was such that it was 
difficult to achieve complete and reproducible release of D 1.3 Fv. Therefore 
high pressure homogenisation was applied to the latter fermentations in order to 
provide a more reproducible disruption of the cells and maximise release of 
periplasmic product. A direct comparison between osmotic lysis and 
homogenisation was not performed due to time constraints. The data produced 
indicated the total bioactive product, determined from the homogenate 
supernatant and the extracellular bioactive product, determined from the broth 
supernatant. Samples were analysed using the biosensor on both hen and turkey 
egg lysozyme coated cuvettes. Analysis on HEL was performed as soon as 
possible after sample collection to minimise any loss of D 1.3 Fv activity due to 
protease action, particularly with cell homogenates. Samples were stored at 4^C 
prior to analysis on TEL in order to determine the background response.

Biosensor data recorded for the interaction of each sample collected during 
fermentation were analysed using the linear regression routine outlined above 
(section 5.5). Data obtained on TEL were subtracted from data obtained on HEL 
to compensate for any background interaction due to other components within 
the samples and hence indicate the specific interaction between D1.3 Fv and 
HEL. Each sensor chip was calibrated using purified D1.3 Fv, prepared as a 
serial dilution in buffer. The gradient of the calibration curve was then used to 
determine the D1.3 Fv content of the samples collected during fermentation. The 
D1.3 Fv data from each fermentation are presented as an upper and lower limit, 
along with the mean value, determined from the standard deviation and mean of 
the calibration. The following figures, 6.2.3.2.1 to 6.2.3.2.4, depict the profiles 
obtained for the expression of D 1.3 Fv during fermentation ofE.  coli.

Although there is some variation between the data, it would appear that in each 
case, with the exception of the run where a 5% working volume inoculum was 
used, the point at which an increase in periplasmic D1.3 Fv activity was first 
detected is roughly the same. Expression appears to commence between 5 and 7
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hours after inoculation and reaches a plateau at around 12 hours post inoculation. 
These time points coincide with the profiles obtained for both soluble protein 
(figure 6 .2.2 .2 .1) and biomass (figures 6.2 .2 .1.1 a & b), suggesting that antibody 
fragment expression may be directly linked to cell growth.

Because the 5% inoculum had been cultured for 5 hours longer than the 1% 
inoculum at the shake flask stage, the metabolic activity and biomass of the 
culture was quite different. This is evident from the D1.3 Fv profile (figure
6.2.3.2.3) which shows an instant increase in D1.3 Fv activity in the case of the 
5% inoculum, unlike the other processes where periplasmic D1.3 Fv activity was 
not detected until at least 5 hours after inoculation of the fermenter.

The data obtained from each of the fermentations indicate the ability of the 
biosensor based assay to produce analytical results within the time scale of the 
changing process. It has been possible to detect the onset of product formation 
within hours of inoculating the fermenter, therefore confirming that the process is 
functioning correctly. The data have also indicated the point at which maximum 
periplasmic product has been achieved. It is therefore considered that with 
sufficient refinement and engineering the biosensor based assay may be routinely 
employed to monitor the production of D 1.3 Fv during batch fermentation o î E. 
coli, permitting appropriate control actions to be taken.

The profiles generated for bioactive D1.3 Fv for each of the fermentations 
(figures 6 .2.3.2.1 to 6.2.3.2.4) show negative values at certain points. This stems 
from the fact that the response was often greater towards TEL than HEL, 
particularly for the broth based samples. Thus, when subtracting the response to 
TEL from that to HEL in order to account for NSB, negative values were 
obtained. During the fabrication of the biosensor surfaces every care was taken 
to ensure that equivalent amounts of HEL and TEL were immobilised on 
individual pairs of cuvettes. The immobilisation protocol was controlled as 
strictly as possible, however, there was still some variation in the levels of 
lysozyme immobilised between cuvettes. The main uncertainty regarding the 
fabrication of lysozyme biosensors was not knowing how the molecules were 
oriented when covalently coupled to the CMD. There may therefore have been 
some difference in the presentation of the epitope for D1.3 Fv, leading to slight 
differences in the amount of D 1.3 Fv which may bind to the surface. This may 
also effect NSB, depending upon the nature of the interaction between lysozyme 
and the unwanted species. Thus, the differences in sensor response on HEL and 
TEL for individual samples may be explained by slight variation in the 
composition of each sensor surface used. If, for example, NSB occurs due to 
enzyme-substrate interaction and the catalytic activity of the TEL surface is
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greater than the HEL surface, then it might be expected that any interaction as a 
result would be greatest on the surface with highest enzyme activity. Since it has 
not been possible to analyse the composition of the sensor surfaces, this 
possibility cannot be ruled out. The profiles also indicate a decline in the signal 
measured for periplasmic D1.3 Fv. Since there is no corresponding increase in 
the activity of D 1.3 Fv measured in the extracellular fraction it poses the question 
where has the Fv gone? It might be that it has been degraded within the vessel. 
However, this does not seem likely since the extracellular response remains 
roughly constant throughout. Another explanation for the changing response 
might be due to differences in the level of NSB during the course of 
fermentation.

The main observation for each of the profiles produced is the significant increase 
in the level of periplasmic product compared with that leaked to the extracellular 
medium during the course of fermentation. The data produced indicate both the 
onset of product formation as well as the point at which a plateau is reached. 
These data provide process confidence, indicating that the fermentation is 
proceeding as desired whilst still in operation. They also indicate the possible 
point at which harvesting would yield the greatest periplasmic concentration of 
bioactive product. Although not exhaustive, based upon the data generated 
during this research, it is considered that the accuracy of the biosensor assay with 
respect to the study of purified D1.3 Fv is sufficient that it may be routinely 
employed for the monitoring of D 1.3 Fv during fermentation. Further research 
with the biosensor assay might aim to build a greater data base, describing the 
production of D1.3 Fv, as well as addressing different means of delivering 
sample for analysis to the sensor surface in a more reproducible manner. Other 
considerations for future investigation might also be in the characterisation of 
individual sensor surfaces.
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Figure 6.2.3.2.1 Fermentation profile showing increase in bioactive D1.3 Fv 
with time, produced during batch fermentation o f  E. coli within a 14 L vessel 
(Run 4, Table 6.2.1.1). Samples used were broth supernatant (squares) 
containing leaked product, and periplasmic fraction supernatant (circles). 
Analyses were made on both HEL and TEL coated biosensors, the response to 
TEL was subtracted from that to HEL. The lines represent the mean D1.3 Fv 
concentration, with the symbols indicating the upper and lower limit fo r  each 
sample, indicating a 95% confidence interval.
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Figure 6.23.2.2 Fermentation profile showing increase in bioactive DJ.3 Fv 
with time, produced during batch fermentation o f  E. coli within a 7 L vessel (Run 
5, Table 6.2.1.1). Samples used were broth supernatant (squares) containing 
leaked product, and periplasmic fraction supernatant (circles). Analyses were 
made on both HEL and TEL coated biosensors, the response to TEL was 
subtracted from that to HEL. The lines represent the mean D1.3 Fv 
concentration, with the symbols indicating the upper and lower limit fo r  each 
sample, indicating a 95% confidence interval.
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Figure 6.23.2.3 Fermentation profile showing increase in bioactive DJ.3 Fv 
with time, produced during batch fermentation o f  E. coli within a 42 L  vessel. 
Samples used were broth supernatant (squares) containing leaked product, and 
homogenate supernatant (circles). Analyses were made on both HEL and TEL 
coated biosensors, the response to TEL was subtracted from that to HEL. The 
lines represent the mean D1.3 Fv concentration, with the symbols indicating the 
upper and lower limit fo r  each sample, indicating a 95% confidence interval.
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Figure 6.23.2.4 Fermentation profile showing increase in bioactive D1.3 Fv 
with time, produced during batch fermentation o f  E. coli within a 20 L vessel 
Samples used were broth supernatant (squares) containing leaked product, and 
homogenate supernatant (circles). Analyses were made on both HEL and TEL 
coated biosensors, the response to TEL was subtracted from that to HEL. The 
lines represent the mean D1.3 Fv concentration, with the symbols indicating the 
upper and lower limit fo r  each sample, indicating a 95% confidence interval.
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6.3 Affinity purification of D 1.3 Fv from fermenter broths.

Following completion of a batch fermentation of E. coli to express D1.3 Fv, 
performed within the 14 L vessel (Run 2, Table 6.2.1.1), the broth was harvested 
and the cellular debris removed by centrifugation in a IP tubular bowl centrifuge 
(Pennwalt Ltd., Surrey, UK). The length of the fermentation in question had 
been such that there was an appreciable increase in D1.3 Fv activity within the 
broth, resulting from cell lysis. Therefore, following clarification, the broth 
supernatant provided a suitable medium from which the antibody fragments 
could be affinity purified.

