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ABSTRACT

This thesis describes the developm ent of a hom ogeneous 
fluorescent energy transfer immunoassay aimed at the m easurement of 
large therapeutic proteins such as immunoglobulin G in ferm entation 
broths. There is a requirement for increased control in fermentations 
to maximise product yields leading to a need for the developm ent of a 
hom ogeneous immunoassay which may be readily autom ated and is 
capable of m onitoring the chosen analyte against the com plex 
background interference produced in ferm entation broths. C urrent 
m onitoring is usually carried out by off-line techniques.

The energy transfer immunoassay described utilises an excimeric 
pyrenyl donor fluorophore with B-phycoerythrin as the acceptor. The 
use of an excimeric donor fluorophore was examined and the theory of 
excimeric energy transfer developed. It was dem onstrated that the use 
of such a donor allowed the detection of IgGl and the dual monitoring 
of bo th  donor quenching and acceptor enhancem ent which has not 
been possible using classical dyes. An extensive study of the kinetics of 
the labelling reaction of IgGl with succinim idyl-l-pyrenebutyrate was 
carried out. Excimer formation on the antibody surface produced by 
heavy labelling was modelled and optimised. An excimeric pyrenyl 
label was also synthesised to eliminate the need for heavy labelling of 
the capture antibody.

The use of an excimeric donor was shown to have several major 
advantages over classical labels and its implem entation extended the 
possible application of this immunoassay technique. The excimeric 
pyrenyl donor is long-lived affording the possibility of time-resolved 
spectroscopic detection to eliminate background and its large effective 
Stokes shift of 135 nm will allow the im plem entation of efficient 
optical filters to reduce interference. Homogeneous energy transfer 
imm unoassays have previously been autom ated using flow injection 
analysis and the im proved assay described here seems a prom ising 
prospect for the real-time monitoring of animal cell fermentations.
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ABBREVIATIONS

DOT - dissolved oxygen tension
hCG - hum an choriogonadotropin
CST - continuous stirred tank
IgG - immunoglobulin G
ELISA - Enzyme Linked Immunosorbent Assay
PACIA - Particle Counting Immunoassay
EMIT- Enzyme Multiplied Immunoassay Technique
EIA - Enzyme Immunoassay
FRAT- free radical assay technique
TBG - thyroxine binding globin
TSH - thyroid stimulating hormone
hTNF- hum an tum our necrosis factor
BSA - bovine serum albumin
DEAE - diethylaminoethyl ether
XRITC - rhodamine X isothiocyanate
A,ex - excitation wavelength
A,em - emission wavelength
IANBD - N-((2-(iodoacetoxy)ethyl)-N-methyl) amino-7-nitrobenz-2- 

oxa-l,3-diazole
K - ratio of rate constant for excimer dissociation to rate constant for 
total excimer de-excitation 
HRP - horseradish peroxidase 
TMB - tetramethylbenzidine
v - labelling ratio (number of labels attached per protein)
SDS - sodium dodecyl sulphate 
DTT - dithiothreitol 
DMF - dimethylformamide 
PITC - 1-pyreneisothiocyanate 
NHS - N,N 'hydroxysuccinimide 
DCC - N,N'-dicyclohexylcarbodiimide
EDC - l-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
sulfo-NHS - N-hydroxysulfosuccinimide
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Chapter 1

1 Introduction and Objectives
The aim of this research is to develop an assay for the real-time 

determ ination of protein concentrations in an analyte solution which 
is suitable for application in the bioprocessing industries. The analyte 
solution may be a fermentation broth or a process stream from some 
dow nstream  unit operation. Currently, many such operations rely on 
off-line or retrospective m easurem ents of p roduct concentrations 
resulting in little or no control which leads to product wastage and 
increased down-times.

Several terms describing the nature of the m onitoring system 
have, in the past, been used interchangeably. In this thesis the 
following definitions will be used throughout. Off-line refers to the 
removal of samples from the process stream to be monitored and their 
subsequent analysis in a laboratory remote from the bioprocess. This is 
in contrast to on-line m easurem ent systems w here the m easuring 
device operates within the process stream itself and does not require 
the removal of samples for analysis. This research is concerned w ith 
the developm ent of a real-tim e system . Real-tim e refers to 
m easurem ents that are taken on samples rem oved from the process 
vessel during its operation where the analysis times are small and 
tim ely inform ation is available which may allow the application of 
process control.

It was proposed that a real-time monitoring system be designed 
based upon the use of immunoassay technology. An antibody specific 
for the analyte protein will be used to detect its presence and an 
im m unoassay based upon this antibody will be used to determine the 
analyte concentration. The assay will ultimately be used to control and 
optimise production processes. Many of the immunoassays currently 
available were originally developed for use in the clinical laboratory. 
These assays have very different constraints on their sensitivity and 
de tection  tim es from  those suitable for use in an in d u stria l 
environm ent. Immunoassays are, however, finding wider application 
outside the medical area in the food industry (Schelter-Graf et al., 1984) 
and agriculture (Kindervater et al., 1990).

13



Chapter 1

1:1 Place of Real-time Analysis in Bioreactor Protein Recovery
There are several areas in the bioprocess industries where a real

time measurement system capable of detecting biological products with 
a high degree of specificity would be useful. The device m ust operate 
w ith a high degree of precision and w ithin the required range of 
sensitivity for the process it monitors. In this work the sensitivity of a 
technique refers to the lowest m easured concentration giving a 
response which differs by two standard deviations from  the zero 
response, also defined as the detection limit. Precision is taken to be a 
measure of the extent of variation in a series of assays carried out upon 
the same sample. Accuracy is defined as the extent to which the mean 
result of a large num ber of m easurem ents coincides w ith  the true 
value. These definitions are taken from Schuurs and van W eemen 
(1977).

1:1:1 Ferm entation Control
Throughout a fermentation many param eters are m onitored to 

allow the operating performance of the process to be assessed. Such 
param eters include the dissolved oxygen tension (DOT), pH  and exit 
gas analysis. In order to monitor product yields some form of off-line 
analysis, for example, an Enzyme Linked Im m unosorbent Assay 
(ELISA) or retrospective analysis is generally carried out. Real-time 
measurements of product concentration which could be related directly 
to a cu rren t ferm entation w ould provide inform ation about its 
progress and could lead to optimisation of production processes and 
increased yields.

There are several reasons why real-time systems of this sort have 
not been widely applied to monitoring of fermentations. Many assays 
were developed for use in the clinical environm ent where sensitivity 
is the major requirement. M easurements are usually carried ou t in 
solutions of consistent quality, for example, serum with the necessary 
incubation, separation and re-suspension stages. In an industria l 
environm ent the major consideration is speed and sensitivity can, to 
some extent, be traded off against reduced assay time. Typical 
concentrations of product in monoclonal antibody fermentations range

14



Chapter 1

from  nanom olar to m illim olar (Stocklein and Schm id, 1990) in 
contrast to the picom olar concentrations of, for exam ple, hum an 
choriogonadotropin (hCG) in urine and serum, which may be detected 
by radioim m unoassay. Fermentation broths generally contain both 
soluble and insoluble substances; for example, cell debris, prim ary and 
secondary m etabolites. These substances can cause interference in 
some assay protocols and may lead to unacceptable inaccuracies. In 
addition to these problems the batch-to-batch variation in feedstocks 
used in fermentations may also compromise assay performance.

The need for real-time monitoring is probably best exemplified by 
considering  the harvesting  of batch ferm entations. A batch 
fermentation involves the use of a single vessel to produce a particular 
product which will be harvested when the p roduct yield is at a 
maximum. Once the yield has reached a maximum it will be begin to 
decrease if the ferm entation is not harvested. The ability to m onitor 
the product yield in real time and make an im m ediate decision to 
harvest can increase fermentation efficiency by reducing product loss. 
A nother possib le  application  is in the early  te rm in a tio n  of 
contam inated or non-viable fermentations. This will again reduce 
overall costs and allow a new ferm entation to be started  quickly, 
reducing w asted time. As industrial com petition and the cost of 
ferm entations increases, timely and accurate m onitoring and control 
will become critical.

Ferm entations fall into two general categories: batch and 
continuous. Batch ferm entations have already been described. In 
continuous fermentations the product is harvested continuously, once 
it has reached a suitable concentration, and the operating conditions are 
maintained to keep the fermentation running. Again, a real-time assay 
system could be used in this context to ensure that the ferm entation 
proceeds correctly.

Ideally a real-time assay system should be adaptable enough to 
allow  m easu rem en t of d ifferent p roducts. By their n a tu re , 
immunoassays require that an antibody is available which is specific for 
the analyte to be measured. In most cases this will only require some 
preliminary work to buy in or select an antibody from an existing line.

15



Chapter 1

For most existing industrial fermentations the product to be m onitored 
will be a protein and antibodies will already be commercially available.

On-line m onitoring of ferm entations has been attem pted  by 
m easu ring  cu ltu re  fluorescence an d  re la tin g  it to b iom ass 
concentration (Zabriskie and H um phrey, 1978), (Ristroph et al., 1977). 
In this system the culture medium was irradiated with ultraviolet light 
and the fluorescence of the m edium  m onitored under controlled 
conditions. Half the detected fluorescent emission was found to be 
caused by unidentified intercellular and extracellular fluorophores. In 
addition to this the inner filter effect and light scattering acted to reduce 
the m easured fluorescence and air bubbles in aerobic ferm entations 
contributed to the overall noise levels in the signal. This approach 
represents another indirect m ethod by which product concentrations 
m ay be determ ined, a lthough a direct m easurem ent w ould  be 
preferable and may be designed to eliminate some of the problem s 
encountered with this technique.

Sensors m ounted inside ferm enters have also been used to 
m easure the NADH levels w ithin cells which m ay be related to the 
cellular activity (Beyeler et al., 1981). NADH is fluorescent (>,ex = 366 
nm , A,em = 460 nm) and its m easurem ent during  the ferm entation 
allows a fluorescent profile of the whole fermentation to be developed. 
Deviations from the profile in subsequent ferm entations caused by a 
change in the operating conditions may therefore be detected. Such an 
on-line system is now commercially available under the trade name 
FluoroM easure 500 produced  by BioChem Technology. O ther 
fluorescent m ethods have been developed for on-line ferm entation 
m onitoring involving the use of fibre optic cables. The Fluorophor 
system (Junker et al., 1988) utilises fluorophores which are sensitive to 
v aria tions in specific o p era tin g  param eters such as oxygen 
concentration. These fluorophores are dissolved directly  into the 
fermentation broth and their fluorescent emission intensities related to 
the parameters to be measured. Fermentations in CST bioreactors have 
been further characterised in terms of the effect of aeration rate and 
stirrer speed on fluorophores such as quinine sulphate and erythrosin 
added to the fermentation medium and detected by a probe placed close
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to the impeller (Scheper and Schiigerl, 1986). Any technique in which 
fluorophores are added to the ferm entation m edium  is non-ideal, 
especially where the product has to undergo rigorous purifications to 
meet quality control requirements. In addition probes placed inside 
reactors are prone to fouling and suffer from all the background 
scattering and fluorescence problems which may be present in standard 
fluorescence im m unoassays. In fluorescence im m unoassays these 
problems may be eliminated by careful choice of fluorophores whereas 
they represent an intrinsic problem in direct m easurements of culture 
fluorescence.

1:1:2 Development and Downstream Processing
A real-time assay developed for fermentation m onitoring could 

be used in downstream  processing and in the development and scale- 
up of new  ferm entations. The requirem ents placed on the assay in 
these two areas are different. For real-time monitoring of an industrial 
ferm entation, inform ation from previous ferm entations will indicate 
the range of product concentrations that are expected throughout the 
fermentation. Although data may not be available in a detailed form, 
some idea of the required working range of the assay allows the 
operating conditions of the assay to be set in advance. Any necessary 
pre-dilution of the analyte solution can therefore be estim ated and 
optimised as necessary.

In developmental work where a fermentation is initially carried 
out in a benchtop fermenter and scaled up to production volumes, the 
information gained from the assay will not necessarily have a basis in 
historical data. The range of product concentrations in a production 
ferm enter m ay be totally different from those experienced in a 
benchtop ferm entation. Here a real-tim e assay system  w ould be 
invaluable in reducing the time spent waiting for off-line assay results, 
or in avoiding w asted pilot runs due to reliance on retrospective 
results. Evidently, if a measurement of product concentration is being 
carried out every few m inutes, the results can be checked and any 
necessary adjustments made.

An assay developed for use in the determ ination of p roduct
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concentrations in ferm entations could also be used to m onitor the 
downstream  processing of the same product. Again, the requirem ents 
will differ from those for on-line fermentation monitoring.
The concentration range will be different in dow nstream  processing, 
but when the operating range has been characterised any necessary 
dilutions could be pre-programm ed and the process controlled from 
the point of view of product maximisation. This sort of control has 
already been carried in a flow injection analysis system  for the 
m onitoring  of the am m onium  sulphate p recip itation  of alcohol 
dehydrogenase (Niktari et al., 1989) to maximise product recovery. In 
dow nstream  purification, the concentrations of the p ro d u ct will 
probably be higher and the levels of interfering substances m ay be 
lower, thus the parameters affecting assay sensitivity will be different 
from those experienced at the fermentation stage. Indeed downstream  
m onitoring and control using an im m unoassay w ould approxim ate 
more closely to clinical assays where m any of the contam inants have 
been rem oved although downstream  processes involving changes in 
pH may have a significant effect on the assay and could, for example, 

cause precipitation.

1:1:3 High Resolution Purification
A real-time immunoassay might also be used in the laboratory to 

m onitor separations and purifications carried out on the bench, for 
example the analysis of the output stream  from a chrom atography 
column. The use of an immunoassay would allow the detection of a 
specific protein from a mixture of proteins and m easurem ent of its 
concentration. Affinity chromatography is used to separate and purify 
specific p roducts by in teraction w ith  a su itab le  ligand . An 
imm unoassay could be used to measure the product concentration on 
elution. Again, the requirements of the assay in terms of sensitivity are 
different from those experienced in industrial ferm entations and 
downstream  processing. Here, sensitivity may be more crucial: of the 
order of picomolar concentrations of product.

The assay may also be used to detect the point at w hich a 
particular substance is no longer present, or has dropped below  an

18
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acceptable level, in an analyte stream. An example being am m onium  
sulphate precipitation of proteins where 'cut points' are optim ised to 
ensure that the maximum amount of product is being extracted.

1:2 Auxiliary Equipment for the Real-time Analysis of Fermentation
Products
Once a suitable assay has been developed for transfer into the 

industria l environm ent several considerations exist regard ing  the 
instrumentation required to carry out the assay.

1:2:1 M icrocentrifuge
If the assay is to be used to monitor a fermentation its sensitivity 

will be increased by removal of solids or cell debris that may be present. 
In order to do this some form of on-line pre-treatm ent will need to be 
carried out. The easiest way to remove such solids is by centrifugation. 
A microcentrifuge is currently available which will separate samples 
with a m inim um  volume of 0.5 ml. This seems ideal as the working 
volumes are reasonable for on-line sampling for subsequent analysis.

1:2:2 Sam pling
The assay system  m ust be isolated from the ferm entation or 

dow nstream  process by some form of sterile barrier to elim inate the 
possibility of contamination. Previously samples have been collected 
using either external cross-flow filtration systems (Stamm et al., 1989) 
and (Recktenwald et al., 1985) or in situ filtration systems (Graf et al., 
1991) w hich are both capable of delivering a cell-free sam ple of 
reproducible quality to the analysis system. Filters are prone to fouling 
although this is lim ited in cross-flow devices. Stocklein et al. (1991) 
used a chem ical barrier to prevent culture contam ination in a 
continuous ferm entation for mouse IgG2a w here detection of the 
product w as carried out using analytical affinity chrom atography 
coupled to a flow injection analysis system. Turner et al. (1992) have 
developed a novel on-line sampling system using a microcentrifuge to 
provide a cell free sample which may then be fed into a flow injection 
analysis system.
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1:2:3 Flow Injection Analysis
Flow injection analysis was developed as a continuous analytical 

technique suitable for on-line process control in 1975 by Riizicka and 
Hansen. This technique has found wide application in a variety of 
systems ranging from the on-line determination of proteins in culture 
media using affinity perfusion chromatography (Fulton et al., 1991) to 
the detection of the pesticides carbofuran and m alaoxon in drinking 
w ater (Kindervater et al., 1990). It has also been used to m easure 
substrate concentrations for the dehydrogenases in butter, m eat and 
beer (Schelter-Graf et al., 1984) and in the measurement of extracellular 
cellulase concentration in batch and continuous ferm entations (Stamm 
et al., 1989). The technique has further been used in conjunction with 
several protein assays such as the biuret and bradford assays to monitor 
total protein concentrations during fermentations (Recktenwald et al., 
1985).

Several im m unoassay  techniques have been successfu lly  
autom ated  using flow injection analysis. Both a heterogeneous 
competitive enzyme immunoassay with electrochemical detection of 
theophylline in serum (Gil, 1990) and a turbidimetric im m unoassay for 
the m easurem ent of IgG in serum (Worsfold et al., 1985) have been 
autom ated in this way. A homogeneous fluorescence energy transfer 
im m unoassay for album in using fluorescein and rhodam ine as the 
fluorophores has been carried out using stopped flow injection analysis 
(Lim et al., 1980).