Immuno-affinity chromatography, as described by Ward et al. (1989), was 
performed using a Pharmacia NHS activated Hi-Trap column. Hen egg 
lysozyme was immobilised on the column following the instructions provided. A 
coupling efficiency of 96.8% was achieved, representing an immobilisation of 48 
mg of HEL on the column, which had a packed bed volume of 5 mL. Prior to 
sample loading the column was washed with elution buffer (50 mM 
diethylamine, pH 12.5) to ensure complete removal of any non-covalently bound 
lysozyme. The column was then equilibrated with running buffer until a stable 
baseline in the UV trace was obtained. The whole of the chromatographic 
procedure was monitored at intervals using the optical biosensor. Before the 
broth supernatant was applied to the column, a sample was first applied to the 
biosensor (HEL surface) to obtain a background signal representative of the 
maximum D1.3 Fv activity.

6.3.1 Sample loading.

Following pretreatment of the column, 1.2 litres of broth supernatant were passed 
through at a flow rate of 4 mL min-^. Fractions collected during loading (8 mL) 
were assayed for D1.3 Fv using the biosensor. The profiles at each sampling 
were compared with the response of the broth before loading to assess whether 
the column had become saturated. The eluent from the column was also passed 
through a spectrophotometer at 280 nm to detect total protein. Figure 6 .3.1.1 
depicts the biosensor response to the broth prior to loading along with the 
response of several samples collected during loading up until the complete 
sample had been passed through the column.

The capacity of the column used was sufficient to accommodate all the D1.3 Fv 
present within the 1.2 litres of broth used, highlighted by the constant response 
when samples of column eluent were applied to the biosensor (figure 6.3.1.1).
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Therefore in this situation the data generated by the biosensor were not needed to 
make any control decisions. However, had there been any increase in biosensor 
response with increasing broth volume loaded onto the colunm, the data would 
have permitted necessary action to be taken; namely to stop sample loading and 
begin washing, followed by elution. Such an event would have been detected as 
an increase in sensor response, approaching that of the initial sample load.

Figure 6.3.1.1 Biosensor profiles fo r  the interaction between E. coli broth 
supernatant fractions containing DJ.3 Fv, before and during loading onto 
affinity column, with immobilised HEL. Broth load (dots); fraction 10, 80 mL 
broth passed through column (dashed line); fraction 55, 440 mL broth passed 
through column (dot-dashed line) and fraction 150, 1.2 L broth passed through 
column (solid line).
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6.3.2 Elution of D1.3 Fv from the HEL-affinity column.

Once the broth supernatant had been successfully loaded onto the column the 
wash protocol was initiated. Initially the column was washed through with PBS 
until a constant baseline in the UV trace was obtained. Pre-elution buffer, 50
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mM diethylamine at pH 10, was then passed through the column in order to 
remove any material adsorbed non-specifically. This elicited a small peak in the 
UV trace, indicating the removal of some protein. On achieving a constant 
baseline in the presence of pH 10 diethylamine, PBS buffer was again flowed 
through the column to provide a baseline for D1.3 Fv elution, which was initiated 
by flowing 50 mM diethylamine adjusted to pH 12.5 through the column. This 
elicited a larger peak in the UV trace when compared to the previous wash (pH 
10).

During elution 2 mL fractions were collected into tubes containing 200 pL of a 2 
M Tris solution buffered at pH 7 in order to neutralise the diethylamine. This 
was necessary to renature the D1.3 Fv following elution, it being denatured by 
the pH 12.5 diethylamine during its removal from the column. Each fraction was 
assayed for D1.3 Fv activity using the biosensor and the total soluble protein 
concentration was determined using the Bradford assay. The data obtained are 
depicted in figure 6.3.2.1, which shows the relative D1.3 Fv activity based on the 
maximum activity of the peak sample along with the total soluble protein content 
eluted at each pH. The figure indicates that although there was some protein 
eluted at pH 10, it showed negligible activity towards D1.3 Fv. However, the 
fractions eluted at pH 12.5 showed considerable activity towards HEL. The data 
generated by the biosensor provide an indication of the fractions containing the 
desired product and could therefore be used to aid selection of peak fractions for 
further processing to yield purified product.
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Figure 6.3.2.1 Elution profile fo r  purification o f  D1.3 Fv using HEL-affinity 
column. Peak 1 occurred during washing o f  the column at pH  10 and peak  2 
during washing at pH  12.5. The protein concentration o f  each fraction is shown 
by the dotted line and the bioactive D1.3 Fv, expressed as a percentage o f  the 
peak, by the solid line. Error bars represent a 95% confidence interval fo r  
duplicate measurements.

>
LL

n
D) IL

Ç
'B
2

CL

50

40

30

20

10

0

100 6 82 4

Colum n v o lu m es

6.3.3 Polyacrylamide gel electrophoresis.

To detennine the extent of purification obtained for the D1.3 Fv following 
affinity chromatography the peak fractions eluted at pH 12.5 were visualised 
using sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE). 
SDS-PAGE was performed using 6-20% pre-cast gradient gels obtained from 
Gradipore (Pynnont, 2009 Australia) following the instructions supplied with the 
Micrograd electrophoresis unit. Figure 6.3.3.1 shows a photograph of the stained 
gels, the upper gel containing fractions 14 to 21, along with low molecular 
weight standards and the lower one containing fractions 22 to 25 again with low 
molecular weight standards. The remaining lanes were loaded with buffer. The 
initial fractions on the rising side of the peak (fractions 14 to 16) show some 
contamination, however, from the peak to the falling side (fractions 17 to 25) the 
fractions show two discrete bands, and V^. From these gels it appeared that
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the Fv had been purified to greater than 90%, with the two bands running at 
approximately 14,000 Da. The predicted molecular mass of D 1.3 Fv, based on 
the amino acid sequence (Boulot et al., 1990), is 27,218 Da. This is in agreement 
with the results of the SDS-PAGE.

The peak fractions, containing the highest Fv activity, were pooled and dialysed 
into PBS/T containing 0.02% w/v sodium azide as preservative. This was then 
filtered through 0.2 pm polysulfone membrane (Whatman Ltd., Maidstone, UK) 
before being aliquoted into vials, which were stored at 4^C. The concentration of 
the purified stock solution, determined by amino acid analysis, was 1.5 mg mU L 
Analysis of the broth before it was loaded onto the column by the biosensor 
indicated that it contained a total of 3.9 mg bioactive D1.3 Fv. Following 
chromatography 2.99 mg bioactive D1.3 Fv were recovered. The efficiency of 
the process was therefore 76.7% with respect to the recovery of product. Loss of 
product activity during elution is expected to occur due to the denaturing 
conditions necessary to elute the Fv from the column. The percentage recovery 
is in close agreement with the value of 80%, the expected efficiency with which 
bioactive Fv may be recovered (M. Berry, personal communication).

The affinity purified D1.3 Fv was used for the production of calibration curves 
using the biosensor and during assay development with broth supernatant as 
discussed above. The pooled stock of D 1.3 Fv was run out on SDS-PAGE to 
confirm the purity of the solution. Figure 6 .3.3.2 shows a photograph of the 
stained gel, which depicts the standard loaded 3 times separated by empty lanes 
along with duplicate lanes of low molecular weight standards. The gel indicates 
the purity of the derived material, shown as two discrete bands at around 14,000 
Da, representing and respectively
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Figure 6.33.1 Photograph o f  6-20yo gradient SDS-polyacrylamide gels 
visualising the fractions eluted during affinity chromatography to purify DJ.3 Fv 
from fermentation broth. The upper gel contains low molecular weight standards 
(lanes 1 and 12). Lanes 2 and 3 contain buffer only. Lanes 4 to 11 contain 
fractions 14 to 21 eluted at pH  12.5 from the HEL affinity column respectively. 
The lower gel also contains low molecular weight standards (lanes 1 and 12). 
lanes 2 to 5 contain fractions 22 to 25 eluted at pH  12.5 from the HEL affinity 
column respectively. Lanes 6 to 11 contain buffer only.

OOO
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Figure 63.3.2 Photograph o f 6-20% gradient SDS-polyacrylamide gel 
visualising the pooled, dialysed D1.3 Fv fractions obtained following affinity 
chromatography ofE. coli fermentation broth. Lanes 1,2, 9 and 10 contain low 
molecular weight standards. Lanes 3, 5 and 7 contain the pooled D1.3 Fv stock 
solution and lanes 4, 6 and 8 contain buffer only.
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6.4 Summary.