Flow injection analysis is a suitable method for the autom ation of a 
hom ogeneous assay for IgG in ferm entation broths or dow nstream  
process streams. Such a system could provide real-time measurements
of product IgG concentrations and could ultimately lead to the control

\

of production and purification processes.
The sam ple will be fed into the flow injection analysis system  

w here the im m unoassay components: antibody, com peting antigen 
and any necessary cofactors, enzymes, metals or other reagents will be 
added. An example of a flow injection analysis system which has been 
used for stopped flow analysis is shown in Figure 1.1. This system was 
developed for the determ ination of hum an serum  album in using a
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fluorescence energy transfer immunoassay (Lim et al., 1980).
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2: Review of Immunoassay Technology and Evaluation for 
Ferm entation M onitoring

This chapter contains a review of the various im m unoassay 
techniques available and an evaluation of their su itab ility  for 
app lica tion  to the real-tim e m onitoring  of ferm en ta tions or 
downstream  processing unit operations.

Immunoassay techniques are based upon the ability of antibodies 
to specifically bind antigen. The initial development of this technique 
may be attributed to two groups of workers (Edwards, 1985). Yalow and 
Berson who developed the first radioimmunoassay for hum an insulin 
in 1960 and Ekins who developed a more general m ethod which he 
term ed 'saturation analysis' which described the binding of a molecule 
by a binding agent specific for that molecule. The m ore general 
approach adopted by Ekins was not limited to the use of antibodies as 
the binding agent and the theory he developed form ed the basis for 
many of the subsequent developments in the field of immunoassay.

2:1 Real-time Analysis of Non-Enzvmic Proteins
Many immunoassay techniques exist and are accompanied by a 

wealth of confusing and inconsistent terminology. Immunoassays m ay 
be classified as being homogeneous or heterogeneous. Hom ogeneous 
assays involve direct addition of assay com ponents to the analyte 
solution and m easurem ent of the analyte concentration w ithout any 
in te rm ed ia te  sep ara tio n  stages. C onversely , h e te ro g en eo u s 
imm unoassays involve some intermediate operation, for example, the 
separation of bound and unbound antibody followed by re-suspension 
before measurement. The introduction of intermediate steps increases 
assay time and possible inaccuracies and makes autom ation difficult. 
For this reason homogeneous assays are more suitable for use in real
time monitoring systems.

H om ogeneous and heterogeneous assays m ay be fu rth er 
classified by the general protocol used, of which there are two. The 
limited reagent method involves the use of labelled antigen (a labelled 
sample of the analyte protein). Both this labelled sample of the analyte
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and the analyte to be m easured will compete for a fixed num ber of 
antibody binding sites in a competitive binding assay, (Edwards, 1985). 
The excess reagent m ethod involves the use of an excess of labelled 
antibody and is therefore non-com petitive. M easurem ent of the 
unbound antibody after exposure to the analyte antigen gives a direct 
m easurem ent of analyte concentration. This m ethod increases 
sensitivity although it uses more capture antibody and label than the 
competitive form at described above and will often involve separation 
stages. In general excess reagent assays have the suffix -metric e.g. 
im m unofluorom etric assay, whereas limited reagent assays have the 
suffix -immunoassay e.g. fluoroimmunoassay (Edwards, 1985).

In this w ork assays will be described as hom ogeneous or 
heterogeneous and the terms competitive and non-competitive will be 
used to describe lim ited and excess reagent m ethods respectively. 
Assays will also be classified according to the type of label used and the 
suffices -immunoassay and -metric will be used as necessary.

2:2 Requirements for an Immunoassay for Real-Time M onitoring
There are several criteria which m ust be considered in the 

selection of an im m unoassay for application in ferm entation  or 
downstream  process monitoring. The main considerations are the ease 
with which the assay technique may be autom ated and the speed with 
which the m easurem ent may be taken. As discussed previously the 
assay will be required to detect much higher concentrations of analyte 
compared to clinical assays.

H eterogeneous assays require that unbound  reactan ts be 
separated from im m une complexes prior to m easurem ent and are 
therefore m ore difficult to autom ate than hom ogeneous m ethods. 
Separation stages introduce imprecision and increase assay times. 
Heterogeneous assay protocols formatted as biosensors w ould change 
this situation (Deacon et al., 1991) and should be considered when such 
techniques are widely available. For the purposes of this research such 
techniques involving the use of biosensors have not been further 
considered.
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The equipm ent required for hom ogeneous assays is generally 
sim pler and more suitable for application to industrial processes. 
Homogeneous assays are often prone to background interference from 
substances present in the reaction mixture but these problems m ay be 
circumvented to some extent by careful choice of reagents.

Evidently difficulties in attempting to autom ate a new assay can 
be overcome by selecting an assay that has already been autom ated, for 
example, the use of flow injection analysis coupled to fluorescent 
energy transfer immunoassays (Lim et al., 1980) or to turbidim etric 
immunoassays (Freitag et al., 1991).

The analysis time in a real-time system should be as short as 
possible. Several parameters affect the overall time required to analyse 
the sam ple and return a measurement of the analyte concentration. 
These are examined in the following sections.

2:2:1 Kinetic and Equilibrium Immunoassays
Kinetic assays are those in which measurements are taken before 

the imm unoreaction has reached equilibrium. Equilibrium assays, as 
the name suggests, are those in which the reactions are allow ed to 
reach equilibrium before the measurement is taken.

There are drawbacks with both approaches. W hen deciding 
which type of assay should be performed the individual requirem ents 
of the process will usually indicate which approach is the m ore 
appropriate.

W here the assay needs to be carried out in seconds a kinetic 
m easurem ent will usually be taken. The trade-off may be that the 
m easurem ent is less accurate and reproducible than if the reaction had 
reached equilibrium and a steady signal was being generated. In the 
case of homogeneous systems, kinetic measurements m ay be taken as 
m ixing of the reagents may aid the form ation of antibody-antigen 
complexes in contrast to heterogeneous solid-phase assays such as the 
ELISA w here the reaction is diffusion-controlled and requires that 
incubation stages are carried out.

Equilibrium assays are more common where a high degree of 
sensitivity and reproducibility is required, for example, in the clinical
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laboratory. These assays often involve the use of a solid phase, for 
example, a microtitre plate. Several incubations lasting of the order of 
hours may be carried out to ensure that the reaction is complete.

2:2:2 Competitive and Non-Competitive Binding Assays
It has been suggested that non-competitive binding assays are

more sensitive than competitive assays (Sevier. 1981). In sandw ich
I labelled antibody

assays the use of one capture and one ^raised against the analyte 
improves the specificity of the assay. In a competitive assay there is a 
reliance on the association constants of the capture antibody for the 
labelled and unlabelled analyte being the same and it is possible that 
the antigenic determ inant of the analyte m ay be dam aged upon 
labelling. Evidently if some form of preferential binding is occurring 
then the accuracy of the assay may be compromised, especially if the 
assay is reliant on a kinetic measurement.

Nearly all non-competitive immunoassays are heterogeneous. If 
the antibody is in excess and is labelled, bound and unbound labelled 
antibody m ust be separated prior to measurement. It has been decided 
that, if possible, heterogeneous techniques should be avoided as they 
are harder to automate.

Com petitive assay techniques in which the analyte is labelled 
m ay also be heterogeneous, for exam ple, rad io im m unoassays. 
Competitive assays which are homogeneous include the fluorescence 
energy transfer im m unoassay and any assay technique in which the 
properties of the label to be monitored change on binding, for example, 
enzyme activity or fluorescent emission intensity.

2:3 Assay Protocols
The fo llow ing  sections exam ine and  ev a lu a te  ex isting  

im m unoassay techniques for use in the real-tim e m onitoring  of 
industrial processes such as fermentation.

As an im m unoassay relies upon the analyte b ind ing  to its 
antibody, some m ethod of detecting the form ation of the im m une 
complex m ust be used. It may be possible to monitor binding by some 
change in the physical properties of the species, for example, the size of
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the im m une complex relative to other particle sizes in the reaction 
m ixture by light scattering (Price et al., 1983) or by using some form of 
label attached to the imm unoreactants to allow the form ation of the 
imm une complex to be monitored.

2:3:1 Monitoring Changes in Physical Properties
Im m unoassays which rely on the detection of some change in 

physical properties are evaluated in this section. The form ation of 
imm une complexes comprising antigens bound to their antibodies will 
result in a change in the size distribution of the solution containing the 
im m une reactants. Im m unoprecip itation  reactions involve the 
form ation of a precipitate when a polyclonal antibody binds to an 
antigen or a antibody binds to an antigen with several epitopes. The 
q u an tity  of p rec ip ita te  form ed as a function  of the an tigen  
concentration may be plotted as solubility profile depicted in Figure 2.1. 
The form ation of the imm une complexes m ay be detected using 
turbidim etry  or light scattering (nephelometry) and related to the 
concentration of antigen (analyte) present.

2:3:l:lN ephelom etrv
Light scattering (nephelometric) techniques have been used in 

the clinical environment in automated systems such as centrifugal fast 
analysers and rate  nephelom eters to m easure the concentration of 
serum proteins such as IgG, IgA and IgM (Buffone et al., 1974, 1975a & 
1975b) and (Sternberg, 1977). Assays have been carried out in serum  
and sensitiv ities com parable w ith those of rad io im m unoassays 
achieved. The proportion of light scattered at a particular angle to the 
incident source is m easured (usually at 90° or forw ard scattering) 
(Tiffany et al., 1973). Other substances in the reaction m ixture, for 
example lipids and proteins, will produce some background scattering. 
A solution which is turbid or contains particles of a similar size to the 
complex may also make size discrimination difficult. A ferm entation 
broth w ould need to be clarified to remove such particles. A ttem pts 
have been m ade to use dynamic light scattering techniques in the 
m o n ito rin g  of cu ltu re  con tam inan ts in  m ixed cu ltu re s  of
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P.aeruginosa, S.cerevisiae an d  E.coli (Jepras et al., 1991). A lthough 
this work was not based upon an immunoassay it illustrates the main 
problem, specifically size differentiation in a heterogeneous mixture of 
components, intrinsic in this type of technique. This m ethod is often 
heterogeneous, involving some separation e.g. centrifugation to isolate 
the immune complexes in order to reduce background interference.

2:3:1:2 Turbidimetrv and Particle Counting Techniques
The turbidity of the analyte solution after the addition of capture 

antibody may also be used to determine the analyte concentration. 
Polyethylene glycol (2.0 to 4.0 % w /v ) is often added to the reaction 
m ixture as this decreases the solubility of higher m olecular w eight 
antibody-antigen complexes and can im prove reaction tim es and 
therefore sensitivity in kinetic measurements. This technique may be 
fu rther enhanced by imm obilising the capture antibody on small 
particles, for example, 0.8 pm polystyrene (latex) beads. The analyte 
will cause agglutination of the beads and the aggregates may be detected 
by an increase in turbidity or unagglutinated particles by particle 
counting, as in the Particle Counting Immunoassay (Cambiaso et al., 
1977). Particle counting techniques (PACIA) (Bernard and Lauwerys, 
1983) lend themselves to automation as the particles m ust be streamed 
to facilitate counting.

Im m unoprecipitation assays, like conventional im m unom etric 
assays are subject to the 'hook' or prozone effect meaning that a single 
response m easurem ent can correspond to two different concentrations 
of analyte, one in the region of antibody excess, the other in the region 
of antigen excess as shown by Figure 2.1. Dilutions are usually carried 
out to ensure that the analyte concentration is such that the capture 
antibody is always in excess. None of the literature reviewed to date 
has successfully addressed this problem so that a reading could be 
immediately linked to a single point on the solubility curve. Sternberg 
(1977) uses the response rate of the reaction to determine whether the 
reaction is taking place in antigen excess. Information about the peak 
response rate related to varying analyte concentrations is entered into a
com puter and samples can be checked prior to m easurem ent of the

* P.aeruginosa is Pseudomonas aeruginosa 

S.cerevisiae is Sacchromyces cerevisiae 2 8  
E.coli is Escherichia coli
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analyte concentration to determine whether the analyte is present in 
excess and any necessary dilution carried out.

For real-time m onitoring of a well-characterised ferm entation 
where the concentration of analyte is known within particular limits, 
such an assay could be designed to operate only in a region of antibody 
excess with respect to those limits. This would eliminate the problem. 
However, for developmental work where the concentration of analyte 
is unknown, some form of checking for conditions of antigen excess 
w ould have to be employed. This method is thus less desirable than 
those supplying direct read-out.

Im m unoprecipitin reactions have found successful application 
in the clinical laboratory and w ith sensitivities approaching those 
achieved using radioim m unoassays. Such sensitiv ities are no t 
required for fermentation monitoring. Freitag et al. (1991) have used a 
tu rb id im etric  assay coupled to flow injection analysis in the 
m o n ito rin g  of p u llu lan ase  d u rin g  a 10 day  cu ltiv a tio n  of

K
C .thermosulfurogenes. Optical densities at 578 nm were m easured 
th ro u g h o u t the cu ltu re  pe riod  and  ca lcu la ted  p u llu la n ase  
concentrations com pared with those calculated by m easuring the 
enzym ic activity of sam ples rem oved during  the ferm entation . 
However, turbidimetric methods may be compromised by non-specific 
agglutination or inhibition of the antibody-antigen interaction. It was 
felt that variable nature of different ferm entation broths m ight well 
produce such interference. Nephelom etric m ethods m ay also be 
com prom ised if components similar in size to those that are to be 
detected are present, again this might be true of some fermentations or 
if non-specific aggregation were a problem.

Rather than relying on size differentiation or turbidity  as the 
m ethod of detection some form of label may be attached to one, other 
or both of the immunoreactants. The distribution of the label between 
bound complexes and free solution m ay be determ ined after the 
im m unoreaction has taken place and related to the concentration of 
analyte.

C.thermosulfur ogenes is Candida thermosulfurogenes
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2:3:2 The Use of a Labels in Immunoassays
There are m any types of label suitable for use in immunoassays. 

They include radioisotopes (Baker, 1985), (W oodhead 1974), enzymes 
(Schuurs and van  W eemen, 1977), (O ellerich, 1980 & 1984), 
lum inescent and chemiluminescent compounds (Hersch et al., 1979), 
spin labels (Leute et al., 1972a & 1972b) and (Campbell, 1988) and 
fluorophores (Hemmila, 1985), (Soini and Hemmila, 1979).

2:3:2:1 Radioisotopic Assays
Historically isotopic labels have been the most widely used labels

in clinical immunoassay. Immunoassays involving the use of isotopic
labels may be either competitive, termed radioim m unoassay (Yalow
and Berson, 1960) or non-competitive, imm unoradiom etric or two-site
im m unorad iom etric  (sandw ich) assays (W oodhead, 1974). A
generalised form at for the radioimmunoassay is shown in Figure 2.2
and a typical immunoradiometric assay format is shown in Figure 2.3.

Radioimmunoassays were originally introduced in 1960 by Yalow
and Berson to m easure the concentration of insulin in hum an plasma 

1 ̂ 1using I as the radioisotopic label. Separation of bound and unbound 
rad io labelled  analy te was originally  carried  ou t by chrom ato
electrophoresis which relies on the different m igration properties of 
the bound and unbound labelled species in an electric field. Nowadays 
a solid phase to which the capture antibody is adsorbed is generally 
used to facilitate separation.

The most widely used in label in im m unoradiom etric assays is 
125I (Chard, 1982). Excess labelled antibody to removes all the analyte 
protein from the analyte solution. Pure antigen bound to a solid phase, 
for example latex beads or a microtitre plate, is then added to bind the 
unreacted labelled antibody. The bound excess labelled antibody is then 
rem oved by centrifugation or washing, depending upon the nature of 
the solid phase (Woodhead 1974). A sandwich format may also be used 
in which two capture antibodies raised against different epitopes on the 
analyte. This m ethod is known as the two-site im m unoradiom etric 
assay. One antibody is immobilised on a solid phase and the other 
isotopically labelled.
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It is apparent from the nature of isotopic labels that some form of 
separation m ust be carried out so that the unbound radiolabel can be 
d is tin g u ish ed  from  th a t a ttached  to the im m une com plex. 
Immunoassays involving the use of isotopic labels are, by their nature, 
heterogeneous and would therefore be more difficult to autom ate than 
hom ogeneous techniques. All the techniques described involve 
incubation stages which may be of the order of hours to allow the 
imm unoreactions to reach equilibrium prior to m easurement.
The sandwich technique requires that several washing stages be carried 
out to rem ove unbound reactants increasing the problem s in the 
autom ation of such techniques.

There are other m ore obvious draw backs w ith the use of 
radiolabels. Special conditions and licences need to be obtained prior to 
use. The measurement periods also tend to be long compared to those 
encountered w ith other methods (Diamandis, 1988). In addition the 
shelf life of the radiolabelled reagents is limited by the half life of the 
label, 125I has a half-life of 60 days and 131I a half-life of 8 days.