The application of the optical biosensor to monitor the production and 
purification of D1.3 Fv has demonstrated the potential o f the instrument to 
provide data which may have permitted limited feed-back control. The biosensor 
provides data consistent with the existing ELISA used for the quantification of 
D1.3 Fv and is therefore considered to be a viable alternative for monitoring of 
this protein. The analysis of samples collected during fermentation have 
indicated a direct link between product expression and cell growth. However, 
due to limitations beyond experimental control, it has not been possible to 
perform as many fermentations as would perhaps have been desired in order to 
produce a statistically significant conclusion. The data produced during these 
experiments may form the basis for future investigation aimed at producing a 
larger historical database. The biosensor based assay is considered to be an 
acceptable tool for monitoring the production and purification of D 1.3 Fv.
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7. APPLICATION OF THE BIO SENSO R TO OTHER  
PROTEIN SYSTEM S.

7.1 Introduction.

During the course of this research the biosensor was employed to follow the 
interaction between a variety of other complementary protein systems. These 
have included purified material obtained from commercial suppliers as well as 
other fermentation based samples. Although the order in which these systems 
were studied does not follow chronologically throughout the thesis, they were 
important in developing an understanding of the type of response produced by 
the biosensor. They have also indicated the broad diversity of interactions that 
may be studied using such biosensor technology. The following protein couples 
were studied:

1. Yeast alcohol dehydrogenase / anti-yeast alcohol dehydrogenase 
polyclonal serum.

2. Human serum albumin / anti-human serum albumin monoclonal 
antibody.

3. Lysozyme / recombinant single chain antibody fragments, D1.3 ScFv.

4. Recombinant human interferon-y / anti-interferon-y monoclonal 
antibody.

5. Recombinant virus like particles / anti-virus like particle monoclonal 
antibody.

6 . D1.3 Fv / anti-motif monoclonal antibody.

In addition to the experiments performed using the lAsys™ biosensor, upon 
which this thesis is based, the BIAcore™ biosensor system produced by 
Pharmacia was also used to study the interaction between D1.3 and D1.3 Fv with 
HEL. The data obtained using this system are described in comparison with 
those obtained using lAsys™.
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7.2 Yeast alcohol dehydrogenase.

At the onset, the aim of this research was to demonstrate the potential application 
of the optical biosensor for monitoring alcohol dehydrogenase produced by 
Baker's yeast (YADH). These experiments were performed using the prototype 
biosensor instrument. The only commercially available antibody to yeast alcohol 
dehydrogenase was a rabbit polyclonal serum. Polyclonal sera typically contain 
in the order of 8 to 16 mg mL’  ̂ immunoglobulin G (IgG) (McConnell et al., 
1984). Within which the specific IgG raised against the desired antigen may 
vary between 0.1 to 5 mg mL'^ dependent upon the immune state of the host, but 
in general is in the order of 5%.

Initially purified YADH was immobilised onto a CMD biosensor chip using the 
standard EDC/NHS chemistry. The interaction of the polyclonal serum with the 
immobilised YADH was then studied. The measured response was negligible 
and provided no quantifiable result. Immobilisation of the polyclonal serum onto 
a CMD biosensor cuvette was also performed. This was expected to produce a 
surface with numerous specificity's due to the diverse nature of the serum, with 
very few sites displaying activity towards YADH. Subsequent application of 
purified YADH to the polyclonal serum coated surface confirmed the 
expectations. It was therefore concluded that were the serum to be of any benefit 
it should be subjected to affinity chromatography in order to concentrate the IgG 
specific for YADH.

Before subjecting the serum to affinity chromatography it was assayed by 
ELISA. To demonstrate the specificity of the serum for YADH, lactate 
dehydrogenase (LDH), also from Baker's yeast, and bovine serum albumin 
(BSA) were used as controls. The ELISA plate was coated with each of the test 
antigens, YADH, LDH and BSA. The polyclonal serum was then applied as a 
serial dilution, followed by alkaline phosphatase conjugated anti-rabbit IgG. 
Upon development of the plate with /j-nitrophenyl phosphate it was evident that 
the polyclonal serum had reacted with both YADH and LDH. It was concluded 
that the serum, even when affinity purified, would not be suitable for application 
on the biosensor because of the lack of specificity for YADH. The biosensor 
assay would only be of benefit if it could be shown that data specific for the 
product of interest could be generated. Figure 7.2.1 shows the various 
absorbance measurements made at 405 nm, indicating the increase in nitrophenol 
concentration during ELISA. The data indicate there to be extensive cross 
reaction between the serum and LDH, whereas there is little or no response to 
BSA. The consequence of these findings resulted in the selection of an
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alternative system for study, D1.3 Fv anti hen egg lysozyme antibody fragments, 
upon which to base this thesis.

Figure 7.2.1 ELISA profile fo r  the interaction between anti-YADH polyclonal 
serum and immobilised YADH (triangles), LDH (circles) and BSA (squares). 
Error bars represent a 95% confidence interval based on duplicate 
measurements.
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7.3 Human serum albumin.

An investigation of the interaction between immobilised human serum albumin 
(HSA) and purified monoclonal antibody, 4N91/91, which is specific for HSA 
was performed to provide an indication of the reproducibility of the biosensor 
assay. The prototype instrument was used during these investigations. HSA was 
immobilised to the surfaces of five CMD sensor chips. These were then used to 
monitor the interaction of several concentrations of antibody solution. The 
immobilisation of HSA was performed using a 25 pg mL'^ solution, following 
the standard EDC/NHS protocol. The mean immobilisation response was 106 ±
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11.1 pixels (1 pixel equals 18 arc seconds), which is equivalent to 11.7 ± 1.2 ng 
mm-2 protein on the sensor surface. This represents an intra-surface 
reproducibility of 10.2% coefficient of variation.

Interaction profiles with antibody were recorded such that the association 
response had approached equilibrium, which typically took 15 minutes. The data 
were then analysed as described in section 2.4.4 in order to determine the affinity 
of the antibody for HSA. The AR was measured physically from computer 
printouts using a perpendicular line between the baseline and the maximal 
response. This method may have underestimated AR in some instances where 
data had not progressed sufficiently towards an equilibrium value. Based on the 
five surfaces used the affinity was determined to be (1.6 ± 0.76) x 10^ M'^s'^. 
Figure 7.3.1 depicts the mean instrumental response recorded for the interaction 
between immobilised HSA and the various anti-HSA solutions. Each value 
represents the mean response recorded for the interaction of each antibody 
solution with five different HSA coated biosensor chips and therefore provides 
an indication of the reproducibility possible when experiments are performed 
using several biosensor surfaces to monitor the same solutions. The coefficient 
of variation for the immobilisation of HSA was 10.2% (n=5) whereas the 
variation for the interaction between anti-HSA and immobilised HSA on the five 
chips ranged from 14.2% at the higher concentration to 33.5% at the lower 
concentration, which may result from slight variation in the concentration of each 
solution in contact with the sensor surface. This is coupled with the fact that the 
instrument was not thermally controllable, which may have given rise to 
variation in the response of different analyses.
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Figure 7.3.1 Concentration dependent response fo r  the binding o f  soluble anti- 
HSA to surface immobilised HSA. Error bars represent a 95% confidence 
interval based on triplicate measurements.
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The data recorded for the interaction between anti-HSA and immobilised HSA 
were also used during the development of the exponential curve fitting routine 
which is now routinely employed for the analysis of biosensor data. The 
equations are described in section 2.4.4. In order to gain further insights into the 
reproducibility of the biosensor assay, an investigation was performed in which a 
single concentration of anti-HSA was repeatedly applied to the same HSA coated 
biosensor chip. The surface was regenerated between interactions with 10 mM 
HCl. Nine interaction profiles were recorded using an anti-HSA solution at 10 
pg mL'T The curves were then analysed using a single exponential function and 
the association constant, kg, was plotted as a function of the cycle number at 
which it was applied to the HSA coated surface. Figure 7.3.2 depicts the values 
determined for as a function of the assay cycle number. Analysis of the data 
indicates a coefficient of variation of 6.1% for the repeated interaction of 
antibody with immobilised HSA.
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Figure 7.3.2 Reproducibility plot fo r  the interaction between anti-HSA and 
immobilised HSA. Data were analysed using exponential curve fitting, using a 
single function (described in section 2.4.4). Error bars represent a 95% 
confidence interval.
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The robustness o f the curve fitting routine was further investigated using anti- 
HSA which had been prepared in sucrose solutions of increasing concentration, 
perfonned using the commercial biosensor. The effect of sucrose is to give a 
bulk refractive index change with increasing concentration. Therefore, it was 
expected that the profiles recorded for the interaction of anti-HSA with 
immobilised HSA would occur on different refractive index "jumps". Interaction 
profiles were recorded in the presence of 0, 0.5, 1.5, 5 and 15% sucrose, which 
gave bulk refractive index changes of 0, 104.3, 265.9, 857 and 2286 arc seconds 
respectively. Figure 7.3.3 shows the mean on-rate, k^yg, determined for the anti- 
HSA solutions used, recorded in the presence of the various sucrose solutions. 
From these data it was concluded that the analytical routine, FASTfit, the 
developed analytical package supplied with the instrument, was able to determine 
the kinetic constants for the interaction between anti-HSA and HSA irrespective 
of the refractive index jump. This is of particular importance were samples for 
analysis are present in complex solutions, for example fermentation broths.
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Figure 7.3.3 Analysis o f  the interaction between anti-HSA prepared in sucrose 
solution o f  increasing concentration (as described in the text) and immobilised 
HSA. Error bars represent a 95% confidence interval based on triplicate 
measurements.
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7.4 Recombinant anti-lysozyme antibody fragments, D1.3 ScFv.