2:3:2:2 Enzyme-Labelled Immunoassays
This type of immunoassay is based upon the ability of an enzyme 

label to convert a substrate to a product which is usually coloured and 
may be detected optically. The enzyme label may be attached to one or 
both of the imm unoreactants depending upon the protocol used. As 
well as the addition of labelled antibody an d /o r antigen to the analyte 
solution, a substrate and any necessary cofactors must also be present to 
promote the enzymic reaction. A detailed review of the m any different 
assay protocols which involve the use of enzymic labels has been 
carried out by Oellerich (1984).

There is an advantage in the use of enzym ic labels over 
radiolabels in that hom ogeneous assays may be carried out. This 
introduces a concept which also applies to the use of fluorescent labels: 
interference or enhancem ent of the properties of the label upon  
form ation of the immune complex. Homogeneous assays of this type 
are commercially available under the trade name Enzyme M ultip lied  
Im m unoassay Technique (EMIT) (Rubenstein et al., 1972), (Ullman et
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al., 1975). Two EMIT formats are shown in Figure 2.4. The enzymic 
label is attached to a purified sample of the analyte and the labelled and 
unlabelled analyte compete for a fixed num ber of antibody binding 
sites. The label attached to the unbound analyte may either retain its 
enzymic activity (Figure 2.4a) or may not be capable of converting its 
substrate to a coloured product unless it is bound by the antibody 
(Figure 2.4b). The enhancement of enzymic activity upon binding is 
thought to be caused by the introduction of steric hindrance between 
the enzyme and the analyte upon labelling resulting in a reduction in 
the enzymic activity. Activity is restored upon binding of the antibody 
to the labelled antigen

Enzymic immunoassays in which the activity of the label is not
affected on form ation of the im m une complex require a separation
stage and are therefore heterogeneous. Enzyme imm unoassays (EIA)
are com petitive and heterogeneous corresponding in m ethod to
radioimm unoassays (Wisdom, 1976). In order to facilitate separation of
labelled and unlabelled com ponents the capture antibody m ay be 

magnetisable
immobilised on magnetic particles. Labelled and unlabelled analyte are 
mixed and exposed to the immobilised capture antibody. The magnetisable 
particles are then removed and the enzymic activity of the rem aining 
solution m easured (Hemmila, 1991). A similar separation technique 
m ight be used in conjunction with a sandwich assay format. The same 
function may be performed by immobilisation of the antibody on latex 
beads as shown in Figure 2.5, where the separation stage is performed 
by centrifugation. Another heterogeneous enzymic im m unoassay is 
the Enzyme Linked Im m unosorbent Assay or ELISA which is the most 
w idely used assay format in the off-line monitoring of fermentations.
It is a sandwich assay analogous to the two-site radioim m unom etric 
assay previously described and faces the same problems with regard to 
automation. The general ELISA format is shown in Figure 2.6.

Enzymic immunoassays are very sensitive and have been used 
w idely in the clinical laboratory as an alternative to radioisotopic assay 
techniques (Szeigoleit et al., 1989), (Queipo et al., 1990). In this capacity 
they have proved extremely successful, providing results of comparable 
sensitivity to those achieved by radioisotopic assays. They are also
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w idely used for off-line monitoring of fermentations, specifically the 
ELISA. These assays can detect femtomolar (10'15 M) concentrations of 
analyte (Schuurs and van Weemen, 1977) are too sensitive for an 
application where the final product concentration may be of the order 
of 10‘6 M. The analyte stream is usually diluted to bring the analyte 
concentration within the range of the assay and this may introduce 
errors.

There are other lim itations which do not make such assays a 
sensible choice for on-line fermentation monitoring and the control of 
industrial ferm entations. The enzymic reaction m ay be adversely 
affected by the presence of inhibitors in the analyte sample.

Endogenous proteins in the fermentation broth m ay 
bind non-specifically to the capture antibody or in the case of the ELISA 
to the surface of the m icrotitre plate and interfere w ith the assay. 
A ttem pts have been m ade to eliminate non-specific binding by the 
addition of blocking agents to saturate any potential binding sites prior 
to addition of the analyte sample. Such blocking agents as bovine 
serum  albumin or casein have been used (Schonheyder and Andersen,
1984), ( Kenna et al., 1985).

There are, however, cases where some stages of heterogeneous 
enzym e im m unoassays have been m echanised to im prove the 
num bers of samples handled (Ruitenberg et al., 1976). Centrifugal 
analysers have been used to autom ate hom ogeneous enzym e 
im m unoassays (Broughton and Ross, 1975). Such autom ation has 
largely been aim ed at increasing sam ple th roughpu t in m edical 
laboratories rather than industrial processes.

2:3:2:3 Luminescent Immunoassays
Chem ilum inescent and bioluminescent com pounds have been 

used as labels in immunoassays. Such compounds do not require an 
incident light source to cause them to emit light. Instead light is 
produced as the result of some form of (bio)chemical reaction.

Bioluminescent reactions are derived from living organisms and 
light emission occurs as a result of an enzymic reaction. In, for 
exam ple, the firefly luciferase system  luciferin is converted  to
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oxyluciferin by luciferase in the presence of ATP and oxygen as shown 
in Figure 2.7 a. Figure 2.7 b shows another biolum inescent reaction 
catalysed by luciferase, this time from a bacterial system. The efficiency 
of such reactions is characterised by the photon efficiency (the relative 
am ount of energy em itted as light). The photon efficiencies of 
bioluminescent reactions are of the order of 10 - 90%. Assays utilising 
biolum inescent reagents tend to be expensive due to the scarcity of 
reagents and the cost of extraction and purification. Luciferase enzymes 
are also prone to loss of activity upon attachm ent to antibodies and 
antigens.

Chemiluminescent reactions produce light as the result of the 
action of oxygen or a peroxide on an organic substrate. Such reactions 
re q u ire  the  p resen ce  of o th er co m p o n en ts  in c lu d in g  a 
chemiluminescent substrate, a catalyst (e.g. an enzyme) and, as required 
by the reaction, oxidants, cofactors or inorganic ions. An example of a 
chem ilum inescent reaction is the conversion of lum inol to a -  
am inophthalate which is shown in Figure 2.8. Such reactions have a 
much lower photon efficiency than bioluminescent reactions, usually 
of about 1% which may be further reduced by variations in pH. 
Im m unoassays have generally  been carried  ou t using  various 
chemiluminescent labels, such as luminol (Simpson et al., 1979) and 
luminol derivatives such as aminobutylethyl-n-isoluminol (ABEI), or 
acridinium esters (Weeks et al., 1983).

Energy transfer immunoassays have also been carried out using 
chemiluminescent labels (Campbell et al, 1986). This type of assay does 
not require the use of an incident light source and therefore avoids not 
only direct excitation of the energy acceptor but also interference from 
scattered excitation light. There are, however, problems associated with 
the use of chem ilum inescent labels. The intensity of em itted light 
tends to vary relative to the quantity of light absorbed in excitation, 
w ith the result that the emission m easurements become ambiguous. 
There is also a lack of chemiluminescent com pounds that can be 
readily conjugated to biological molecules of interest.

C hem ilum inescent and biolum inescent techniques are not 
suited to the monitoring of industrial processes. The labels are costly
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and although these techniques do not suffer from the same background 
problem s as fluorescent imm unoassays, caused by the need for an 
incident light source, they suffer from different background problems. 
Endogenous nucleotides, enzyme substrates and inhibitors present in 
the sample may affect the reaction. The reactions are also tem perature 
dependent and variations in pH can cause a reduction in quantum  
yield and a shift in the maximum emission wavelength. The necessity 
for the rem oval of interfering substances, in order to reta in  the 
sensitivity of the technique, makes these techniques heterogeneous and 
unsuitable for transfer into a real-time monitoring system.

2:3:2:4 Spin-Labelled Immunoassays
This is also known as the Free Radical A ssay Technique (FRAT). 

A free radical is a com pound w ith an unpaired electron e.g. the 
nitroxide radical. The spin of this unpaired electron produces a 
m agnetic m om ent which is detectable. This radical may be used to 
label a small molecule such as morphine. Use of such a label in an 
im m unoassay involves the m easurement of the difference in electron 
spin resonance spectrum  of the label when it is bound in an immune 
com plex or unbound . This type of assay is com petitive and  
hom ogeneous. The technique was originally developed for the 
m easurem ent of drugs in saliva and urine by Leute et al. (1972a & 
1972b) and has since been commercialised by Syva Co. and has largely 
been used in the for the measurement of small molecules.

2:3:2:5 Fluorescence Immunoassays
Fluorescent compounds have been used to label antibodies since 

1941 (Coons, 1941). Fluorophores absorb light resu lting  in the 
prom otion of electrons to a higher electronic state . This excitation 
energy is re-emitted as fluorescence although other decay pathw ays do 
exist. The principles of fluorescence and fluorescent emission are 
presented in full in Chapter 4.

There are m any immunoassay techniques which employ the use 
of fluorescent labels. Fluorescent immunoassays are generally less 
sensitive than radioimm unoassays or enzyme im m unoassays because
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of the background fluorescence, light scattering and quenching effects 
caused by other components in the reaction m edium  (Hemmila, 1985). 
W ith the correct equipm ent and assay design, such interference can be 
m inim ised and picomolar concentrations of analyte may be m easured 
(Soini and Hemmila, 1979). In clinical applications m easurem ents are 
often taken in serum  w hich in troduces both a sca ttering  and 
fluorescent background.

Two general categories of fluorescent im m unoassay  exist: 
im m unofluorom etric assays and fluoroim m unoassays. W ithin these 
tw o  c a te g o r ie s  th e re  a re  m any  d if fe re n t  p ro to c o ls . 
Im m unofluorom etric assays are non-com petitive and are generally 
heterogeneous (involving separation stages). In the past few years 
advances have been m ade in the developm ent of new com pounds 
which may be used as fluorescent labels in immunoassays. Because of 
the limitations of conventional fluorescent labels caused by background 
interference, research into the use of labels which can overcome these 
problems has been widespread.

Time-resolved fluorescent immunoassays have been developed 
which use long-lived fluorescent molecules to overcome the problems 
associated with background fluorescence. Fluorescent molecules emit 
light over a characteristic lifetime, see Figure 2.9. The decay time for 
background fluorescence is typically ~50 ns. Some com pounds when 
illum inated by incident light re-emit that light over an longer time 
periods, for example, -100 ns for some pyrene derivatives (H augland, 
1989) and -1 ms for the lanthanide chelates (Parnham and Tarbit, 1987). 
Thus by measuring the intensity of emitted light after an elapsed time 
period , say 400 - 800 ps (Parnham and Tarbit, 1987), the background 
interference will have decayed and its effects can be ignored. Another 
advantage in using compounds such as europium chelates is the large 
Stokes Shift (~ 250 nm) observed between the absorbed and em itted 
light.

Europium  itself does not have a high fluorescent quantum  yield 
but when it is suitably complexed, energy is absorbed at a wavelength 
characteristic of the chelating ligand and re-emitted at a w avelength 
characteristic of the metal ion. Europium chelates have one drawback
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with respect to the development of a homogeneous assay that is their 
instability in aqueous solution. This is often overcome by carrying out 
fluorescence m easurem ents in a hydrophobic micellar enhancem ent 
solution containing non-polar detergents such as Triton X-100 or 
Tween 20.

A variety of assay protocols using time-resolved fluorescence 
spectroscopy have been reviewed. In general the use of europium  
(Eu 3+) chelates involves a two-site sandwich assay protocol similar to 
the ELISA described previously (Toivonen et al., 1986), (Kaihola et al.,
1985) and (Alfthan, 1986). Prior to measurement the europium  label is 
dissociated from the antibody by lowering the pH  in a non-aqueous 
enhancem en t so lu tion  (H em m ila et al., 1984). F luo rescen t 
measurements are carried out on the resulting chelates. It is possible to 
sim ply to attach the free antibody directly to a chelator such as 4,7- 
b is(ch lo ro su lfopheny l)-l,10 -phenan th ro line-2 ,9 -d ica rboxy lic  acid 
(BCPDA) and exposed to excess europium  to produce the fluorescent 
complex prior to m easurem ent (Wieder, 1978), (Evangelista et al., 
1988), (Diamandis, 1988).

There are obvious advantages in the use of com pounds w ith 
long fluorescent lifetimes in terms of reducing background interference 
especially w here m easurem ents are to be taken in serum . These 
m ethods do, how ever, pose some problem s for easy autom ation. 
Generally some separation of the free labelled species is required prior 
to m easurem ent. In the case of the europium  chelates a non-polar 
enhancem ent solution is required to facilitate m easurem ent of the 
emission signal. Most of the methods reviewed require several washes 
to remove unbound species and lengthy incubations. It is recognised 
that these assays have been developed within the medical field mainly 
for the m easurem ent of hormones such as hum an choriogonadotropin 
(hCG) (Alfthan 1986), (Pettersson et al., 1983), insulin (Toivonen et al.,
1986), a-fetoprotein (AFP) (Diamandis, 1988) and thyrotropin (TSH) 
(Kaihola et al., 1985) and (Reichstein et al., 1989) and therefore the main 
aim is high sensitivity. The sensitivities experienced in time-resolved 
im m unofluorom etric  assays are com parable to those found  in 
imm unoradiom etric assays (Alfthan, 1986).
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There are a variety of homogeneous fluorescent assay techniques 
which m ight be suitable for transfer into real-time m onitoring system 
the most promising of which are discussed below.

Polarisation fluoroimmunoassays are based on the m easurem ent 
of the change in a physical property of the im m unoreactants upon 
complex formation. W hen an antigen binds to an antibody there is a 
change in the ability of the molecule to rotate as it w ould in free 
solution. If a solution of fluorescent molecules is irrad iated  w ith 
polarised light the emitted light will be depolarised (scattered in all 
directions). The greater the rotation rate of the m olecules in the 
irradiated  solution the greater the degree of depolarisation and the 
lower the fluorescent intensity observed at 90° to the incident beam. 
Thus the intensity of observed polarised fluorescent emission will be 
higher the greater the analyte concentration. Fluorescence polarisation 
has been used to study reaction kinetics (Dandliker et al., 1978 and 1981) 
conformation and interaction (Dandliker and Saussure, 1970). This was 
done by correlating the degree of polarisation of emitted light from a 
solution of fluorescent m olecules w ith their ro tational brow nian 
motion. This can also be used to m easure the degree of im m une 
complex formation occurring in an imm unoreaction, as the extent to 
which the emitted light remains polarised will increase on binding.

The following equation was developed from Perrin 's original 
theory (Perrin 1929) by Weber (1952) and Steiner and McAlister (1957) 
for the steady-state measurement of polarisation

^  r l  lY ,  3 t n 
1 +  —

P .P  3
[2.1]

w here p is the polarisation observed w hen the incident light is 
polarised in a direction perpendicular to the direction of observation. pQ 
is the polarisation observed in the absence of rotary brownian motion, 
x is the observed decay time of the fluorescent emission and p is the 
relaxation time of the rotary brownian motion. In order to determine a 
value for p particles are usually considered to be spherical or the 
fluorescent residues are considered to be randomly orientated on a rigid 
ellipsoid of revolution. For a spherical molecule
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P = Po =
3rjV
RT

[2.2]

where rj is the viscosity of the medium, V is the molar volume of the 
sphere, R is the universal gas constant and T is the absolute 
temperature. Equation [2.1] then becomes

1_

V Po
1 +

RTx
TjV

[2.3]

Alternatively the decay of polarisation after the fluorescent label is 
excited by a pulse of incident light may be followed and the emission 
anisotropy, r, replaces polarisation, p (Jablonski, 1960)

I,T ~  Ij. I „ - I x

In + 2IX I
[2.4]

where In and I± are the emission intensities of polarised fluorescence 
parallel and perpendicular to the direction of polarisation of the 
incident light. For spherical molecules, r, is related to the ro tary  
brow nian motion.

r = rcexp f  3 tA 
Po

[2.5]

w here pQ is the relaxation time of the m olecule and rG is the 
fundam ental emission anisotropy in the absence of rotary brow nian 
m otion .

This technique has been used very successfully in immunoassays 
w here the analyte has been a small molecule for example, insulin  
(Spencer, 1969), gentamicin, tobramycin and amikacin (Jolley 1981a).

Dandliker and Saussure (1970) carried out studies on antibody- 
antigen interactions where antibodies or antibody fragm ents were 
labelled with fluorophores. In such cases no appreciable change in 
polarisation of em itted light was observed. It can be seen from 
Equation [2.3] that, p, the polarisation is directly proportional to the 
m olecular volume. The observed polarisation tends to a m axim um  
value w ith increasing m olecular weight. For the m easurem ent of
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analyte proteins with molecular weights above -20,000, the change in 
polarisation upon binding will be very small and indistinguishable 
w ithin the bounds of error which makes polarisation an unsuitable 
m ethod  for the developm ent of a robust on-line in d u s tr ia l 
im m unoassay as the products to be monitored are often large proteins.

Q u en ch in g  and  enh an cem en t f lu o ro im m u n o assay s  are  
com petitive b ind ing  assays w hich w ork on the p rincip le  tha t 
fluorescent emission intensity m ay be increased or decreased upon 
b in d in g  an d  are analogous to the hom ogeneous enzym e 
im m u n o a s s a y s  p r e v io u s ly  d e s c r ib e d . E n h a n c e m e n t
fluoroim m unoassays are not common and have only been used for 
the determ ination of comparatively small molecules such as thyroxine 
(Smith, 1977).