The biosensor was also used in a brief investigation of a second antibody 
fragment species, D1.3 ScFv, also raised against hen egg lysozyme. The 
conditions necessary to achieve controlled production of D 1.3 Fv and D1.3 ScFv 
by E. coli had been studied by Joanna Harrison. In particular the controlled 
growth of E. coli by fed-batch fermentation to obtain increased yields of D 1.3 
ScFv.

D1.3 ScFv differs from D1.3 Fv with respect to the conformation of the 
molecule. The two variable domains, and V^, associate "naturally" to form 
D1.3 Fv, whereas within D1.3 ScFv they are artificially joined by a short 
polypeptide sequence. The function of the linker is to stabilise the fragments, 
preventing dissociation of the two chains. The initial investigation of this system 
was performed at the fermentation level due to the lack of purified material. It 
highlighted several key issues concerning the successful operation of the assay
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for fermentation monitoring, in particular those of non-specific binding, 
addressed in chapter 4. The eventual availability of affinity purified D1.3 ScFv, 
prepared by Joanna Harrison, revealed a number of other facts regarding the 
specificity of the fragments for hen egg lysozyme. The following discussion 
briefly describes the discoveries made from the study of affinity purified D 1.3 
ScFv using the optical biosensor.

Biosensor surfaces were prepared using hen egg lysozyme, turkey egg lysozyme 
and recombinant bacteriophage T4 lysozyme, kindly provided by James Pierce 
(Dept. Chem. and Biochem. Eng., UCL). These were then used to monitor the 
interaction of D 1.3 Fv and D1.3 ScFv, prepared at similar concentrations, using 
the high salt buffer which had been shown to minimise non-specific binding 
(chapter 4). Examples of the recorded interaction profiles for each o f the 
lysozyme surfaces are depicted in figures 7.4.1 and 7.4.2 for D1.3 Fv and D1.3 
ScFv respectively. The figures indicate that both species of fragment have no 
affinity for bacteriophage T4 lysozyme. However, figure 7.4.2 indicates there to 
be some degree of cross reactivity between D1.3 ScFv and turkey lysozyme. An 
explanation of this cross reactivity has been given by M. Berry (Unilever 
Research, personal communication). It is thought that the presence of the linker 
peptide may alter the conformation of the antigen binding site, thus reducing its 
specificity. This is consistent with findings based on purified D1.3 chain 
which also binds to TEL (Berry & Davies, 1992). Therefore future development 
of the biosensor assay, discussed in chapter 4, may benefit from the use of T4 
lysozyme in place of turkey lysozyme to discriminate background interaction 
from other components within fermentation based samples, thus permitting 
extension of the assay to the monitoring of D 1.3 ScFv production. Figure 7.4.3 
shows the response obtained when a fermentation sample taken at the end of a 
batch process to produce D1.3 Fv was applied to each of the lysozyme coated 
biosensor cuvettes. Although the response is relatively small, it is possible to 
detect the difference between hen lysozyme (dotted line), corresponding to the 
D1.3 Fv produced during fermentation and the other two lysozyme species (solid 
and broken lines), indicating the level of background interaction.
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Figure 7.4.1 Interaction profiles fo r  purified D1.3 Fv (10 pg  mL~^) with surface 
immobilised HEL (dotted line), TEL (solid line) and T4L (dashed line), recorded 
using PBS/T/S as the baseline buffer. The abrupt change in baseline upon 
sample addition is due to a difference in the refractive index o f  the two solutions. 
The curves have been rescaled to start at 0, 0.
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Figure 7.4.2 Interaction profiles fo r  DI.3 ScFv (10 pg  mL'^) with surface 
immobilised HEL (dotted line), TEL (solid line) and T4L (dashed line), recorded 
using PBS/T/S as the baseline buffer. The abrupt change in baseline upon 
sample addition is due to a difference in the refractive index o f  the two solutions. 
The curves have been rescaled to start at 0, 0.
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Figure 7.4.3 Interaction profiles fo r  E. coli broth supernatant collected from a 
fermentation expressing D1.3 Fv with surface immobilised HEL (dotted line), 
TEL (solid line) and T4L (dashed line), recorded using PBS/T/S as the baseline 
buffer. The abrupt change in baseline upon sample addition is due to a 
difference in the refractive index o f  the two solutions. The curves have been 
rescaled to start at 0, 0.
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7.5 Recombinant human interferon-y.

As part of an on going collaboration between University College and the 
University of Kent, the potential application of the optical biosensor to monitor 
the production of recombinant interferon-y during animal cell culture was 
studied. This work was performed with the help of Dr David James (Department 
of Biology, University of Kent), who supplied the monoclonal antibody and 
purified interferon-y (IFN-y). Antibody immobilisation was performed following 
the standard EDC/NHS protocol, using a carboxymethyl dextran coated 
biosensor cuvette. However, upon application of purified soluble IFN-y, the 
responses that were recorded did not appear to follow the typical exponential 
form that had been observed with the other protein systems studied during this 
thesis using the biosensor. Interpretation of the data was therefore not possible 
using the currently available routines, i.e. the data did not appear to follow the 
pseudo-first order rate equation as described in section 2.4.4. It was concluded 
that successful application of the biosensor to monitor this system would require 
considerable input and it was not taken any further at the time. Figure 7.5.1 
depicts a typical exponential binding curve, recorded during the interaction 
between D1.3 Fv and HEL overlaid with the atypical binding curve recorded for 
the interaction between IFN-y and the anti-IFN-y monoclonal antibody.

Successful application of the biosensor to monitor IFN-y will require 
development of alternative analytical approaches. It may also be interesting to 
determine whether there is any interference upon the passage of interferon to 
immobilised antibody due to interaction between the CMD and the glycosidic 
groups on the IFN. The relatively large size and charge state of the glyco groups 
could lead to mass transport limitation during delivery of IFN-y to the 
immobilised antibody. Future investigations might employ aminosilane coated 
biosensor cuvettes upon which the antibody may be immobilised. Because these 
lack the CMD matrix there should be no interference with the glyco groups, as 
was possibly the case during the experiments performed here.
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Figure 7.5.1 Interaction profiles fo r  DJ.3 Fv and immobilised HEL (dashed 
line) and IFN-y with immobilised anti-IFN-y (solid line). The plot indicates the 
atypical response fo r  the interaction o f  IFN-y which could not be described by 
the pseudo-first order rate equation (section 2.4.4).
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7.6 Recombinant virus like particles (VLPs).

Virus like particles (VLPs) are non infectious protein aggregates produced by the 
yeast, Saccaromyces cerevisiae. VLPs consist of about 300 monomer subunits, 
each with a molecular mass of 55 kDa, arranged spherically into particles which 
are polydisperse in size, having a mean diameter of about 70 nm.

Using genetic engineering technology it is possible to incorporate foreign genes 
into the DNA that encodes the protein subunits which aggregate to form VLPs. 
This results in a fusion protein that retains the ability to form particles, whilst 
displaying the engineered protein within each monomer, visible to the external 
environment. Such transformed VLPs therefore express multiple copies of the 
foreign product at their surface, increasing the immunogenicity of the engineered 
protein compared to its native state. Such transformed particles may therefore be 
used as vaccines, acting as transport agents for the foreign protein. Hybrid 
particles displaying part of the human immunodeficiency virus (HIV) on their
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surface are currently being evaluated by British Biotechnology as a vaccine 
against AIDS. VLPs have also been used in other areas of biotechnology. For 
example, because of their particulate nature, they may be used as affinity ligands 
during protein purification. Combination of soluble protein with surface markers 
on the VLP may permit concentration of the desired material by centrifugation 
due to the particulate nature of the complex.