Quenching imm unoassays fall into two categories; direct and 
indirect. D irect quenching involves a reduction in the observed 
fluorescence w hen a labelled antigen binds to its antibody. This 
m ethod relies on the antigenic determ inant and the fluorophore being 
sufficiently close so that the binding of the antibody im pairs the 
fluorescent emission. For this reason this m ethod has only been 
suitable for small haptens e.g. gentamicin (Shaw, 1979).

Indirect quenching fluoroimmunoassays are also know n as the 
fluorescence protection im m unoassays and are com petitive binding 
assays. The assay involves the use of two capture antibodies one raised 
against the analyte antigen, and the other against a fluorophore used to 
label a sample of the analyte antigen. The analyte again competes with 
the labelled antigen for antibody. U nbound labelled an tigen  is 
susceptible to binding by the antibody raised against the fluorophore 
and subsequent quenching of its fluorescence. Hence the greater the 
quantity of analyte the greater the degree of quenching. This m ethod 
has been used to measure insulin concentrations (Ullman, 1976), larger 
p ro te ins such as album in (N argessi et al., 1978) and  hum an  
immunoglobulins (Zuk et al., 1979).

Substrate labelled fluoroimmunoassays (SLFIA) involve the use 
of a fluorophore which is also a substrate for an enzyme. The label is 
non-fluorescent but regains its fluorescent properties after hydrolysis by
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an enzyme. When the labelled antigen is bound to its antibody the 
fluorophore is not recognised as a substrate by the enzym e and 
therefore remains non-fluorescent. An example of such a fluorescent 
label and its enzyme are a galactosylumbelliferone derivative and p- 
galactosidase (Worah et al., 1980).

Fluorescent energy transfer im m unoassays are com petitive 
binding immunoassays in which both the antibody and a sample of the 
analyte protein are fluorescently labelled. The assay format is shown in 
Figure 2.10. The labels are chosen so that the emission spectrum  of one 
label, the donor, overlaps with the absorption spectrum  of the other, 
the acceptor, Figure 2.11. Non-radiative energy transfer from the donor 
fluorophore  to the acceptor fluorophore m ay occur if the two 
fluorophores are in close enough proximity (50 - 70 A) (Stryer et al., 
1982). In the imm unoassay the fluorophores are only brought close 
enough together for non-radiative transfer to occur w hen they are 
bound in an immune complex. Energy transfer in solution was first 
observed in 1929 by Perrin and Choucron. According to Forster (1948) 
the efficiency of non-radiative energy is given by

where 0O and 0q are the fluorescent quantum  yields of the donor in the 
presence and absence of the acceptor respectively, r is the separation of 
the donor and acceptor labels and R0 is the distance at which transfer is 
50% efficient, typically 6 nm for common donor-acceptor pairs

where^ is the integrated spectral overlap of the donor emission and 
acceptor absorption, n, is the refractive index of the m edium  and ffis 
the orientation factor which for randomly orientated dyes is ~ (2/3)1/2 
(Ullman and Khanna, 1981). This method has been applied to a wide 
variety  of analytes: m orphine, m orphine-album in conjugate and 
hum an IgG (Ullman et al., 1976) and thyroxine binding globulin (TBG) 
(Van der Werf and Chang, 1980).

E [2.6]
0o r"6 + R ^

R0 = (8.79x10’“  v2.0o.J(v).ir, ) '1/6 [2.7]

iJ(v)
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This assay technique lends itself readily to autom ation and has 
been tran sferred  into a flow injection analysis system  for the 
m easurem ent of albumin (Lim et al., 1980). The donor and acceptor 
fluorophores used in this system were fluorescein and rhodam ine 
respectively.

Energy transfer immunoassays can also be carried out using long- 
lived fluorophores in conjunction with tim e-resolved spectroscopy 
(Morrison, 1988). Here the fluorescent lifetime of the donor exceeded 
that of the acceptor. The result was that the excitation of the acceptor 
due to direct absorption of incident light and that due to energy transfer 
from the donor could be differentiated. This arrangem ent elim inated 
the both the endogenous fluorescent background and that produced 
from direct excitation of the acceptor which is a problem in such assays. 
Classically the quenching of donor emission is m easured to determ ine 
the concentration of analyte protein.
There are two possible labelling protocols; the donor may be attached to 
the antibody and the acceptor to the antigen or vice versa.

Antibody-donor and Antigen-acceptor Labelling
According to Ullman (1981), there are two drawbacks w ith this 

approach. Firstly, the absorption spectrum  of the acceptor tends to 
overlap w ith that of the donor resulting in direct excitation of the 
acceptor by the incident light. Secondly, donors bound random ly to the 
antibody w ould lead to inefficient energy transfer. Some donors w ould 
be too remote to participate in the energy transfer reaction and w ould 
increase background fluorescence against which donor quenching 
w ould have to be measured.

This labelling protocol has however recently been applied to the 
m easurem ent of hum an IgG by M orrison (1988) and the acceptor 
enhancem ent m easured. M orrison experienced some of the above 
problem s; however, these were minimised by careful characterisation 
and purification of antibody-donor conjugates and elimination of that 
component of the acceptor emission produced by direct excitation of the 
acceptor using time-resolved spectroscopy.
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Antigen-donor and Antibody-acceptor Labelling
D onor fluorophores may also be attached to sam ples of the 

antigen and acceptors which absorb as little as possible at the donor 
excitation wavelength attached to the antibody. Assum ing that the 
antigenic determ inant is fairly close to at least one bound  donor 
fluorophore, efficient quenching should be observed upon binding of 
the labelled antibody.

The use of fluorescent labels as a means of detection has its origin 
in histological staining (cell staining) (Coons et al., 1942). The 
fluorescence of the dyes used had to be visible to the naked eye. 
Transfer of fluorescent labels for use in immunoassays has seen some 
m odification of the dyes available but very little real tailoring to the 
different needs of the clinical and industrial environments.

Fluorescence as a means of detection in ferm entation broths is 
not w ithout its problems; the most obvious being interference caused 
by media components. Direct monitoring of a single fluorescent signal 
m ay therefore be difficult against a background of scattering , 
endogenous fluorescence and the possible presence of quenchers. 
Scattering and fluorescent backgrounds may be eliminated by the use of 
time or phase resolved spectroscopy.

For this reason it is necessary to look carefully at the dyes 
available w ith a view to customising the dye to the application for 
which it is intended. In some cases this may involve the synthesis of 
new dyes.

Some fluorescent techniques have other drawbacks. Polarisation 
fluoroim m unoassays are restricted in their use by the size of the 
analyte that they can physically detect and would not be suitable for the 
m onitoring of large or flexible proteins.

Quenching and enhancement fluoroim m unoassays have found 
their w idest application in the detection of small molecules, although 
they have been used to measure IgG. Here, any signal w ould be 
m easured against a media background if used in ferm entation broths. 
Substrate labelled fluoroim m unoassay uses both an enzym e and a 
fluorophore and would again be subject to background interference
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problems.
Tim e-resolved fluoroim m unoassays have the advantage that 

they discrim inate betw een the background and the signal to be 
measured. This is achieved by the use of long-lived labels such as the 
europium , Eu3+, which have lifetimes of the order of m illiseconds. 
Their draw back is that they are water-insoluble and require a non- 
aqueous environm ent to promote their fluorescence. This technique is 
therefore heterogeneous.

Fluorescence energy transfer has certain advantages over other 
im m unoassay techniques. Quenching of the donor fluorophore is 
usually m onitored as the acceptor enhancement signal is often plagued 
by a large fluorescent background as a result of direct excitation of the 
acceptor at the donor excitation wavelength. Morrison (1988) overcame 
the problem  of direct acceptor excitation by separating the acceptor 
fluorescence due to direct excitation form that due to transfer from the 
long-lived pyrenyl label. This technique does have its problems mainly 
caused by the choice of fluorescent labels available.
The spectral overlap between suitable donors and acceptors is usually 
small. W ith the correct choice of dyes it should be possible to monitor 
both donor quenching and acceptor enhancement. This relies on the 
transfer being great enough that the enhancem ent can be m easured 
against the acceptor direct excitation background and that of the media 
com ponents. M easurem ent of both signals w ould  allow  the 
discrim ination of background scattering and fluorescence and w ould 
provide an ideal technique for use in broths where so m ay techniques 
are subject to background interference caused by the variation of media 
composition between batches.
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Figure 2.4: Enzyme Multiplied Immunoassay Technique (EMIT)
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3 Project Objectives
C hap ter 2 was concerned w ith  the evaluation  of existing 

imm unoassay techniques with a view to selecting an existing technique 
for developm ent and application to the area of process control for 
in d u s tr ia l ferm enta tions. This chap ter describes the m odel 
ferm entation  for which the im m unoassay is to be designed, the 
im m unoassay technique selected and the im m unoreactants and assay 
components that are to be used.

3:1 The Model System
The assay technique selected will be aimed at the m easurem ent of 

monoclonal antibody concentrations in animal cell culture m edia for 
industrial fermentation of interest to Celltech Ltd who have sponsored 
this research (Birch et al., 1985), (Rhodes and Birch, 1988). The model 
system selected was an industrial fermentation for monoclonal mouse 
IgG l specific for hum an tum our necrosis factor (hTNF). The 
m onito ring  of p roduct concentrations in such ferm entations is 
currently carried out by off-line techniques such as the ELISA. It takes a 
minim um  of four and a half hours to obtain a m easurement of the IgG 
concentration in the above ferm entation for anti-hTNF. Often the 
samples will be collected and it may be twenty four hours before the 
results are available.

3:1:1 Ferm entation
The ferm entation m edium  comprises various horm ones, bovine 

serum  album in and two m ulti-com ponent pow ders based upon  
DMEM, a synthetic culture medium, available from GIBCO BRL which 
is m ade up exclusively for Celltech Ltd. The m edium  contains a 
variety of inorganic salts, amino acids, vitamins and other components 
including glucose, a surfactant, buffering components and metal ions. 
A 10 % inoculum is used at each stage of the fermentation. Viable cell 
counts are m ade at regular intervals by the removal of samples from 
the fermenter and staining of dead cells using trypan blue. Initially the 
fermentation is mixed using nitrogen as a ballast gas with air supplied
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on dem and to maintain a dissolved oxygen tension of around 15 %. In 
the early stages of the ferm entation carbon dioxide is injected to 
m aintain the pH at 7.1. An additional feed containing glucose, amino 
acids and a synthetic m edium  form ulation is p u t on w hen the cell 
density reaches about 0.5 x 106 cells/ml. When the cell density reaches 
around 1 x 106 cells/m l the pH of the fermentation may begin to drop 
and sodium  hydroxide is used to m aintain the pH. W hen the cell 
viability has reached a maximum it is allowed to drop to 10 % as 
antibody production continues after the maximum viability has been 
reached. The final IgGl concentration is usually 200-300 m g/1 prior to 
harvesting. A virus inactivation stage is carried out in the ferm enter 
where the pH  is dropped to 5.5 to inactivate any m urine retroviruses 
that are present and is then returned to pH 7.1. The contents of the 
ferm enter are then rem oved and cells, cell debris and particulates 
rem oved by centrifugation.

3:1:2 Downstream Processing
After harvesting, the culture volum e is sterile filtered  and 

concentrated down to approximately 10% of its original volume. The 
supernatant is diluted using a glycine/NaCl buffer prior to loading onto 
a protein A Sepharose 6B fastflow column which binds IgG l. The 
column is washed using the dilution buffer. The IgGl is eluted using 
an acetate buffer and the column re-equilibrated with the glycine/NaCl 
buffer p rio r to the addition  of fu rther batches of the cu lture  
supernatant. The process is repeated until all the culture supernatant 
has been processed. The eluent stream from the column contains IgGl 
at about 95 % purity together with bovine serum album in (BSA) and 
DNA.

The eluent stream is concentrated by ultrafiltration to a final IgGl 
concentration of about 3 to 5 g/1. The IgGl is further purified using a 
DEAE sepharose fastflow column to remove any rem aining BSA. 
Column fractions are removed during elution and the composition of 
the fractions determ ined by gel electrophoresis. Samples are sterile 
filtered and any remaining DNA reduced to an acceptable level, the 
FDA approved level being less than 10 picograms per dose. DNA is
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rem oved using a polyethyleneimine column which binds the DNA but 
does not retain the IgGl. The final purification step is to remove any 
IgG l aggregates by gel filtration using an Sephacryl S300 column. 
Absorbance m easurem ents at 280 nm and pH  checks are carried out 
across each unit operation to monitor its performance and check that 
the m easurem ents fall w ithin acceptable lim its. T hroughout the 
downstream  processing quality control checks are carried out to ensure 
that the p ro d u ct m eets certain criteria, for exam ple, assays are 
perform ed for endotoxins.

The rough cost of a single 2000 litre fermentation is of the order 
of £70,000 the m ain com ponent of which is depreciation on the 
fermentation apparatus. Scale-up is carried out from a 20 litre benchtop 
ferm enter through a 200 litre pilot ferm enter to the final 2000 litre 
p roduction  ferm enter. The first two ferm entation  stages take 
approxim ately four days each and the production fermenter is run for 
ten days. Failure of such fermentations caused by contam ination or 
instrum ent failure is more common in the smaller scale ferm enters, 
with a run failure rate of approximately 1 to 2 %.

3:2 The Im m unoassay
There is a m ajor requ irem en t for rap id  n o n -sep ara tio n  

imm unoassays in process control. Optical m ethods of m onitoring the 
antibody-analyte interaction potentially offer several routes to the 
achievement of such assays. Two fluorescent procedures have proved 
especially attractive in the development of w ash free hom ogeneous 
im m unoassays: the m onitoring of the polarization  of fluorescent 
emission (Jolley et al., 1981b) and of the non-radiative transfer of 
excited state energy (Ullman et al., 1976). The former has proved very 
successful but is limited to analytes of molecular weight below 20,000. 
This is an intrinsic lim itation as the m ethod requires a significant 
difference in the m olecular volume of the analyte and the capture 
antibody. Energy transfer assays have achieved less success and are 
also, presently, lim ited in the size of analyte that may be m onitored. 
However, this is not an intrinsic limitation. The extension of the non
separation techniques to include large analytes is dem anded by m any
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process control applications, e.g. the m onitoring of m onoclonal 
antibody and therapeutic protein fermentations (Stocklein et al., 1991). 
Energy transfer assays, if the analyte size range could be extended, are 
particularly suitable in this area. They can be readily autom ated by the 
use of flow injection analysis (Lim et al., 1980).

The immunoassay requires that the capture antibody and a sample 
of the purified analyte be labelled with two different fluorophores, a 
donor fluorophore and an acceptor fluorophore as p rev iously  
described. The sensitivity of fluorescent im m unoassays is often 
com prom ised by interference from background fluorescence and 
scattering. The first may be eliminated using time or phase resolved 
spectroscopy. The use of time-resolved detection has already been 
dem onstrated  for this assay technique using a long-lived pyrene 
derivative as the donor fluorophore attached to the capture antibody 
(Morrison, 1988). Interference from a scattering background may be 
reduced by the use of fluorescent labels with long Stokes' shifts and the 
use of filters. The subsequent sections examine the fluorophores which 
are currently available.

3:3 Selection of Fluorescent Labels and Antibodies
This section describes the donor and acceptor fluorophores and the 

capture antibody selected for use in the fluorescent energy transfer 
im m unoassay.

3:3:1 Selection of Fluorophores
The choice of donor and acceptor fluorophores in this type of assay 

is critical. Table 3.1 shows some of the donor-acceptor pairs that have 
been used in this type of assay to date.

M ost energy transfer im m unoassays have used conventional 
fluorescent dyes, e.g. fluorescein, rhodamine, as the donor and acceptor 
fluorophores. These classical labels, e.g. fluorescein isothiocyanate, 
Figure 3.1, were developed for tagging proteins in order to follow their 
histological distribution. They were then used in the first fluorescent 
immunoassays where they simply replaced a radioisotopic label, e.g. in 
a corresponding immunoradiometric assay. This type of assay has been
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lim ited in the size of analyte it can detect. The present analyte size 
lim itation has its origins in this inappropriate choice of labels. The 
m aximum size of analyte is determined predom inantly by the critical 
distance of the donor-acceptor pair. Critical transfer distances of around 
50 A, typical of classical labels, whilst providing the rational of the 
m ethod, are often too short. Heavy labelling of the analyte or of the 
antibody, or of both, ensuring that at least one donor acceptor pair is 
close enough for transfer to occur efficiently, is used to compensate for 
the disparity between too low a critical transfer distance and the end to 
end distance of a larger analyte antibody complex. This approach 
p resen ts  several problem s. H eavy labelling  can re su lt in 
insolubilisation of a protein or inhibition of the antibody-analyte 
complex formation. In addition, the distant labels do not participate in 
transfer but may contribute to the background fluorescence (Hemmila, 
1991). Such critical distances also dictate that energy transfer 
immunoassays are formatted as competitive assays which precludes the 
use of the often more appropriate sandwich format.

The acceptor enhancement, in an energy transfer im m unoassay 
using classical labels, is usually read against a large fluorescent 
background arising from the direct excitation of the acceptor. If the 
assay conditions require the component labelled w ith acceptor to be in 
excess this background may become so large as to rule out its use as a 
m onitor of complex formation. A further disadvantage of the classical 
labels lies in the small Stokes shift. This frustrates the use of the 
simple filter based optical monitoring systems that are essential in both 
process control and decentralized testing. Labels, more appropriate to 
f lu o ro im m u n o a ssa y  needs, have  been  d e v e lo p ed . Less 
environm entally dependent labels of high quantum  yield, e.g. XRITC, 
are now  available see Figure 3.1. The phycobiliproteins, algal light 
harvesting proteins, have also been introduced as labels (Kronick, 
1986). These proteins contain between six and th irty  four highly 
fluorescent chromophores. This optimization of the fluorescent labels 
has been  d irec ted  tow ards im proving  s tan d ard  fluorescence 
im m unoassays and does not address, specifically, the special 
requirements of large analyte energy transfer assays.
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M orrison (1988) has introduced the use of a donor label w ith a 
m uch longer fluorescent lifetime, x, than the acceptor. The acceptor 
emission arising from direct excitation and from energy transfer from 
the longer lived donor can thus be distinguished by time resolved 
spectroscopy. He chose pyrene (x~100 ns) and B-phycoerythrin (i~2 ns) 
as the donor-acceptor pair. However, the critical distance is still around 
50 A. Morrison illustrated the strengths of this significant advance 
using Fab' as the analyte with a radius of -25 A.

The excited state reactions of pyrene offer an opportunity of both 
extending the analyte size and introducing a large effective Stokes shift 
w hilst retaining the advantages of M orrison's approach. Pyrene can 
form an excited state dimer (excimer) when a pyrene molecule in the 
excited state collides with a pyrene molecule in the ground state. The 
monomer is characterized by an emission band centred around 375 nm 
showing the fine vibrational structure typical of an arene. The excimer 
is characterized by a structureless emission band centred around 475 
nm (Gilbert and Baggott, 1991), (Birks et al., 1964). The excitation and 
emission spectra of pyrene are shown in Figure 3.2. Proteins m ay be 
labelled with pyrene derivatives such as succinimidyl-l-pyrenebutyrate 
and pyrene maleimide. Several workers have noted the form ation of 
excimers on protein labelling (Lin and Dowben, 1982), (Betcher-Lange 
and Lehrer, 1978), (Ishii and Lehrer, 1990). In such derivatisations, the 
pyrenes are attached to the protein  by a linker chain, e.g. - 
(C H 2)4 C O N H (C H 2)4 -, that provides enough m obility to ensure a 
significant probability of an excited pyrene colliding with an adjacent 
pyrene w ithin the lifetime of fluorescence. M orrison chose to work 
w ith lightly labelled proteins so that the form ation of excimer was 
m inim ized thus enabling a more rigorous comparison of the theory 
and experim ent of time resolved fluorescence energy  transfer 
im m unoassays.

A pyrene derivative, succinimidyl-l-pyrenebutyrate was chosen as 
the donor label. Its structure is shown in Figure 3.3. It has a long 
enough fluorescent lifetime that time- or phase-resolved detection 
could be used to eliminate background interference. This m ay be 
necessary w here the m easurem ents are to be taken directly  in
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ferm entation media which will contain fluorescent species. In addition 
the excited state reactions of pyrene may lead to the possibility of using 
the excim eric form of pyrene as the donor fluorophore in the 
imm unoassay. Excimeric pyrene has a very long effective Stake's shift 
of 135 nm (A,ex = 340 nm, and A,em (m onom er)=  375 nm and A,em(excimer) = 475 
nm). It should be possible to use filters to eliminate the scattering 
background. This label has previously been used in an energy transfer 
im m unoassay for hum an Fab (Morrison, 1988).

Table 3.2 shows the acceptor fluorophores that were considered for 
use in the assay. Fluorophores such as Nile Blue and IANBD are 
quenched in w ater and the fluorescence of the latter is highly pH 
dependent. These dyes w ould therefore not be suitable for the 
application considered where aqueous buffers are used. Examination of 
the excitation spectra of the rhodam ine derivatives (Hemmila, 1991) 
indicates that they are unlikely to have a better spectral overlap w ith 
the chosen donor than B-phycoerythrin and in addition have m uch 
lower quantum  yields. Similarly eosin and erythrosin derivatives 
have very low quantum  yields of 0.02 and 0.015 respectively. An 
extensive study of all possible acceptor fluorophores was not carried out 
at this stage as it was felt that B-phycoerythrin w ould be a suitable 
m odel acceptor and based on its perform ance any necessary  
optim isation in terms of the choice of acceptor fluorophore could be 
carried out subsequently.

B-phycoerythrin was selected as the acceptor fluorophore. The 
overlap betw een this acceptor and the pyrene donor is know n to be 
good (M orrison, 1988). This fluorophore comes from  a group of 
proteins known as the phycobiliproteins which are the light harvesting 
pigm ents found in blue-green, red and cryptom onad algae (MacColl, 
1982). B-phycoerythrin comprises three dissimilar subunits a  ,P and y  

with m olecular weights 17,500, 17,500 and 30,200 respectively w ith a 
subunit structure (<xP)6y, as shown in Figure 3.3. B-phycoerythrin has 
an excitation maximum at 545 nm (£m = 2.41 x 106 l.M"1.cm '1 ) and 
em ission m axim um  at 575 nm (Glazer and Hixson, 1977). The 
absorption spectrum  of B-phycoerythrin is shown in Figure 3.4 and its 
excitation and emission spectra are shown in Figure 3.5. It can be seen
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that there is a trough in this absorption spectrum in the region 324 nm 
to 342 nm  which covers 340 nm, the excitation wavelength which will 
be used in the assay. As previously mentioned this is im portant as 
d irect excitation of the acceptor at this w avelength increases the 
background against which any acceptor enhancement will be measured.

Phycobiliproteins have previously been used in the analysis of cell 
surface m arkers (Oi et al., 1982) and as labels in energy transfer 
im m unoassays. Pairs of phycob ilip ro te ins , for exam ple, B- 
phycoerythrin  and allophycocyanin have been covalently linked to 
produce tandem  conjugates with large apparent Stokes shifts and the 
high quantum  yields (Glazer and Stryer, 1983).

3:3:2 Selection of the Capture Antibody
There are several limitations surrounding the use of a polyclonal 

antibody in immunoreactions (Sevier 1981). A solution of polyclonal 
antibody comprises antibodies of differing affinities for the antigen and 
w hich recognise different epitopes on the antigen. M onoclonal 
antibodies are all raised from the same hybridoma. They all recognise 
the sam e antigenic determ inant and bind w ith the sam e affinity. 
W here an energy transfer immunoassay is to be carried out labels m ust 
be attached to samples of both the antibody and antigen. If the labels 
were conjugated with a polyclonal antibody a very varied population of 
labelled antibody would result. Some label could bind to antibodies 
w ith relatively low affinity for the antigen resulting in a significant 
level of background.

Characterisation of the conjugates would be more difficult as the 
variation in specificity and binding affinity adds an extra param eter to 
their possible effectiveness in energy transfer, although the transfer 
could increase if more antibodies could be bound per molecule of 
labelled antigen. In addition to this the level of non-specific binding of 
labelled antibody to other proteins in the reaction m ixture could 
further reduce sensitivity. Different populations of monoclonal could 
also limit the reproducibility and sensitivity of the assay (Siddle, 1986). 
Polyclonal antibodies could also produce a precipitate as outlined in the 
section on im m unoprecipitin reactions.
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The analyte to be measured was a monoclonal mouse IgGl. The 
capture antibody selected was a monoclonal rat IgGl raised against 
mouse IgGl heavy chain. This antibody was selected for a num ber of 
reasons. The antibody had a quoted association constant of 1010 M _1 
(supplier's information). The antibody was from the IgGl subclass 
which is known to be relatively stable. A monoclonal antibody was 
chosen as it was felt that the formation of large im m une complexes 
comprising several antibodies might produce a scattering background 
and could make the initial modelling of the energy transfer complex. It 
was decided that the use of polyclonal capture antibodies w ould be 
investigated after the assay design was complete.
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Fluorescein Isothiocyanate

Rhodamine X Isothiocyanate (XRITC)

Figure 3.1: The Structures of two commonly used fluorescent dyes
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Figure 3.2: Characteristic excitation and emission spectra of a pyrenyl
label showing monomeric emission at 375 nm and excimeric 
emission at 475 nm at a fixed excitation wavelength of 340 nm



Succinim idyl-l-pyrenebutyrate
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Subunit structure of 
B-phvcoervthrin (gpi^y

a  2 phycoerythrobilins

p 3 phycoerythrobilins

y 2 phycoerythrobilins 
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34 fluorophores

Structure of B-phycoerythrin

Figure 3.3: Structures of the fluorescent probes selected for the
development of a Fluorescent Energy Transfer Immunoassay. 
Succinimidyl-l-pyrenebutyrate is the donor fluorophore 
attached to the capture antibody, rat IgGl. B-phycoerythrin is 
the acceptor fluorophore used to label the com peting analyte, 
mouse IgGl.
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4:1 Principles of Fluorescence
Absorption of incident light at an appropriate w avelength by a 

fluorescent molecule in its ground state results in the prom otion of 
molecular electrons to a higher electronic states. The excited state of 
the molecule is unstable w ith respect to the ground state and the 
absorbed energy m ust therefore be released and the molecule returns to 
its ground state. This de-excitation can occur by several pathways. The 
excess energy may be released radiatively or nonradiatively. Where 
the excited state energy is emitted as light, the energy of the emitted 
photons will be lower than that of the exciting photons, corresponding 
to a longer emission w avelength w ith respect to the excitation 
w avelength. The difference between the excitation and emission 
wavelength is known as the Stokes shift. For most fluorescent organic 
molecules this is generally 30 - 50 nm; for some fluorescent species such 
as the lanthanide chelates however this is of the order of 200 nm.

4:1:1 Electron Spin and Energy State Diagrams
In the organic molecules considered in this research in the ground 

state all the molecular orbitals are occupied by two spin-paired  
electrons, that is their spins are in opposite directions. Such an 
electronic state is known as the singlet state. On an energy state 
diagram  a molecule which is both in the ground and singlet state is 
depicted by the state S^ Figure 4.1. If a molecule absorbs incident light 
and an electron within a k orbital is promoted w ithout a change in the 
spin of the electron (i.e. the spin of the prom oted electron rem ains 
opposed to that of the electron it was paired w ith in the ground state) 
then the excited state is also a singlet state, depicted as Conversely, if 
by some process the spin of the promoted electron is changed as a result 
of excitation so that it is parallel to the spin of the electron which 
rem ains in the ground state, the excited state is known as the first 
excited triplet state, Tr

Two general rules exist for the excitation of electrons resulting 
from the absorption of incident light. Firstly, the spin of a prom oted 
electron is preferentially unchanged in transitions from the ground to 
the excited state. The most intense bands in an absorbance spectrum
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are, therefore, related to the promotion of electrons from the ground 
state, Sq, to the first excited singlet state, Sj. Transitions between the 
ground state, S<y and the first excited triplet state, T1, are spin-forbidden 
m eaning that they are present but are considerably weaker than the SQ 
to Sj transitions.

It can be seen from the generalised state diagram, shown in Figure 
4.1, that the first excited triplet state is represented as having a lower 
energy than the first excited singlet state. This is related to the fact that 
on prom otion to the first excited triplet state, the spins of the unpaired 
electron rem aining in the ground state and that of the electron in the 
first excited triplet state are opposed. There is some repulsion between 
these two electrons as their spins are parallel. This repulsion energy is 
dependen t on the spatial overlap of the orbitals involved and 
determines the energy difference between the excited singlet and triplet 
states. H igher energy states than the first excited state also exist 
corresponding to absorption at longer wavelengths.

4:1:2 nrc* and  tcte* Transitions
Electronic transitions in aromatic molecules may be of two types. 

The first involves the promotion of an electron from one n orbital to 
another, tc —> jc*. The second type occurs in heterocyclic hydrocarbons 
and involves the promotion of a non-bonding electron in a lone pair to 
n orbital, n —> n , these transitions are show n in Figure 4.2. The 
fluorescent properties of the two states differ as a result of the energy 
difference betw een their respective singlet and trip let states. The 
energy level of a triplet state relative to its singlet state is given by 
(Murrell, 1963)

ET = Es -  2K [4.1]

where ET is the energy of the triplet state and Es is the energy of the 
singlet state. K is the two electron exchange integral which is a 
m easure of the repulsion between the ground and excited state 
electrons. For a simple atom such as hydrogen it takes the form
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r 2 "
K = Jf,(l)fb(2) £ -  f,(l)fb(2)dv

J r
[4.2]

where fa and fb are the ground and excited state wave functions and r is 
the distance between the electrons 1 and 2. In aromatic molecules the 
electronic structure is more complex but for the two types of transition 
considered here the above equation may be abbreviated to

K represents the summation of the ground and excited state electron 
densities where the molecular orbitals overlap (Murrell, 1963). For 
k —> k* transitions the ground state and excited state molecular orbitals 
are both delocalised about the ring. This means that the two electron 
exchange integral is large and that the difference between the energy 
levels of the related singlet and triplet states is also large. The 
probability of intersystem crossing occurring between the singlet and 
trip let states for a n —> %* transition is therefore sm all and  these 
transitions are highly fluorescent.

In contrast n -> tl* transitions involve the prom otion of a ground 
state electron which is localised about the heterocyclic atom  to an 
excited state which is delocalised about the ring. The two electron 
exchange integral for such a transition is small m eaning that the 
difference in energy between the singlet and triplet states is small. This 
leads to a high probability that intersystem crossing will occur. Such a 
transition is generally non-fluorescent, phosphorescence being the 
main decay pathway (Kasha, 1950). When such heterocyclic molecules 
are dissolved in polar solvents solvent interactions can occur which 
result in the n,7t* state energy increasing and the n,n* state becoming 
the lowest excited singlet state. Under these conditions the molecule is 
fluorescent, the fluorescent quantum  yield is increased and the

[4.3a]

and

[4.3b]
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emission maximum is red shifted (Lianos and Cremel, 1980).
For the pyrene derivatives considered in this work only k —> k* or 

n —> k* transitions are possible.

4:1:3 Radiative and N onradiative Transitions
De-excitation of an electron in the first excited singlet state, Sj, can

occur by several processes. Radiative transitions from the first excited
singlet state to the ground state, Sj to SQ, are term ed fluorescent.

o c c u r s
Fluorescent em ission Aw ithin  a short tim e period  after excitation

12 "6(picoseconds to microseconds, 10" to 10 s). Emission from the first 
excited triplet state, T 1 to is known as phosphorescence.

Figure 4.3 shows all the possible transitions that may occur between 
the different molecular energy levels and is know n as a Jablonski 
d iagram . Radiative processes are show n by solid lines w hilst 
nonrad ia tive  transitions are show n as w iggly  lines. R adiative 
transitions involve a change in the total energy of the molecule as a 
result of absorption or emission of a photon.

Two nonradiative processes exist. Internal conversion (IC) and 
intersystem  crossing (ISC). Internal conversion involves a change in 
energy state of the electron accompanied by no change in the electron 
spin. Conversely intersystem  crossing involves a change of energy 
state combined w ith a change in spin of the electron. Intersystem  
crossing from the first excited singlet state to the first excited triplet 
state, which is at a lower energy level, leaves the molecule w ith some 
excess vibrational energy which is rapidly dissipated by intermolecular 
collision, this process is sometimes known as vibrational relaxation 
(VR). Mixing of singlet and triplet energy states by these nonradiative 
processes m ean that otherw ise spin-forbidden transitions becom e 
weakly allowed. A th ird  m echanism  exists by w hich an excited 
molecule M* can return to its ground state. In the absence of any other 
pathw ay an excited molecule in the first singlet state, Sj, emits its 
energy and returns to the ground state, S0. Molecules that quench 
fluorescence can do so by two general mechanisms. A quencher may 
increase the degree of intersystem  crossing, for exam ple heavy atoms 
such as I', or param agnetic molecules such as oxygen. The second
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m echanism  involves the transfer of energy to the quencher and this 
m echanism  occurs in the energy transfer im m unoassay described in 
this thesis.

4:1:4 Fluorescent Life-times and Quantum  Yields
This section describes the theory behind the determ ination of 

fluorescent lifetimes and quantum yields.

4:1:4:1 N atural (Intrinsic) Lifetimes
A population of electronically excited molecules at a concentration 

[M*] return  to their ground states by spontaneous emission of excited 
state energy.

M* -> M + hV  [4.4]

h V  represents a lower energy photon compared to that absorbed, hv, 
by the ground state molecule, M. h is Planck’s constant and v the 
photon frequency. The random decay of the excited state population, 
[M*], to its ground state follows first-order kinetics

- A [ M *] = ko[M»] [4.5]
dt

where k° [s_1] is the rate constant for spontaneous radiative emission. 
Integration of equation 4.5 gives

[M*] = [M*]0e‘ k°l [4.6]

Thus the decay of the excited state population, M*, after a short pulse of
exciting light, is exponential where [M*]Q is the initial concentration at
t=0. The process of radiative emission may be characterised by a life
time (similar to the half-life used to describe radioactive decay). The 
natural life-time of a radiative process, x°, is defined as the reciprocal 
of the radiative rate constant

[4-71
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Thus, in a time t=x°, [s], the concentration of excited state molecules 
falls to 1 /e  of its initial value. Table 4.1 shows some typical natural 
fluorescent lifetimes for some aromatic molecules.