During this investigation the biosensor has been used to study the interaction 
between native VLPs (i.e. those which express no foreign protein) and a 
monoclonal antibody specific for an epitope present on each subunit. Each 
particle is therefore potentially capable of interacting with 300 antibodies 
(assuming 300 monomers per particle), however due to steric hindrance this is 
unlikely to be the case. The purpose of the study was to discover whether the 
biosensor could be used to monitor the selective precipitation of VLP, using 
polyethylene glycol (PEG), from yeast homogenate following fermentation. This 
work was carried out in collaboration with Sophia Tsoka (Dept. Chem. & 
Biochem. Eng., UCL) as part of her Ph.D. research.

The monoclonal antibody, BB2, which is specific for a surface marker on the 
VLP (provided by British Biotechnology) was immobilised onto the biosensor 
surface and used to capture VLP. Both carboxymethyl dextran (CMD) and 
aminosilane (AS) surfaces were used. BB2 was either directly immobilised onto 
the surface of the sensor, or it was bound to it using an immobilised rabbit anti
mouse IgG antibody (RAM Fc). Purified VLPs, serially diluted in buffer, were 
applied to the various surfaces in order to determine whether there was any 
concentration-dependent binding. Yeast homogenate produced following 
fermentation was also analysed for the presence of VLP, before and after 
treatment with PEG.

7.6.1 Analysis of purified VLP.

The interaction between purified VLP and monoclonal antibody, BB2, was 
studied in four formats, described below, where the findings of one set of 
experiments influenced the design of the next set:

1. BB2 directly immobilised on CMD.

2. BB2 directly immobilised on AS.

3. BB2 captured on RAM Fc immobilised on CMD.

4. BB2 captured on RAM Fc immobilised on AS.
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7.6.1.1 The interaction of VLP with CMD immobilised BB2.

Preliminary interaction studies were performed using BB2 which had been 
covalently immobilised onto the CMD coating of a biosensor surface. Purified 
VLP, diluted in buffer, was prepared at several concentrations. These solutions 
were then applied to the BB2 surface and the interaction profiles recorded. 
When analysed the data appeared to show a concentration dependent response 
(figure 7.6.1.1.1). However, it also appeared that the passage of VLP to the 
immobilised BB2 was being impeded by the CMD. This was highlighted by the 
production of a curve showing rate of change of instrument response as a 
function of instrument response (dR/dt vs. R; figure 7.6.1.1.2, upper pane), 
which showed an initial flat region characteristic of mass-transport limitation 
(Karlsson et al., 1991).

Consequently the use of aminosilane was considered in order to overcome the 
mass-transport limitation, since interaction was directly with the planar surface, 
there being no CMD matrix to potentially impede the passage of the relatively 
large particles to the immobilised antibody.

Figure 7.6.1.1.1 Concentration dependence on the interaction between purified 
VLP and CMD immobilised BB2.
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Figure 7.6.1.1.2 Derivative analysis plot for the interaction between purified 
VLP (30 pg ml'^J with CMD immobilised BB2 (upper pane) and AS immobilised 
BB2 (lower pane). The initial fla t portion o f the upper trace indicates mass 
transport limitation o f VLP to the surface immobilised BB2.
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7.6.1.2 The interaction of VLP with AS immobilised BB2.

Immobilised BB2 was used similarly to that above (7.6.1.1) to study the 
interaction of purified VLP. The data also lead to the production of a calibration 
response (figure 7.6 .1.2.1, squares) which was linear with respect to VLP 
concentration. The data also indicated there to be some reduction in the extent of 
the mass transport limitation, indicating that there may have been some 
interference from the CMD on the passage of VLP to the immobilised antibody. 
Figure 7.6.1.1.2 (lower pane) shows a plot of the rate of change of biosensor 
response against biosensor response for the interaction between VLP and BB2 
recorded on AS. The initial flat portion of the curve indicates the extent of mass 
transport, where the rate of change is constant as a function of instrument 
response. A negative gradient indicates the pseudo-first order rate constant, k^yg, 
discussed in section 2.4.4. From this figure it is evident that mass transport is 
considerably reduced when interactions occur with amino silane immobilised 
antibody.

Another limitation of each of the above analyses, where BB2 was directly 
immobilised on the biosensor surface, involved the loss of BB2 binding activity 
with time. It appeared that upon storage and with repeated regeneration the 
binding activity of the antibody was lost leading to reduced signals upon the 
application of VLP to the surface. Figure 7.6.1.2.1 indicates the difference in 
instrument response when the sensor was first used to monitor VLP immediately 
following BB2 immobilisation (squares) and then after 2 days storage at 4^0 
(circles), when the sensor had undergone some 25 regeneration cycles. Although 
the apparent concentration dependence on the response still exists, the 
appreciable loss of signal over the interval studied would make the use of such 
devices impractical for routine monitoring purposes. It would appear that the 
antibody is not sufficiently robust to withstand the conditions necessary for 
regeneration. Therefore the use of another antibody, rabbit anti-mouse IgG, Fc 
fragment, (RAM Fc) was considered in order to increase the working life of the 
sensor.

The use of RAM Fc to capture mouse IgG has been documented (Davies et al., 
1994) and is shown to withstand the conditions necessary for regeneration as 
well as storage. Although RAM Fc increases the lifetime of the sensor surface, it 
requires addition of the specific IgG (i.e. BB2) prior to the analysis of each 
sample and therefore consumes more of the specific antibody, which may also be 
impractical should the assay be required for routine sample analysis.
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Figure 7.6.1.2.1 Concentration dependence upon the interaction between 
purified VLP and AS immobilised BB2. Samples were in random order o f  
concentration. The solid line indicates the response on the newly prepared 
sensor and the broken line the response following 2 days storage at 4^C, after 
several regeneration cycles had been performed.

4-

2
CD

(D
2

C

40 500 10 20 30

VLP ( |ig  mL-1)

7.6.1.3 The interaction of VLP with BB2 captured on CMD immobilised 
RAM Fc.

Following the discovery that BB2 appeared to lose bioactivity towards VLP upon 
repeated regeneration and storage, RAM Fc was employed in order to extend the 
working life of any given sensor device. RAM Fc was immobilised onto the 
sensor surface using the standard EDC/NHS protocol. It was then used to 
capture BB2 prior to the analysis of VLP, the assay in this format consumed 
considerably more BB2, which had to be added prior to each sample analysis.

Using this assay format it was again possible to produce a concentration 
dependent response profile (figure 7.6.1.3.1) for the interaction between purified 
VLP and surface captured BB2. The specificity of the biosensor response during 
analysis of VLP on BB2 was demonstrated upon application of VLP directly to 
the RAM Fc coated surface (figure 7.6.1.3.2). Although this approach permitted

Application of the biosensor to other protein systems 158



_____________________________________________________________ Chapter 7

a greater number of samples to be analysed and provided specific data apparently 
unaffected by non-specific interaction with the RAM Fc, the data were still 
affected by mass-transport limitation. In order to complete the study RAM Fc 
was also immobilised on amino silane and the interaction of VLP with captured 
BB2 studied.

Figure 7.6.13.1 Concentration dependence upon the interaction between 
purified VLP and BB2 captured on CMD immobilised RAM  Fc. The error bars 
represent a 95% confidence interval based on duplicate sample analyses.
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Figure 7.6.1.3.2 Plot demonstrating the specificity o f  the VLP:BB2 interaction. 
The trace shows the response recorded during the interaction between purified 
VLP and RAM Fc (broken line) and RAM  Fc captured BB2 (solid line).

Buffer wash
200

lo 150
?
8
w 100

• Sample addition

CD

200 300 400 5000 100

Time (s)

7.6.1.4 The interaction of VLP with BB2 captured on AS immobilised RAM 
Fc.

The final investigation in this preliminary series involved the use o f amino silane 
upon which had been immobilised RAM Fc. This was used to capture BB2 prior 
to interaction studies with VLP. The interaction kinetics had been shown to be 
less affected by mass transport limitation when performed on AS (figure 
7.6.1.1.2).

The concentration dependence of the interaction between VLP and BB2 was 
again studied. Figure 7.6.1.4.1 shows the relationship between concentration of 
purified VLP and the magnitude of the response upon interaction with surface 
captured BB2. The error bars represent the standard deviation of the mean based 
on triplicate measurements.
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Figure 7.6.L4.1 Concentration dependence on the interaction between purified 
VLP and BB2 captured on amino silane immobilised RAM  Fc. The error bars 
represent a 95% confidence interval based on triplicate measurements.
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7.6.2 An investigation of ferm entation based samples.