4:1:4:2 M easured Lifetimes
Fluorescent lifetimes may be measured by m onitoring the decay of 

the fluorescent emission for a large concentration of excited molecules 
after exposure to an intense short burst of exciting radiation. The 
m easured rate coefficient , kr, will differ from k° as other processes 
such as nonradiative em ission m ay contribute to m olecular d e 
excitation. If both intersystem  crossing and in ternal conversion 
contribute to the loss of excited state energy then the rate of decay of the 
excited state [M*] is given by

[M*] = k° [M»] + k lsc[M»] + k IC[M»] [4.8]
dt

where k° is the natural fluorescence rate coefficient, and kISC and k IC 
are the rate  coefficients for in tersystem  crossing and  in te rnal 
conversion respectively. The decay is still a first order process with a 
m easured rate coefficient kf

[M»] = [M*]0e~kfl, k f = k ? +  k ISC + k IC [4.9]

The measured rate coefficient can be generalised to include all possible 
decay pathways, kf = ^ (k j) , if i=f the rate coefficient k f=k°. The 
measured fluorescence lifetime is given by

’ > ' ^ ■ 5 -  14101

W here other processes such as intersystem  crossing and internal 
conversion compete with fluorescence the m easured lifetime will be 
lower than the natural lifetime x° = l / k ° .  In addition, the observed 
fluorescent intensity will be reduced com pared to the intensity of 
em ission in the absence of com peting processes, as fewer excited
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molecules actually emit radiation.

4:1:4:3 Lifetimes of Pvrene Derivatives
A fluorescent lifetime of 680 ns, has been m easured pyrene in 

deoxygenated cyclohexane at 25^0 (Birks et al., 1963) however, pyrene 
derivatives have shorter lifetimes. Spencer (1969) concluded that this 
was as a result of conjugation of side groups with the pyrene rc-electron 
system. Interactions between solvent molecules and the side-chain 
may therefore result in a decrease in the conjugation between the side 
chain and the rc-electron system  resulting in an increase in the 
fluorescent lifetime. This has been observed by Lianos and Cremel 
(1980) in their work with 1-pyrenecarboxaldehyde.

4:1:4:4 Quantum  Yields
Q uantum  yields are used to describe the efficiency of the emission 

process

M + /iv —» M* [4.11]

the quantum  yield is defined as

_ No. of quanta emitted per unit time per unit volume ^  ^
No. of quanta absorbed per unit time per unit volume

The num ber of photons absorbed and em itted is related to the 
fluorescent intensities, therefore the fluorescent quantum  yield, <|>f

<Pf=y± ~ [4.13]
âbs

w here If is the intensity of fluorescence and Iabs the in tensity  of 
absorbed radiation. As the fluorescent intensity is proportional to the 
fluorescent photon concentration equation 4.13 may be re-written as

-f[/iv ']
(p f=¥\------  [4.14]

^-[hv]
dt
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h v ' represents the fluorescence photon and hv  the absorbed photon, 
v > v'. The rates of absorbance and fluorescence are given by

-4 : lh v ]  = kabs[M ][hv] [4.15a]
dt

and
—7 -[ftv'] = k?[M*] [4.15b]

dt
and therefore <f)f is given by

_ —k f[M J— [4.16]
*f  k abs[M][fcv]

As it is not easy to determine the concentrations [M], [M*] and [hv], the 
fluo rescence  q uan tum  yield  is d e te rm in ed  by  s te ad y -s ta te  
m easurem ents of the absorbed and emitted radiation intensities and 
equation 4.13 applied. The rate of change of [M*] is given by

= k°[M*] + Z'kj[M*] -  kabs[M][/iv] [4.17]
a t

If a sample containing M is continuously irradiated, a steady-state 
concentration of M* will be established. At steady-state -d[M *]/dt = 0 
and equation 4.17 becomes

[M, ] = kabs[M][/lv] [4.18]
k° + Z'kj

Substitution into equation 4.18 gives

<t>f = — ^ ----  [4.19]
1 k f + Z’kj

The denominator is the sum of all the decay pathways available to M*, 
Elq. Substituting equations 4.7 and 4.10 into 4.19 the fluorescent 
quantum  yield, (j)jr, become

0/ = J  [4-20]
Xf

The presence of de-excitation pathways other than fluorescence reduces 
the quantum  yield of fluorescence to less than 1. The natural lifetime,
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x° , may therefore be calculated from experimental determination of the 
radiative lifetime, if, and the observed fluorescence quantum  yield, <pf, 
using equation 4.19. Table 4.2 shows the fluorescence lifetimes and 
quantum  yields for some aromatic molecules.

4:1:4:5 Fluorescence Quenching
The presence of a quencher in a solution of fluorescent molecules 

will act to dissipate excited state energy, reduce the concentration of the 
excited state [M*] and thus the fluorescence intensity. For such a system 
the following reaction schemes may be considered

Scheme K l]
Reaction Rate
M —» h v  + M* absorption kabs[M][/iv]
M* —> M + hv'  fluorescence k°[M*]
M* —» M All other decay pathways E'kf [M*]
M* + Q —» M + Q quenching k JM*][Q]

kabs is the rate coefficient for excitation of M with a photon of frequency 
v. k° is the natural rate coefficient for the radiative fluorescent decay 
of M* (= 1 / i f ). Z 'ki represents the sum of the rate coefficients for all 
other decay pathways and k is the rate coefficient for fluorescence 
quenching. At steady state -d[M*]/dt=0 and

[M*]= k abstM pv] [4.21]
Ski + kq[Q]

the corresponding fluorescence quantum yield is given by

<pf = -^ ------------ [4.22]
Eki + kq[Q] kf + kq[Q]

where k f is the observed rate coefficient for fluorescent decay in the 
absence of the quencher (= Ekj). The reduction in the quantum  yield is 
proportional to the concentration of quencher. W hen there is no 
quencher present [Q] = 0, the quantum  yield is becomes (pf cf. 
equation 4.20. 0^=kf / k f = x f / X f . The ratio <j>°f /(pf is given by
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* ° f  k? kf + V Q] ! ,  V Q] r4231
< f f kf k? kf

4:2 Excimer Photochemistry
This section examines the photochemistry of excited state dimers 

(excimers). Pyrene like most aromatic hydrocarbons is capable of 
form ing excimers. Pyrene excimers were discovered by Forster and 
Kaspar in 1954.

4:2:1 Pyrene Fluorescence
Pyrene excimer formation can be dem onstrated by observing the 

fluorescent emission spectra of increasing concentrations of pyrene in 
cyclohexane, Figure 4.4 (Birks, 1970). At an excitation wavelength, A,ex, 
of 340 nm the characteristic emission of a dilute solution of pyrene, 1 x 
10"4 mol.l"1, has an emission maximum at 375 nm and a fine spectrum  
characteristic of an arene. At a much higher concentration of 1 x 10'2 
m ol.I-1 a broad structureless emission band appears at about 475 nm. 
The appearance of this band corresponds to the formation of excimers. 
A pyrene excimer is formed when two pyrene molecules, one in the 
ground state and the other in the excited state collide during  the 
lifetime of the excited state and may be described by

M* + M -» (MM)* [4.24]

Excimer form ation may be characterised by a plot of potential 
energy against the separation distance between the two molecules as 
shown in Figure 4.5. Two ground state pyrene molecules experience a 
m utual repulsion as they are brought closer together. This is 
rep resen ted  by the lower potential energy curve (a) w hich is 
characteristic of a repulsive system. If one of the molecules is excited 
and moves to the upper potential surface (b), an attractive force exists 
between M and M* as the two molecules are bought closer together. At 
a separation distance r the excited and ground state molecules are able 
to form a bound complex, the excimer. This is a new excited state entity
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w hich  m ay lose its excited  sta te  energy  by fluorescence , 
phosphorescence and nonradiative processes in the same way as do 
other excited state molecules. Loss of excited state energy by an excimer 
inevitably leads to dissociation of the complex into its component parts

(MM)* -> M + M + hve [4.25]

w here h ve is the energy emitted by the excimer on dissociation.
Form ation of the bound complex results in the vibrationless 

energy level of the bound excimer being lower than  that of its 
components. The emission of light by the excimer involves transitions 
to the lower repulsive potential energy surface (a) such that the energy 
difference between the upper and lower surfaces is much smaller than 
it would be for a single excited molecule, M*, returning to its ground 
state. The photons released on excimer emission will therefore be of 
lower energy than for monomer emission corresponding to a longer 
wavelength. The emission band of singlet excimers is structureless as 
the lower potential energy surface is repulsive and there are no discrete 
bound energy levels for the electrons to return to. The final energy 
states are embedded in a continuum associated with unbound ground 
state dimers. Conversely m onom eric em ission involves electron 
transitions to discrete vibrational energy levels which correspond to 
the fine structure seen in the emission spectrum . W hen the entity 
(MM) arrives at the lower potential energy surface the repulsion 
betw een the two ground state monomers causes them  to fly apart 
acquiring some kinetic energy.

4:2:2 Excimer Quantum  Yield
The formation of an excimer comprising an excited and a ground 

state monomer acts to quench monomer fluorescence by the removal 
of monomeric pyrene to form the bound excited state dim er. The 
steady state analysis of fluorescence quenching above, Equation 4.25, 
may be applied and the equation rearranged to give



Chapter 4

w here is the quantum  yield for m onom er fluorescence in the 
presence of a high concentration of ground state molecules, M. (ffj is 
the m onom er fluorescence quantum  yield for an infinitely d ilu te  
solution, and kf and are the monomer fluorescence and quenching 
rate coefficients respectively. kq may be related to the rate coefficient for 
excimer formation and decay. The following scheme describes excimer 
formation and decay

Scheme T4.21
Reaction Rate
M -> h v  + M* monomer excitation
M* —» M + hv' fluorescence kf[M»]
M* —» M nonradiative decay kmlJM‘]
M* + M —> E* excimer formation ke[M*][M]
E* -> M* + M excimer decay kJE*]
E* -» M + M + hve excimer fluorescence kef®*]
E* —» M + M nonradiative excimer decay ken®*]

kef is the rate coefficient for excimer fluorescence and includes the rate 
coefficient for natural excimer fluorescence, k°f, and any nonradiative 
processes such as in ternal conversion and in tersystem  crossing. 
Excimer kinetics applied to non-radiative energy transfer are further 
considered in Section 4.3.2.

4:2:2 Excimer Structure
The structure of the excimer is much more ordered than that of the 

monomer. Studies on hydrocarbon crystals (Stevens, 1962) indicate 
that pyrene molecules adopt a sandwich structure upon  excimer 
formation. The distance between the planes of the conjugated rings is 
about 3.4 A. A pyrene crystal is dimeric in structure w ith pyrene 
molecules arranged in pairs with an interplanar spacing of 3.53 A as 
shown in Figure 4.6.
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4:3 Fluorescence Energy Transfer
The following section presents the theory behind  fluorescent 

energy transfer between two fluorophores and provides the basis for 
the development of energy transfer immunoassays.

4:3:1 Theory of Fluorescent Energy Transfer
The theory of fluorescent energy transfer was first developed by 

Forster in 1959. Energy transfer occurs between two fluorophores if the 
emission spectrum  of one, the donor, overlaps w ith the absorption 
spectrum  of the other, the acceptor. Figure 4.7 shows the overlap 
between the pyrenyl emission spectra for pyrenebutyric acid in dioxane 
(showing monomeric emission) and for a sample of rat IgGl labelled 
w ith succinim idyl-l-pyrenebutyrate (showing excimeric emission) and 
the absorption spectrum of B-phycoerythrin. The rate of transfer kt for 
a single donor-acceptor pair is inversely proportional to the sixth power 
of the donor-acceptor separation, R, and is given by the general 
equation

k t = 8.79xl0‘25ic2x‘1n^4R"6J(v) [4.2 7]

where R is the separation of the donor and acceptor, n s is the mean 
refractive index of the medium in the range of the spectral overlap, k2 
is the orientation factor for the coupling of the donor emission and 
acceptor absorption transition dipoles (to be discussed below), i 0 is the 
natural (intrinsic) lifetime of the donor ( l /k t) , and J(v) is the frequency 
weighted spectral overlap integral

j(v) = f e(v)f ( v)vAdv= \~e(X)f'(X)X4dX [4.28]
Jo Jo

e{ v) = e(A) is the molar absorbance of the acceptor at w avenum ber 
v = l/A ,f( v ) d v  and f'(A)dAare the normalized fluorescence spectra,

f (v )dv  = F( v)dv l  f°F( v)dv = F( X) dX j \ y ' (X )d X = i \X) dX  [4.29]

and F(v) and F'(A) are the donor em ission in tensities per un it
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w avenum ber and per unit wavelength respectively. The equation 
relating the natural lifetime, xoi, the excited state lifetim e, Xj and  
quantum  efficiency of the donor fluorescence, w here the donor is 
either monomeric, i=m, or excimeric, i=e, is

*0, = * iM  = !/(</>,kid) [4.30]

the transfer equation 4.27 may then be re-written as

k h = k ld( R J R ) 6 [4.31]

The combination of constants,

Roi = (8.79xl0'25 K2<l>,nA3 ( y ) f6 [4.32]

is the critical transfer distance, Roi, as defined above.

4:3:2 Excimeric Fluorescent Energy Transfer
The donor and acceptor molecules considered in this section are 

those which are used in the im m unoassay i.e. the donor is pyrene 
m onom er and excimer and the acceptor is B-phycoerythrin. These 
equations are, however, applicable to other, similar systems.

C onventionally the donor fluorophore is a sim ple dye e.g. 
fluorescein, which is attached to one of the im m une reactants and 
transfers excited state energy to a suitable acceptor such as rhodam ine 
upon formation of the immune complex. However it is possible that 
the donor fluorophore is excimeric. Pyrene is capable of form ing 
excimers which may act as an energy donor if a suitable acceptor is 
bought into close enough proximity. In this case the absorption of 
incident light by the monomeric donor leads to excimer formation and 
transfer may occur from both the monomeric and excimeric donor.

The following reaction scheme shows the various photochemical 
reactions that may occur for all three species, the monomeric donor 
(M), the excimeric donor (E) and the acceptor (A) in the energy transfer 
reaction

6 9
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Scheme [4.31 
Reaction Rate
M + h v 0 —» M* monomer excitation
M* —> M + h v mfmf m onomer fluorescence
M* -> M nonradiative decay
M* + M -> E* excimer form ation kJM lfM ]

M* + A -» M +A* energy transfer kmt[M*][A]
E* M + M + h v ej excimer fluorescence kef[E*]
E* -* M + M* excimer dissociation M E*]
E* -» M + M nonradiative excimer decay keJE*]
E* +A E +A* energy transfer kJE 'H A ]
A + h v 0 -> A* acceptor excitation kax[A][ftt>J
A* A + h v aj: acceptor fluorescence kaf[A*]
A*  -> A nonradiative decay kaJA*]

w here v 0 is the excitation frequency and h is Planck's constant. The 
fluorescent emission intensities are

Ii=d[/z v^]/dt, 

for the steady state,

(i=m,e,a) [4.33]

d[M*]/dt = d[E*]/dt = d[A*]/dt = 0 [4.34]

therefore

lm k mf[M ^
lhv0} m

((kmd + kmt [A] + ke [M]) -  kek_e [M] /  (ked + ket [A])) 

Ie = k ef[E*]
kefkekmx

((ked + k et[A])(kmd + k mt[A] + ke[M ])-k ek_e[M]) 

Ia = k af[A*]

[4.35a]

[4.35b]
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[A ][hvQ] 

kad
kax

kmx [M](kmt (ked + ket [A]) + ketke [M])
(kmd + kmt [A] + ke [M])(ked + ket[A ])-k ek_e[M]

[4.35c]

kmd- kmf+kmn ked=kef+ken+k.e kad kaf+kan [4.36]

In the case of an excimeric equilibrium, the observed quantum  yields,

k m fK I

<t>l, are given by

*
/ _ dN ]/dt _
' - d [ / ! V 0] /c i t

kef[E*1

i = m

i = e

[4.37]

. k mx[M pV 0]
These values do not equate with theoretical quantum  efficiencies, (j>v 

but are related by the following expressions

<Pm=0m/(1 + kq[M]/kmd) [4.38a]

and

1>i = <Pek e / ( kq + kmd /[M]) [4.38b]

where k q = ke((ked -k _ e)/ked). It can be seen from the above equations 
tha t 0m = 0^ and 0e = 0°kq/ k e where <p°m and 0® are the observed 
quantum  yields in the extremes of infinite dilution ([M] = 0) and of 
infinite concentration ([M] = respectively. The transfer efficiency 
functions derived are all expressed in terms of a m onom er critical 
transfer distance, R0 defined in the limit of infinite d ilution or, in 
equivalent term s w hen considering protein labels, the lim it of an 
infinitely small extent of labelling.

T he ratio of excimer to monomer fluorescence, p, in the absence of 
transfer, indicated by the subscript o, is given by

P = [4.39]
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The fractional quenching of the donor fluorescence (monomeric or 
excimeric) as a result of energy transfer may be defined as

— )/Ijo [4.40]

and the fractional enhancement of the acceptor fluorescence as

*la=da-Iao)/Iao [4.41]

The application of the above three equations to an immune complex, 
con ta in ing  N D pyrenes and N A B -phycoerythrin labels, after 
substitution of equations [4.31], [4.35a to c] and [4.36], gives

N̂r

f t . ) = + E *) + + + ^ X 1 +£ -) -  ®iKi))/ [442]

f t . )  = ( | ( f  ̂( ^ ,  + M 1 + + +<1>i)(1 + ^ i ) - ® |K j))) I4 -43]

'na ( ND

K ) = ( i d i ( ( * - j/ ^ ) ( ^ i ( i + » . i ) + <i>i9i. l) / ( ( i+ 9 t - i + <ftiXl+ 9 t . i ) - ® i Kj))
\ 1=1 ^ ]=1 [4.44]

w here

% =  h / L 1*  0 = m’e; Nx = ND. i = a; Nx = NA)] [4.45]
/ k-l

^ijk = ( K , S) / ( K )  (i = m,e) [4.46]
k=l

® j = P j K j /% ' Kj = k-ej/kedj [4-471

Several averaging procedures are implicit in the above equations. A 
sample of labelled protein will comprise a population of proteins with 
differing configurations of label. The donor-acceptor separations 
w ith in  each of the an tibody-an tigen  com plexes, to a firs t 
approxim ation, will be fixed. The mean, <T\i >, represents the static 
averaging of rji for complexes characterized by different labelling 
configurations. The degree of rotational freedom of the labels, w ithin
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any one of these configurations, may vary from rigidly fixed to highly 
mobile. The extent of this freedom of movement effects the calculation 
of x2. Dale and Eisinger (1974) have calculated values for a wide range 
of models within this spectrum of mobility. The formation of a pyrene 
excimer on the protein surface means that at least one of the donors 
m ust possess considerable freedom of movement in order to be able to 
collide with an adjacent pyrene label. Consequently, a large num ber of 
donor-acceptor dipole configurations will be sam pled w ithin the 
relatively long lifetime of the donor and a dynamic averaging of Roi 
has been adopted. In order to be able to assign an appropriate value to 
K^that will truly represent this dynamic average some knowledge of 
the geom etry and freedom  of the labels on the protein w ould be 
required. In the absence of such information a value of 2 /3  is assigned. 
This represents the sam pling of a random  arrangem ent of dipoles for 
each of the N A acceptors, separated by a distance Rj from the donor, in 
each configuration.

The transfer efficiency equations above can only be evaluated, 
w ithout recourse to kinetic data, when the rate of dissociation of the 
excimer into an excited and a ground state monomer is m uch smaller 
than the alternative excimer decay pathways, i.e. when the ratio K can 
be equated to zero. The extensive study of pyrene excimer kinetics, by 
Birks and his colleagues (1964), provides values of k_e and ked that show 
that K will vary with solvent and temperature and an assum ption that 
K is small cannot be generally adopted. However, the high quantum  
efficiencies observed for pyrene excimers at protein aqueous interfaces 
indicate that K cannot be very high in the environment of our interest 
and also allow an estimate of an upper limit to k_e.

4:3:3 Critical Distance for the Acceptor
The acceptor B-phycoerythrin, is often represented by a single point 

absorber and emitter, placed at the centre of the protein. This is a 
drastic approxim ation to apply as its 34 fluorophores are distributed 
throughout the protein. An alternative approach involves taking an 
average, ^R-^ \  over a sphere, of equivalent volum e to the B- 
phycoerythrin molecule, of radius b= 50 A
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(r ‘)“‘ = (3 /jtb 3) 0 o‘J " 2( R f + r 2 -  2R'rsinecos<t>)~3r2sin0d9d<t>dr [4.48]

where R- is the distance between the donor and the centre of the sphere 
w hich is at the origin of the spherical polar coordinates, r,0,(|>. The 
above equation is evaluated numerically.

4:4 Antibody-Antigen Reactions

4:4:1 D efinitions 
A n tib o d y
A ntibodies are serum  proteins belonging to the gam m a globulin  or 
im m unoglobulin  (Ig) class. There are five classes or iso types of 
antibody; IgA, IgD, IgE, IgG and IgM, each characterised by their heavy 
chain type. All classes of antibody comprises two chains heavy (H) and 
ligh t (L) chains, w ith  m olecular w eights of 50,000 and  25,000 
respectively. In addition to the heavy and light chains antibodies also 
contain carbohydrates which are covalently attached to the pro tein  
(hexose, hexosam ine, sialic acid and fucose). X-ray diffraction has 
show n antibodies to be multimeric proteins with globular subunits that 
are arranged in pairs This work is primarily concerned w ith the use of 
IgG l. The capture antibody used in the fluorescent energy transfer 
im m unoassay is a rat IgGl specific for mouse IgG l heavy chain. The 
protein to be detected in the assay is also an IgGl; m ouse IgG l specific 
for h um an  tum our necrosis factor (hTNF). F igure 4.8 show s a 
diagram m atic structure of IgG. The heavy chains are divided into four 

hom ology regions, CH1' CH2' pH3 and VH. The light chains comprise 
two hom ology regions, CL and VL. The N-term inal variable regions VH 
and VL are highly homologous with one another. CH1, C^2, CH3 and 
C L are also highly  hom ologous w ith  each o ther and  show  less 
hom ology w ith  VH and VL. The light chains of IgG m ay belong to 
either the k or X subclass characterised by the sequence of the C- 
term inal region.
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Subclass

The different antibody classes may also be split into subclasses such as 
IgGl, IgG2a, IgG2b etc...

A n tig e n
In this work this term will be used to describe the mouse IgGl which is 
to be detected by its binding to the rat capture antibody. The mouse 
IgGl will also be referred to as the analyte protein.

Hapten and Antigenic Determinant
These terms will be used interchangeably to describe the portion of the 
m ouse IgGl which interacts w ith the combining site of the capture 
antibody (Kabat 1980).

Association Constants
The interaction between an antibody and its antigen is characterised by 
an association constant, K12. Antigenic determ inants of proteins 
generally have association constants of the order of 105 to 1012 M _1.

Monoclonal Antibodies
Im m unisation of a host animal by injection of an im m unogen results 
in the production of a heterogeneous population of antibodies. Such a 
population will comprise antibodies of different classes and sub-classes, 
varying structure, specificity, titre and affinity (Catty, 1981). The advent 
of monoclonal antibodies which were first produced in 1975 by Kohler 
and  M ilstein has served to produce a hom ogeneous source of 
antibodies which may be tailored to the specific use for which they are 
intended. Monoclonal antibodies are produced as a result of the fusion 
of an an tibody  p roducing  lym phocyte (spleen cell) w ith  a 
plasmocytoma (myeloma) cell to provide an immortal antibody hybrid 
producing cell line or hybridoma.

Antibodies produced from a single hybridoma are specific for a 
single antigenic determ inant and have a single characteristic  
association constant. The large scale production of m onoclonal
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antibodies and the factors affecting the choice of antibodies for 
application to immunoassays has been considered in Chapter 3.

4:4:2 Data Analysis of Antibody-Antigen Reactions
This section describes the various curve-fitting  procedures 

considered for use in the analysis of the competition curves produced 
for the fluorescent energy transfer immunoassay for mouse IgGl.

4:4:2:1 Curve-Fitting Procedures
The relationship between analyte concentration and the m easured 

signal (response) in an immunoassay is non-linear which means that a 
m odel m ust be developed to relate one to the other and allow the 
concentrations of unknown samples to be determined.

There are several points at which errors m ay be in troduced in 
fitting a line to the experimental data points of the calibration curve. 
Several lines may be draw n through the points, each of which m ay 
appear to fit the data. The choice of which line will be used to 
determine the concentration of unknown samples may introduce bias. 
The errors in the assay may be relatively large com pared to the 
concentration of analyte to be measured which introduces uncertainty 
into the line of best fit. The magnitude of such errors may vary across 
different sections of the calibration curve as the position of some points 
will be known with greater certainty than that of others. Errors will not 
be constant between batches meaning that a new calibration curve is 
needed for each batch. Errors may often be reduced by increasing the 
num ber of calibration replicates and the num ber of points on the 
calibration curve. Time and the cost of assays will limit the am ount of 
data collected and a compromise between accuracy and convenience 
may have to be struck.

Response data colleted for a set of calibration standards contains 
errors both in the calibration standard concentrations and in the 
m easured  responses. These values are used  to calculate the 

concentrations of unknown samples of analyte from a curve relating the 
two param eters to each other. The curve may be com puted in one of 
two ways. The first method is known as an empirical approach in
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which a line is fitted to the experimental data points. The second 
approach is to derive a mathematical model to describe the molecular 
reactions that occur and use this to generate an equation for the general 
shape of the curve.
The following curves and models may be used in the development of a 
standard calibration curve.

4:4:2:1:1 Interpolation Methods

Linear Interpolation

In this m ethod adjacent data points are joined by straight lines. 
This m ay introduce significant errors unless the points are very close 
together but such an approach introduces no bias in selecting the fit of 
the line to the data. It is also possible to transform the data, for example 
by taking logs of the response, and then to perform an interpolation on 
the transformed data. If such a transformation linearises the data the 
fit will be better.

Curvilinear Interpolation and Spline Functions
Rather than joining the data points by a straight line they may be 

joined by a curved line. A curve is calculated for the different segments 
of the whole curve. The equation used to calculate the curve is usually 
a cubic polynomial of the form y = a + bx + cx2 + dx3 where y is the 
response and x is the concentration of the analyte standard.

This m ethod requires that there are at least three independent data 
points. The curve may be smoothed by recalculation of the individual 
curves for each segment until they join together to produce a smooth 
curve and the fit to the points is acceptable. The mathematical test for a 
sm ooth join is that the first derivative (the slope) and the second 
derivative (the rate of change of the slope) of the two segments to be 
joined are the same at the join. The points at which the sm aller 
segments of the curve join together are known as knots. Originally the 
knots were selected to correspond to the values of the standard  
concentrations. Several iterations must be perform ed in order that the 
joins are smooth and that the resultant curve fits the data correctly.
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Spline functions are composite mathematical functions which may 
be derived  to fit a curve to the experim ental calibration points. 
Sm oothed splines were first used by Reinsch (1967 and 1971) and 
applied to immunoassays by Marschner et al. (1974) w ith  a knot at 
every calibration concentration. Malan et al. (1978) show ed that fewer 
knots gave a better fit to radioimmunoassay data and suggested that a 
m axim um  of one or two knots was sufficient. M odern com puters 
allow such fitting to be done with relative ease and tests m ay be added 
to ensure that the resultant calibration curves have only one point of 
inflexion.

Each segment of the calibration curve is independent of the rest of
the curve meaning that the accuracy of the various segments m ay vary.
It is suggested that a quality control specimen be introduced for each 
segm ent to allow some evaluation of the accuracy of d ifferen t 
segments. Segments with a fewer points will be greatly affected by any 
erro rs in those points. The spline function w ill fo llow  the 
experimental points closely and should therefore be avoided unless the 
data is very precise or a large quantity of data is available.

4:4:2:1:2 Empirical Methods

Hyperbolic Functions
This method fits the data to an equation of the form

1 1y = a + —b or — = p + qx [4.49]
x y

w here y is the assay response and x is the stan d ard  analyte 
concen tra tion . The curve is a sm ooth  hyperbolic  and  fits 
radioim m unoassay data well for a limited range of values. The curve 
is not sigm oidal and tends to infinity at each end. It is therefore 
unlikely to fit the calibration data at its extremes especially at low 
concentrations of calibration standard. The general form of the curve is 
shown in Figure 4.9 and is obtained by plotting the response against the 
reciprocal of the standard concentration. Alternatively the ratio of the 
response at zero standard concentration to that at each standard
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concentration (B0/B) may be plotted against the standard concentration 
to obtain a straight line which may be fitted using linear regression.

The main drawback w ith this m ethod is that the reciprocal of the 
error as well as that of the concentration is calculated. At the ends of 
the curve where the errors will tend to be large the errors tend to be 
m inim ised whereas in the m iddle of the curve w here the errors are 
likely to be smaller their effect is exaggerated.

Polynomial Model
The calibration curve is assumed to fit an equation of the form

y = a + bx + cx2 + dx3 +............ + px^ [4.50]

w here y is the assay response and x is the analyte  standard  
concentration. The most common polynom ial used in this type of 
fitting is a cubic polynomial. The higher the power used the greater the 
quantity of data required to obtain an unam biguous solution. A cubic 
polynomial has three possible solutions for x for each value of the assay 
response, y. One solution m ay be discounted as it is negative and 
therefore impossible, however, it is possible to have two positive 
solutions for a given assays response resulting in the curve having 
more than one point of inflexion as shown in the general curve shown 
in Figure 4.10. It is necessary to truncate the curve w here the slope 
(first derivative) is zero, so as to elim inate any am biguity in the 
m easurement of the analyte concentration.

Polynomials may also be used w here the pow ers do not have 
integer values;

y = a + bx + cxP [4.51]

w here p is non-integer. If c were small and negative this type of 
polynomial tends to a straight line at low values of x and may fitted 
using linear regression. As the value of x increases the th ird  term  
becomes more significant and the line curves, as shown in Figure 4.11. 
The curve may turn downw ards again introducing possible ambiguity
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into the determination of the analyte concentration and may need to be 
truncated. The least squares method may be used to fit both integer and 
non-integer polynomials.

Log-logit Function
This model was introduced for im m unoassay calibration curves by 

Rodbard and Cooper (1970) although this technique had been used in 
bioassay for m any years prior to this (Berkson, 1944). The function 
takes the form

logit (z) = In
1 -z

[4.52]

and produces a sigmoidal curve with one point of inflexion where z is 
in the range 0 to 1, as shown in Figure 4.12. It is necessary to take logs 
of the calibration values and the curve fits an equation of the form logit 
y = a + b ln(x) where y is the assay response and x the calibration 
standard concentrations. The assay response m ust be expressed as a 
fraction B/B0 so that it has values between 0 and 1, Figure 4.13a. The 
logit of the response may then be plotted against the log of the standard 
concentrations to give a straight line which m ay be calculated by least 
squares linear regression, as shown in Figure 4.13b.

The curve produced by the log and logit functions is symmetrical 
and will therefore not reflect any asym m etry in the assay results. 
Polyclonal radioimmunoassays which have been optim ised to m easure 
very low concentrations of analyte will not be well characterised by this 
type of function. Asymmetry may also arise if there is a difference in 
the association constant of the capture antibody for the labelled and 
unlabelled analytes in a competitive binding assay.

Healy's Four and Five Parameter Models
The four param eter model was developed by Healy in 1972 in an 

attem pt to improve on the log-logit model. Healy added two m ore 
param eters to the slope and intercept produced using the log-logit 
model to deal w ith the assay blank (zero analyte concentration) and 
non-specific binding standard (infinite analyte concentration). The
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model takes the form

_ (exp [c - d In x]) r ,
y = a + b 7 ;— - — :— — 7  t453!(1 + exp [c - d In x])

where y is the assay response and x the standard analyte concentration. 
The parameters a and b are related to the assay response at zero analyte 
concentration, and the non-specific binding, c and d are calculated 
from the logit response and the log of the analyte concentration. The 
blank and non-specific binding standards are regarded as fixed and not 
error-free thus the fit at the extremes of the calibration curves tends to 
be m uch better than that obtained using a sim ple log-logit m odel 
although the curve remains symmetrical.

A five parameter model of the form shown below may also be used

, u (exp [c - d log x])m TA C/11y = a + b - — £----------- - f    [4.54]
(1 + exp [c - d log x])

where m allows the curve to become asymmetrical. When m = 1 the 
model approximates to the four parameter model.

The addition of extra parameters requires more data to be available 
to ensure a significant level of confidence in the results. Models 
involving several parameters may introduce excessive flexibility where 
the num ber of data points is limited. The collection of data for several 
good batches may be used to fix the parameters used to produce the 
calibration curves for subsequent batches.

4:4:2:2 Data Analysis and Curve Fitting for the Energy Transfer 
Im m unoassay

Non linear regression was used in the analyses of the antibody- 
analyte equilibria and the kinetics of protein labelling and in the 
deconvolution of the emission spectra. This type of regression was 
based on a simplex minimization. The use of such m inimisations in 
the analysis of antibody-hapten interactions has been described by 
Flanagan et al., (1978). Programs used in the above analyses were 
developed by M.T Flanagan.