The application of the biosensor to monitor the interaction between purified VLP 
and surface immobilised / captured BB2 had been demonstrated (7.6.1). 
Although the complexity of the interaction, with 300 potential epitopes, could not 
be described using the classical kinetic equations to assign an affinity constant 
for the interaction between VLP and BB2 (section 2.4.4) the response could be 
analysed to yield a concentration dependent measurement. Thus permitting 
application of the biosensor to monitor VLP in solution. The assay was therefore 
applied to yeast based fermenter samples in order to determine whether it could 
be employed to monitor the production (and purification) of VLP.

Interaction profiles were recorded using both CMD and AS immobilised RAM 
Fc to capture BB2, this having been shown to permit multiple analyses on the 
same surface. Sample analyses were performed using the standard PBS/T 
baseline buffer as well as the PBS/T/S buffer employed in the assay of D 1.3 Fv 
fermentation samples (chapter 4). Figures 7.6.2.1 and 1.6.2.2 display overlay
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profiles for the interaction between yeast homogenate supernatant, containing 
VLP, with the RAM Fc surface and with BB2 captured on the RAM Fc surface. 
In general the data indicate there to be extensive non-specific binding, even in 
the presence of PBS/T/S, whether the CMD or AS surface was employed. It was 
therefore not possible to use the biosensor to extract any meaningful data 
regarding the interaction of interest from such profiles (i.e. to provide a 
quantification of VLP).

Figure 7.6.2.1 Interaction profiles fo r  the binding o f  yeast homogenate 
supernatant containing VLP to carboxymethyl dextran immobilised RAM  Fc 
(broken line) and to BB2 captured on the RAM  Fc (solid line). PBS/T was used 
as the baseline buffer.
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Figure 7.6.2.Z Interaction profiles fo r  the binding o f  yeast homogenate 
supernatant containing VLP to carboxymethyl dextran immobilised RAM  Fc 
(broken line) and to BB2 captured on the RAM  Fc (solid line). PBS/T/S was used 
as the baseline buffer.
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7.6.3 Summary.

The data generated during this preliminary investigation using the biosensor to 
monitor the VLP:BB2 interaction have indicated the potential of the technique to 
provide quantitative data when purified VLP are employed. However, the data 
have also revealed considerable non-specific binding resulting from components 
of the yeast homogenate which were of such magnitude that it was not possible 
to distinguish any difference in the response to BB2 or RAM Fc. It would 
therefore not be possible to employ the sensor during the upstream phase of VLP 
production. Future investigation of downstream processes may reveal that the 
assay is sufficiently sensitive to monitor chromatography, where VLP would be 
present at increased concentration in a cleaner matrix.

Thus, although the biosensor has been shown to provide a concentration 
dependent response when applied to the monitoring of purified VLP it has yet to 
be successfully applied to process streams. However, the development of
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different analytical techniques, which may be capable of deciphering the relevant 
data concerning VLP:BB2 interaction, could also extend the range of conditions 
under which the biosensor assay may be employed. It may therefore be possible, 
with appropriate sample pretreatment and suitable software, to quantify VLP 
present within fermenter broths.

7.7 Anti-motif monoclonal antibody.

The collaboration with M. Berry at Unilever Research that has occurred during 
the course of this Ph.D. lead to a brief investigation of a monoclonal antibody 
raised against a peptide motif expressed by the primer sequence used during the 
production of the plasmid DNA encoding for antibody fragments by the 
polymerase chain reaction (PCR). The construction of several plasmids which 
encoded a variety of antibody Fv fragments were based on this common primer. 
Therefore the anti-motif antibody provided a generic binding partner for all 
antibody fragments displaying the sequence. Mark Berry and co-workers (1994) 
published an article on the use of the antibody, 4743.1, as a generic binding 
reagent.

During this investigation the monoclonal antibody was covalently coupled to a 
carboxymethyl dextran biosensor surface. It was then used to monitor the 
interaction of D 1.3 Fv serial diluted over the range 0.15 to 15 pg mL'^. The 
peptide sequence against which the antibody was raised is situated at the C- 
terminus of the chain of the Fv antibody fragment. It has been suggested by 
M. Berry (personal communication) that in order for the anti-motif antibody to 
bind Fv, the Fv must have first undergone partial dénaturation in order for the 
motif to become "visible" to the molecule's external environment. Therefore a 
comparison of the interaction before and after heating of the fragments to 90^C 
with the anti-motif antibody was performed to determine whether there was any 
difference. Heated samples were also applied to a hen egg lysozyme coated 
surface in order to determine whether the specific binding capabilities of the 
fragments were adversely affected as a result of heating to 90^C.

The results of this investigation are depicted in figures 7.7.1 to 7.7.3 which show 
the responses o f the un-heated and heated Fv samples to the anti-motif antibody 
as well as towards HEL. The response of the heated samples towards the anti
motif antibody was six times greater than that of the un-heated ones (figure
7.7.1), as indicated by the increased initial rate of interaction after heating to 
90^C, suggesting that some unfolding of the protein had occurred. However, the 
response of either samples towards HEL was similar (figure 7.7.2), indicating
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that the extent of dénaturation was not sufficient to affect the bioactivity of the 
molecules. Figure 7.7.3 shows the response of the same samples applied to the 
HEL surface (figure 7.7.2) towards the anti-motif antibody coated surface.

Figure 7.7.1 Effect o f  heating on the rate o f  interaction between D1.3 Fv and 
immobilised anti-motif monoclonal, 4743.1. Un-heated D1.3 Fv (circles) showed 
a much lower rate o f  interaction than D I.3 Fv which had been heated to 9 (fC  
(squares). Error bars represent a 95% confidence interval fo r  duplicate 
measurements.
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Figure 7.7.2 Effect o f  heating DJ.3 Fv to 9 (fC  on its interaction with surface 
immobilised HEL. The similar response in each case indicates there to have 
been no loss o f  bioactivity resulting from the heating o f  the sample.
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Figure 7.7.3 Effect o f  heating D I.3  Fv to 9(fiC on its interaction with surface 
immobilised anti-motif monoclonal, 4743.1. Over the course o f  the assay there 
was a slight drop in the instrument baseline, which is observable between the two 
interaction profiles. The figure indicates the increased interactivity between 
D I.3 Fv and immobilised 4743.1 as a result o f  heating.
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The conclusion drawn form this brief study was that the conditions of the 
biosensor assay were such that protein bioactivity was unaffected, which is not 
always the case with other solid phase assays, in particular ELISA. An ELISA 
was employed by Berry et ah, (1994) to monitor the interaction between the anti
motif antibody and antibody fragments which had been directly adsorbed onto 
the microtitre plate. The adsorption appeared to cause sufficient dénaturation to 
permit binding of the anti-motif antibody to the peptide sequence at the C- 
terminus. It is therefore considered that the kinetics of interaction between 
antibody and antigen recorded using the biosensor should be more representative 
of the native in vivo interaction, because the integrity of each interacting species 
would appear to be preserved under the conditions of the assay.
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7.8 The Pharmacia BIAcore^^ system.

An investigation of the kinetics of interaction between DL3 and D1.3 Fv anti- 
lysozyme and HEL was performed using the BIAcore^^ in order to compare the 
system with lAsys"^^. The two instruments employ sensor surfaces coated with 
CMD, which utilise the same surface chemistry for ligand immobilisation. They 
should therefore behave similarly with respect to surface interactions. However, 
the instruments differ in the way that material is delivered to the sensor surface. 
Whereas lAsys™ employs a stirred cuvette, where sample additions are made 
manually using a Gilson pipette, the BIAcore"^^ employs a micro-fluidic flow cell 
to which sample is delivered by a robotic control system. Once the instrument 
has been programmed and the samples put in place, analysis is completely 
automated and requires no further manual input. Provided the control 
programme is correctly written it is therefore possible to leave the instrument 
running overnight, for example. The following section includes data recorded for 
the interaction between D1.3 and D1.3 Fv on both the BIAcore’*'̂  and lAsys"^^. 
The purpose being to show that either technology could be employed to monitor 
the interaction and provide a comparison of the kinetic parameters derived from a 
system based on flow compared to one based on a stirred chamber.

7.8.1 Analysis of the interaction between D1.3 IgG and immobilised 
lysozyme.

Hen egg lysozyme was immobilised to the CMD coated surfaces of an lAsys™ 
and BIAcore™ sensor using the same EDC/NHS chemistry. Following which 
they were used to monitor the interaction of purified D1.3 diluted in PBS/T 
buffer. Interaction profiles were recorded at several concentrations, using the 
same solutions with each of the instruments. Analysis of the data was then 
performed using the linearisation (derivative analysis) method (section 2.4.4; 
equations 3 & 7) for each instrument, that being the methodology supplied with 
the BIAcore^’̂  and also exponential curve fitting for data generated using the 
lAsys^M (section 2.4.4; equations 12 & 14). The analytical parameters obtained 
were compared with those quoted in the literature determined by several other 
techniques in order to assess the compatibility of the biosensor with other 
methods of analysis. These data were presented in a publication (Yeung et al., 
1995) discussing the use of optical biosensor technology for detection and 
quantification of biomolecular interactions, and are shown in table 7.8.1.1.
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7.8.2 Analysis of the interaction between D1.3 Fv and immobilised 
lysozyme.

The interaction between D1.3 Fv and immobilised HEL was studied in a similar 
manner to that for D1.3. Antibody fragments were prepared in PBS/T buffer at 
several concentrations prior to recording of interaction profiles. Data were 
analysed as for D1.3 and the kinetic constants compared with literature values 
derived by other techniques (table 7.8.1.1). O f particular interest in this case is 
the difference in the dissociation phase, which appears to be more rapid for the 
lAsys™ system.

7.8.3 Summary.

The consequence of these experiments lead to the conclusion that either 
instrumental format was equally capable of analysing the kinetics of interaction 
for the species studied. Although there were slight differences in the individual 
rate constants, the affinity constants were in good agreement. There was also 
good agreement with several other techniques based upon solution phase assays. 
It would therefore appear, as indicated by the investigation with the anti-motif 
antibody (7.7), that the environment provided by such sensor technology has 
negligible effect upon the interaction between immobilised ligand and soluble 
ligate.

Application of the biosensor to other protein systems 169



I
u

Table 7.8.1.1 Comparison o f  the kinetic parameters determined during the course o f  this research using the lAsys'^^ and BIAcore^^ 
biosensor systems with those available in the literature, describing the interaction between D L3 and D1.3 Fv with immobilised HEL.
Antibody K j y / n M kj, / k d / s J Method Reference.
D1.3 FV 3.0 1.9x106 ND Fluorescence quench Ward, B.S., et al., Nature 1989, 341, 544-546

fi 0.17 1.0x 106 1.7x10-4 BIAcore™ Borrebaeck, C.A.K., et al., Bio-Technology 1992, 
10, 697-698

II 3.6
1.75*

1.2x 106 4.4x10-3
2.1x10-3

lAsys^M Gill, A., et al., J. Biotech 1996, In Press

II 1.0
2.35*

5.1x105 5.1x10-4
1.2x10-3

BIAcore^^ Gill, A., Unpublished

Whole D 1.3 2.0 - - Fluorescence quench Ward, E.S., et al., Nature 1989, 341, 544-546
II 0.53 - - Sedimentation eqbm. Mclnemey, T.L., et al.. Molecular Immunology 

1993, 30, 47-54
II <0.01 3.0x10? <1x 10-6 BIAcore^^ Borrebaeck, C.A.K., et al.. Bio- Technology 1992, 

10, 697-698
II <0.01

10*
1.8x105 < 1x 10-6

1.8x10-3
BIAcore™ Gill, A., Unpublished

II <0.01 1.7x105 < 1x 10-6 lAsys^^ Gill, A., Unpublished
II <5 - - ELISA Verhoeyen, M., et al.. Science 1988, 239, 1534- 

1536

I
a

1
a
b
1
2 
o(As
o
2
JS

co*3

a
determined from intercept value.
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8. DISCUSSION AND FUTURE DEVELOPM ENTS.

8.1 R elevance o f the  d a ta  genera ted  using the  optical b iosensor.

The aim of this research has been to evaluate the potential application of the 
lAsys^M optical biosensor system, produced by Affinity Sensors, for at-line 
bioprocess monitoring. Initial studies carried out using the biosensor (discussed 
in chapter 7) were performed in order to gain an understanding of the way in 
which the system behaved. The at-line capabilities of the system were then 
evaluated through it's application to the monitoring of recombinant protein 
production during fermentation (chapters 4, 5, and 6). This involved 
development and validation of the biosensor assay against existing technology 
employed for the purpose of protein product quantification, along with the 
development of analytical routines capable of extracting the relevant information 
from the biosensor output as rapidly as possible. In summary, the aspects of the 
system considered relevant to the potential application have been addressed as far 
as physically possible in an attempt to demonstrate the thesis. However, it must 
also be noted that the data generated using the biosensor employed may equally 
be obtained through the application of similar technology, for example, the 
Pharmacia BIAcore'*’' .̂ Although the instrumental aspects may affect the data 
obtained to some extent, the biological principles behind the assay are similar in 
each case.

8.2 C om parison  w ith the  existing assay techn ique - E LISA .

The monitoring of protein products in general, in this case D1.3 Fv production by 
E. coli, has traditionally been achieved using ELISA following completion of the 
fermentation. The ELISA assay required several incubation steps during which 
the interaction between antibody and antigen occurred. The assay typically took 
5 hours to perform, which included dilution and preparation of thé samples. And 
although it was possible to analyse several samples simultaneously (96 per plate), 
the data generated could only provide an historical description of the completed 
process. It was therefore not possible to make any decisions regarding the fate of 
the fermentation based upon the data obtained from the ELISA.

The biosensor assay was calibrated using the same standard solutions used to 
calibrate the ELISA. The resulting calibration curve obtained when the 
biosensor data were analysed using either linear regression (described in section
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5.5.1) or exponential curve fitting (described in section 5.4.1) was similar to that 
obtained from the ELISA (figure 6.2.2.4.2). It was therefore considered that 
either assay should provide similar data when used to assay fermentation based 
samples.

The assay developed using the biosensor employed the same capture ligand as 
the ELISA, namely hen egg lysozyme, however, it was not necessary to use any 
of the other reagents required for ELISA. The biosensor permitted direct 
quantification of the interaction between immobilised lysozyme and the antibody 
fragments produced during fermentation, without the need for "labels". The 
biosensor only permitted the analysis of one sample at a time, unlike the 
numerous samples which could be assayed by ELISA. However, the biosensor 
permitted analysis of samples as they were collected, whilst the process was still 
in operation, typically providing a result within half an hour of sample collection, 
thus permitting a profile describing product bioactivity to be built up whilst the 
fermentation was still in operation. It was therefore possible to determine 
whether the organism was functioning correctly, i.e. expressing the desired 
product, before the process was completed. Thus, unlike ELISA it would have 
been possible to control whether the process should be allowed to run to 
completion, or whether it should have been prematurely terminated should 
product expression have failed to occur. Direct comparison of the biosensor 
assay with the existing ELISA (chapter 6) has lead to the conclusion that the 
biosensor is a viable alternative for the quantification of D 1.3 Fv, both in purified 
form as well as within fermentation broth.

8.3 R eproducib ility  o f the  b iosensor assay.

The reproducibility of the biosensor assay was assessed on the response obtained 
when ligate solution of a given concentration was repeatedly applied to the 
ligand coated surface. In between each ligate application the surface was 
regenerated to remove any ligand bound material, thereby ensuring that upon 
each application the available number of ligand sites was similar to the previous 
application. The coefficient of variation (CV%) was dependent upon the 
immobilised ligand, as well as the concentration of ligate. It was therefore 
difficult to place an absolute value on the minimum error which could be 
expected from any given biomolecular event. For example, in the assay of 
purified D1.3 Fv, the CV% varied from 105% to 4% from low to high 
concentration respectively; for HSA / anti-HSA the variation was between 33% 
and 14% (low to high concentration). The interaction between RAM Fc and
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mouse IgG produced a value of around 10% when a single concentration of ligate 
was used.

The error in each sample measurement was considered to comprise several key 
factors, including: instrumental variation - fluctuation of the instrument response 
with time; biochemical variation - alteration of the immobilised ligand as a result 
of repeated regeneration and storage; and human variation - the reproducibility 
with which samples were applied to the instrument using a Gilson pipette. 
Instrumental variation is quoted by the manufacturer at 1 arc second and 
therefore will only be of significance when the measured sample responses are 
below 10 arc seconds such that the signal noise ration increases to greater than 
10%. This is most likely to occur in cases of low ligate concentration. 
Quantification of the number of sites lost during regeneration and as a result of 
storage is not readily achieved and may only be inferred by repeated application / 
analysis of the same ligate concentration. Since this involves human input, it is 
difficult to assign the error resulting from deterioration of the sensor surface and 
that due to manual addition of sample. However, it may be possible to estimate 
the variation in the volume dispensed by weighing several replicate deliveries.

Manual addition of sample to the biosensor using a Gilson pipette may introduce 
error should the volume of material dispensed vary. This would have greatest 
affect at low ligate concentration during dilution of ligate into the sensor cuvette. 
Errors arising as a result of poor pipetting would appear to be the most valid 
cause of the variability seen, particularly with the fermentation based samples 
where the rate of sample addition / change of solutions with the biosensor was 
high. Removing the pipette tip from a given solution before complete filling 
being the major cause of the problem. It may therefore be possible with an 
automated sample handling device to significantly reduce the errors arising from 
this effect. Thus future work aimed at studying the precision with which sample 
is delivered to the sensor cuvette might lead to more reproducible data.

8.4 A pplication  of the  biosensor assay fo r b ioprocess m onitoring .

During the course of this research the focus has been the application of the 
optical biosensor in order to produce real-time data regarding the specific product 
of interest, D1.3 Fv. This has involved much interpretation and extrapolation 
based upon a knowledge base built up from an increasing number of sample 
analyses. Which has reached a point where certain decisions may be made with 
some confidence regarding the analysis of samples containing D1.3 Fv.
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Initial experiments involved to use of purified D1.3 Fv in order to gain an 
understanding of the kinetics of interaction and to provide a framework for 
subsequent investigations based upon fermentation samples. The conditions 
necessary for successful sample analysis have been determined (chapter 4) and 
preliminary data for fermentation monitoring produced (chapter 6). However, it 
has not been possible to perform sufficient fermentation monitoring experiments 
to permit statistical analysis of the data obtained. The data obtained using the 
biosensor (chapter 6) indicates the enormous potential of such technology to 
improve the overall understanding of many process operations. The production 
of specific product data within the time frame of the process under investigation 
could lead to the development of ancillary control algorithms designed to 
optimise process productivity.

Data produced during this research has indicated that D1.3 Fv production is 
directly linked to cellular growth, highlighted in chapter 6 by the profiles 
showing biomass, soluble protein and D1.3 Fv bioactivity. Periplasmic D1.3 Fv 
would appear to begin increasing in concentration at the same point as biomass 
and total soluble protein, reaching a plateau at approximately the same time. 
Had it been possible to perform a greater number of fermentations within the 
same vessel, then a more complete statistical analysis of these data may have 
been possible. This might have provided more distinct trends for each of the 
parameters monitored. It would be of particular interest to discover whether the 
trend for decreasing periplasmic D1.3 Fv activity as the fermentation progressed 
occurred reproducibly. It would also be interesting to discover what happened to 
the Fv lost from the periplasm.

The limited application of the biosensor to downstream processing has also 
indicated the potential benefits to be gained as a result of the specific product 
data. It has been shown that the biosensor permitted identification of the peak 
fractions containing D1.3 Fv eluted during chromatography (chapter 6). It would 
also have been possible to show saturation of the affinity column with product, 
however in this case this did not occur. Thus the biosensor assay might aid 
improved recovery of product, particularly when sample half-life is short and 
rapid data is required to aid visualisation of the desired product within the 
fractions collected.

8.5 R elevance o f the  b iosensor d a ta  fo r process contro l.

The optical biosensor has been shown to produce data which is consistent with 
the existing ELISA, used for the quantification of D1.3 Fv (chapter 6). It would
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therefore seem logical to conclude that the biosensor may be used instead, or 
along side ELISA to enhance product monitoring. The two assays have their 
benefits. ELISA permits numerous samples to be analysed simultaneously, but 
requires several hours to produce data. Whereas the biosensor permits rapid data 
production for a single sample. Thus using the assays selectively during 
bioprocessing could permit improved understanding of the total process. The 
ELISA providing analysis of numerous samples following completion of the 
process, where data is needed simply to quantify product within each sample. 
The biosensor providing real-time data during processing to aid process 
confidence and permit any necessary intervention should the process fail to 
behave as desired.

The biosensor should be viewed as an additional tool, capable of aiding operation 
of the bioprocess. It has been seen that current rapid monitoring systems provide 
data regarding the physical condition of the process - pH, temperature, dissolved 
oxygen and more recently substrate. However, very few systems provide rapid 
data describing specific product. Therefore, armed with real-time data describing 
both the physical and biological state of the process under investigation, it should 
be possible to make more informed control decisions regarding the fate of many 
unit operations. Real-time monitoring and control should enhance the operation 
of many industrial processes, leading to greater understanding, product titre and 
profitability.

There are several areas which might benefit from the rapid data offered by the 
biosensor, the majority of which might be considered as downstream processing. 
Perhaps the most obvious case for further investigation is affinity 
chromatography. The data produced during the course of this research has 
shown how the biosensor permitted identification of the peak samples eluted 
from the column, as well as providing an indication that the column has not 
become saturated with product. It will be interesting to perform further 
investigations were it might be demonstrated that the affinity column has become 
saturated, some thing which was not observed during this research. Other 
systems for study might include microfiltration, used to separate soluble protein 
product from cellular debris; high pressure homogenisation, used to release 
intracellular products; and during experiments to study the stability of proteins to 
various denaturing environments. In each of these instances the rapid data 
generation by the biosensor could aid understanding of the behaviour of the 
operation. For example, during microfiltration the biosensor might enable the 
flux of protein across the membrane to be monitored in real-time, indicating 
when it has become sufficiently fouled that the efficiency of the separation has 
fallen below an acceptable limit. During homogenisation the biosensor might be
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used to enable selection of the optimum pressure necessary for complete release 
of the desired product. And during studies to evaluate the stability of a given 
protein to a denaturing environment, the biosensor might indicate changes in 
product activity with prolonged exposure to the denaturing environment.

8.6 F u tu re  prospects.

The benefits to be gained through real-time bioprocess monitoring are clear and 
of the reports cited (chapters 1 and 6) many indicate the requirement for specific 
measurement as opposed to inference as is currently the case in many situations. 
The exploitation of the immunoassay in numerous guises would appear to offer 
some of the greatest benefits to this end. The increase in the number of reports 
which incorporate data generated using optical biosensor technology which 
exploit immunospeciflcity to monitor biomolecular interactions has grown 
considerably during the past 5 years since the introduction of the BIAcore™ to 
the market in late 1990. The applications and benefits to be gained from such 
biosensor technology remains to be seen as future developments employing such 
devices continues to grow. The successful development of an assay for D1.3 Fv 
during this research highlights the benefits to be gained over more traditional 
assay techniques such as ELISA. However, it will only be with the generation of 
sufficient historic data that the acceptance of such monitoring devices will 
become more widely adopted.

Other technologies which could also impact upon the specific bioprocess 
monitoring market include biosensors based on piezoelectric crystals, much of 
the work upon which has been performed within the Institute of Biotechnology 
(Cambridge University) and through the use of various chromatographic 
procedures, in particular those developed by Perseptive Biosystems (as discussed 
in Paliwal et al., 1993 a). Again such devices typically rely upon antibodies as 
integral reagents, however, they way in which they interpret the interaction is 
quite different.

The modification of the biosensor system employed during this research may see 
its application as a real-time monitoring device come to fruition. This might be 
achieved through the use of automated fluid handling devices for sample delivery 
to the sensor surface which are capable of direct connection to the process stream 
to be monitored. There is also a requirement for analytical routines which are 
capable of extracting the relevant data from the biosensor output in real-time. 
Data generated by such a system might therefore not only permit feed-back
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control of the process under investigation, but also permit control o f the 
biosensor itself, regulating the time required for confident sample analysis.

There are a number of experiments which might provide further insight into the 
relevance of the data produced using the biosensor during fermentation 
monitoring. In particular those concerning the changing shape of the profiles for 
bioactive D1.3 Fv within the periplasmic as well as extracellular fractions. 
Selection of more appropriate controls and the production of sensor surfaces with 
better "matched" performance could lead to improved measurements. The use of 
an automated sample delivery system should act to minimise any error resulting 
from human input, this combined with a more robust analysis routine, might 
provide data of greater precision and accuracy. Application of this data may lead 
to improvement of the process under investigation.
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The following Application Notes were produced for Fisons Applied Sensor 
Technology, Bar Hill, Cambridge, CB3 8SL.

lAsys Application Note 2.2. Kinetic analysis: Recombinant antibody fragment 
(D1.3 Fv) binding to immobilised hen egg lysozyme.

lAsys Application Note 4.1. Fermentation Monitoring: Recombinant antibody 
fragment quantification in fermentation broths.
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