Several transformations were considered for use in the analysis of
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the competitive binding curves for the assay. The curves were initially 
fitted to a biophysical model as described above where the antibody- 
an tigen  in teraction  was assum ed to be un ivalen t based  upon 
experim en tal da ta  obtained from  O uchterlony  D ouble Radial 
Immunodiffusion. It was considered that the model adopted should be 
as simple as possible and should require the determination of a small 
num ber of param eters to minimise com putation times. The logit 
function was initially used to generate the assay response curve and the 
resu lts  back-transform ed to produce a stra igh t line w hich was 
calculated using a weighted least squares linear regression. It was 
found that the following empirical transform sometimes produced a 
better fit to the experimental data

logit (z) = In z2
l - z '

[4.55]

The results are presented and further discussed in Chapter 7. In the 
fitting of the data the logit functions described above were expressed 
using log10 intead of loge to simplify the graphical interpretation of the 
results.
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Figure 4.6: Pyrene excimer sandwich structure
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5:1 Materials and Suppliers 

A ntibod ies
Mouse IgGl specific for human tum our necrosis factor (hTNF) was 

supplied by Celltech Ltd. The imm unoassay was developed for the 
detection of this antibody. Rat IgGl specific for mouse IgG l heavy 
chain [LO-MG1-13] was purchased from Serotec Ltd and was used as the 
capture antibody in the immunoassay.

A sandwich ELISA similar to that used by Celltech Ltd for the 
m easurement of IgG was set up. The polyclonal antibodies used in the 
ELISA were rabbit anti-mouse IgG whole molecule [M6397] and rabbit 
IgG-horseradish peroxidase conjugate (anti-mouse IgG whole molecule 
specific), [A2028], these were obtained from Sigma. The assays were 
validated  using a m onoclonal m ouse IgG l (anti-chicken y -ch a in  
specific) [C7295] and purified mouse IgG [15381], also purchased from 
Sigma).

All fluorescent measurements were carried out using a Perkin- 
Elm er LS-30 spectrofluorim eter or a Perkin-E lm er MPF-44A 
spectrofluorimeter, corrections were made for differences between the 
machines. These and all other corrections on fluorescent spectra are 
described in full in Section 5:2:3. Absorbance m easurem ents were 
carried out on a Philips 8800 absorbance spectrometer.

All chemicals and any other ancillary equipment used are listed in 
Appendix 1.

5:2 Generic Methods 
This section contains brief descriptions of generic m ethods that have 

been taken from the literature and used. Methods developed as a part 
of this research are more fully described in the relevant chapters.

5:2:1 Fluorescent Excitation Spectra
Fluorescent excitation spectra were scanned on the MPF-44A 

spectrofluorimeter for all fluorescent species used.

8 4



Chapter 5

5:2:1:1 Pyrene Excitation Spectra
Excitation spectra were generated for pyrene derivatives both on 

proteins and during the synthesis of excimeric labels in order to 
confirm the formation of true pyrene excimers. The fixed emission 
wavelengths used were 375 nm for the monomer and 475nm for the 
excimer, the excitation spectrum was scanned from 250 nm to 360 nm 
for the monomer and 250 nm to 460 nm. The slits for all excitation 
scans were set at 2 nm (excitation) and 10 nm (emission).

Both pyrene m onom er and excimer should  exhibit identical 
excitation spectra w ith an excitation m axim um  at 340 nm. Any 
differences observed between the monomer excitation spectrum  and 
excimer excitation spectrum may indicate the formation of some form 
of ground state complex between proximal pyrene residues.

5:2:1:2 B-phycoerythrin Excitation Spectra
B-phycoerythrin excitation spectra were generated at a fixed 

emission wavelength of 575 nm over the range 340 nm  to 560 nm with 
slit w idths of 2 nm (excitation) and 10 nm (emission) scans.

5:2:2 Fluorescent Emission Spectra
Emission spectra were collected over the range 360 nm  to 600 nm 

for all fluorescent species and over other ranges as necessary. The 
excitation wavelength was fixed at 340 nm, the excitation maximum of 
pyrene. Emission intensities were measured for pyrene at 375 nm and 
395 nm  for the m onom er and 475 nm  for the excimer and B- 
phycoerythrin  emission was m easured at 575 nm. Excitation and 
em ission slitw id ths were generally fixed at 10 nm  and  2 nm  
respectively for emission scans unless otherwise stated. Slitw idths 
were fixed for standard curves and binding curves with both excitation 
and emission slits at lOnm.

5:2:3 Correction of Fluorescent Spectra
In order to determine the true fluorescent characteristics of the 

fluorescent labels used the spectra observed have been corrected for the 
wavelength dependence of the exciting light source and the detection
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system. All spectra were corrected with reference to standard spectra.

5:2:3:1 Correction of Excitation Spectra
Excitation spectra were corrected using secondary standards. The 

excitation spectra of tryptophan and quinine bisulphate were corrected 
against standard excitation spectra (Miller, 1981). Readings were taken 
at 5 nm  intervals.
The standards used were

a) 0.19 g/1 tryptophan in distilled water, A218 = 0.027 at 1000 fold 
dilution (from 250 nm to 310 nm)

b) 0.13 g/1 quinine bisulphate in 0.1N H2S 0 4, A250 = 0.012 at 250 fold 
dilution, (from 300 nm to 395 nm)

The generated spectra were compared w ith the standard  spectra to 
produce a series of correction factors for the machine. The two spectra 
were combined to give a series of correction factors in the range 250 nm 
to 295 nm  using tryptophan and 300 nm to 395 nm using quinine 
sulphate. All subsequent excitation spectra were corrected using these 
factors using programs developed by M.T. Flanagan.

5:2:3:2 Correction of Emission Spectra
Emission spectra were also corrected using secondary standards. 

The emission spectra of tryptophan, quinine bisulphate and rhodam ine 
B were corrected against standard emission spectra (Miller, 1981). 
Readings were taken at 5 nm intervals. Several different standards had 
to be used to cover the full wavelength range of the assay.

The standards used were
a) 0.19 g/1 tryptophan in water, A218 = 0.027 at 1000 fold dilution 

(from 315 nm to 385 nm)
b) 0.13 g/1 quinine bisulphate in 0.1N H 2S 0 4, A250 = 0.012 at 250 fold 

dilution, (from 390 nm to 575 nm)
c) 4 g/1 rhodamine B in ethanol, A544 = 0.011 at 104 fold dilution,

(from 580 nm to 600 nm).
Correction factors were generated over the range 315 to 600 nm  and 
emission spectra corrected as necessary using programs w ritten by M.T. 
Flanagan.
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5:2:3:3 Correction for Different Spectrofluorimeters
An em ission spectra for a sam ple of ra t IgG l labelled w ith 

succinim idyl-l-pyrenebutyrate (the labelling ratio for this sample was 
4.22 pyrene labels per IgGl) was generated on both machines. The ratio 
of emission intensities at 375 nm and 475 nm on the MPF-44A were 
show n to be slit- w idth independent. The slits on the LS-30 are both 
fixed at 10 nm. The ratio of the fluorescent intensities at 375 nm  and 
475 nm, corrected for background, were compared for the two machines 
and a correction factor obtained of 2.84 obtained.

5:2:3:4 Determination of Quantum Yields
The quantum  yield, 0m, for the pyrenebutyryl label attached to 

mouse IgGl was calculated for lightly labelled samples by comparison 
w ith  quinine bisulphate in 1 M sulphuric acid using the m ethod 
described by Miller (1981), see Appendix 2. Few samples of lightly 
labelled m ouse IgG l (with less than one label attached per IgG l 
molecule) were available and the values of obtained were found to 
vary within a 15% range for different preparations. A m ean value of 
0.69 has been used in the calculations of typical transfer distances.

5:2:4 Liquid Chromatographic Techniques
Chrom atographic techniques were used to separate proteins of 

different sizes and to check the purity of antibody samples received for 
aggregation, degradation and contamination.

W here necessary antibody preparations were purified  by gel 
filtration using a sephacryl S300 column. HPLC was used to check 
purity and determine the integrity of the antibodies used.

5:2:5 Fluorescent Labelling of Antibodies
This section deals with the fluorescent labelling of the capture 

antibody w ith pyrene derivatives and labelling of the com peting 
analyte with B-phycoerythrin.

5:2:5:1 Labelling of Mouse IgGl (labelled competitor)
Samples of mouse IgGl, specific for human tumour necrosis factor,
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(hTNF), were attached to B-phycoerythrin using the heterobifunctional 
cross-linkers succinim idyl 4-(N -m aleim idom ethyl) cyclohexane-1- 
carboxylate (SMCC) and N-succinimidyl 3-(2-pyridyldithio)proprionate 
(SPDP) as described by Kronick (1986), (Carlsson et al., 1978) and 
M olecular Probes Inc. (1990). Custom -labelled sam ples w ere also 
prepared  by Molecular Probes Inc. The general reaction scheme is 
show n in Figures 5.1a to 5.1c. Conjugate compositions are show n in 
Appendix 3, Table A.3.1.

5:2:5:2 Labelling of Rat IgGl (capture antibody)
All capture antibody samples (rat IgG l, specific for m ouse IgGl 

heavy chain) were labelled with the relevant pyrene derivatives by the 
following m ethod (Morrison 1988). A general scheme for the reaction 
is shown in Figure 5.2. Rat antibody was dialysed against two changes 
of 0.05 M boric acid at pH 9.3 at 4°C overnight. A molar excess of the 
pyrene succinimidyl derivative was added in acetone to a vigorously 
stirred solution of the antibody. The conjugation was incubated for two 
hours at room  tem perature and the resu ltan t m ixture d ialysed  
exhaustively against 0.05 M boric acid at pH 9.3 for four hours and 
overnight against two changes of 0.15 M NaCl, 0.02 M Tris at pH 7.5.

Conjugate labelling ratios were determ ined from  absorbance 
measurements taken at 280 nm (combined pyrene and IgGl absorbance) 
and at 340 nm where the pyrene alone absorbs. The IgGl absorption at 
this wavelength was shown to be negligible. Fluorescent emission 
spectra were generated in order that the pyrene excimer to m onomer 
ratios could be calculated. The extinction coefficients used in the 
calculations are included in the relevant chapters.

5:2:5:3 Labelling Studies
An extensive study was carried out on the labelling of antibody 

w ith  succinim idyl-l-pyrenebutyrate and the form ation of pyrene 
excimers on the protein surface. These studies were carried out on 
samples of the mouse IgGl (specific for hTNF) and are presented in full 
in Chapter 6.
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5:2:6 Use of Celite in Fluorescent Labelling
Celite (diatomaceous earth) was used in some excimeric bis-label 

syntheses as an inert carrier for aqueously insoluble pyrene derivatives 
to facilita te  their a ttachm en t to am ino acids and  p ro te ins 
(Rinderknecht 1960). The pyrene derivative, dissolved in a suitable 
solvent, was mixed with the celite and the solvent was then blown off 
using nitrogen gas. The amino acid (lysine, cysteine) was then added in 
0.1 M N aH 2PC>4 , 0.1 M NaCl at pH  5.0 and the mixture stirred and 
incubated at room tem perature for four hours. The derivitised amino 
acids were characterised by fluorescence spectroscopy. This method was 
also used in the succinimidylation of the excimeric bis-label prior to 
attachment to the capture antibody,as described in Chapter 8.

5:2:7 Thin Layer Chromatography
This technique (Hamilton et al., 1987) was used both analytically 

and preparatively to separate and purify fluorescent species during the 
synthesis of the excimeric bis-label. The fluorescence of all the species 
to be separated was visible under ultraviolet light.

Analytical plates were run to determine the best solvents for the 
purification of the required species and the process was then scaled up 
to a preparative level. Separations are characterised and evaluated by 
Rf values for the species of interest in the various solvents used on 
both analytical and preparative plates. The Rf value for a solvent is 
defined as the ratio between the distance travelled by the species from 
the point of application and the distance travelled by the solvent front.

5:2:8 Ouchterlonv Double Radial Immunodiffusion
This technique was used to determ ine w hether the labelled 

samples of rat IgGl retained their affinity for mouse IgGl heavy chain 
after labelling with the pyrene derivatives. The plates were also used to 
determine whether the antibody valence was changed upon labelling.

Ouchterlony double radial im m unodiffusion m ethod is based 
upon the formation of a precipitate when a multivalent antibody binds 
to its antigen. For polyclonal antibody preparations, exposure to 
antigen will result in a large am ount of aggregation as several
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antibodies may bind to different epitopes on the antigen.
For monoclonal antibodies a precipitin line will only be visible if the 
both of the antibody active sites are intact. The Ouchterlony plates used 
in this research comprise a central well surrounded by six smaller 
wells.

Samples of mouse IgGl (6.7 pM) either unlabelled or labelled with 
B-phycoerythrin were placed in the central well. Different preparations 
of ra t IgG l w ere placed in the su rro u n d in g  wells at vary ing  
concentrations, 0.8 pM to 6.7 |iM. The position of the precipitin line 
formed is dependent on the molecular weight of the reactants and their 
relative concentrations.

5:2:9 Enzyme Linked Immunosorbent Assays (ELISA)
During the course of this research three other immunoassays

were investigated: a sandwich ELISA for mouse IgG, a competitive 
ELISA for IgG and a latex agglutination assay for mouse IgGl.

5:2:9:1 Enzyme Linked Immunosorbent Assays
Both the sandwich and competitive ELISA formats examined were 

developed at Celltech Ltd.

5:2:9:1:1 Sandwich ELISA
This assay was developed for off-line m onitoring of m ouse IgG 

during m onoclonal antibody ferm entations. Such a ferm entation is 
described in Chapter 3. The assay format is shown in Figure 5.3 and the 
protocol described below. All buffers used are listed in Appendix 4.

This assay employed the use of a polyclonal rabbit anti-mouse IgG 
whole molecule capture antibody which w as adsorbed onto the surface 
of a microtitre plate as previously described. After washing, the analyte 
dilutions and standards were applied to the plate and incubated for two 
hours at room temperature. After a further washing stage the second 
capture antibody, polyclonal rabbit IgG (specific for mouse IgG, whole 
molecule) labelled with horseradish peroxidase (HRP) was added to the 
plate and a further incubation carried out.. Any excess antibody was
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w ashed off and the tetramethylbenzidine substrate (TMB) added to the 
plate. The colorimetric reaction was allowed to proceed for 15 minutes 
and was terminated by the addition of 2.5 M H2S 0 4.
The plate absorbances were read at 450 nm using an automatic plate 
reader. Standard dilutions, plate layouts and plate read-outs are shown 
in Appendix 5, Table A.5.1 and Layouts A.5.1 and A.5.2.

The assay was validated using several different samples of IgGl 
produced by Celltech (F81, CB0006, CYTO99 and B72.3) spiked into the 
sample-conjugate buffer and also samples of the F81 antibody spiked 
into tissue culture supernatant from its ferm entation. The standard 
curves, for each sample, are shown in Figure 5.4. The concentrations of 
the spikes as determined by the ELISA are shown in Table 5.1.

5:2:9:1:2 Competitive ELISA
A competitive ELISA form at was developed at Celltech Ltd to 

determ ine the activity of the mouse IgGl specific for hum an tum our 
necrosis factor. Industrially such an assay would be used to measure 
the activity  of an antibody produced by m onoclonal an tibody  
fermentation and to ensure that it reached an acceptable level.

The assay format is shown in Figure 5.5. This assay was designed 
for the model analyte used in this research which is a m ouse IgGl 
specific for hum an tum our necrosis factor. The general protocol is 
described below, assay buffers are listed in Appendix 3.

The antigen, hum an tum our necrosis factor, was d ilu ted  w ith 
coating buffer to a final concentration of 1 pg/m l. 50 pi of this solution 
was added to each well of a microtitre plate and the plate incubated 
overnight at 4°C. The plate was washed five times and 250 p i of 
sample-conjugate buffer added to each well and the plate incubated on 
a shaker at room tem perature for 30 minutes. The plate was then 
washed five times using the wash buffer.

Standard dilutions of mouse IgGl were prepared using the sample- 
conjugate buffer and were mixed thoroughly w ith the com peting 
biotinylated mouse IgGl. lOOpl of each standard was applied to the 
plate. Standard dilutions and the plate layout are shown in Appendix 
5, Table A.5.2 and Layout A.5.3. The plate was incubated for 1 hour at
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room  tem perature and then washed. 100 pi of streptavidin-H R P 
conjugate was then added to each well and after a 30 minute incubation 
any excess conjugate was removed by washing. TMB substrate (100 pi) 
was added per well and the reaction terminated after 15 m inutes by the 
addition of 50 pi 2.5M H2S 0 4 to each well. Absorbance readings were 
taken at 450 nm using a Titertek Multiscan PLUS MKII plate reader. 
The plate readout is shown in Appendix 5, Layouts A.5.4a and A.5.4b 
and the standard curves are shown in Figure 5.6.

5:2:9:2 Latex Agglutination Assay for Mouse IgGl
Initial studies were carried out on a latex agglutination assay for 

IgGl which might provide a suitable alternative to the energy transfer 
immunoassay. The proposed assay format is shown in Figure 5.7. All 
buffers used are listed in Appendix 4.

5:2:9:2:1 Antibody Titration Curves
Latex microspheres (1.0 pm diameter) coated with polyclonal goat 

anti mouse IgG (specific for mouse IgG heavy and light chains), were 
presented at a fixed concentration of 8.2 x 10'7 M IgG, 1.2% solids. 
Standard dilutions were prepared with final IgG concentrations of 1.33, 
0.67, 0.27 and 0.13 nM IgG using sample-conjugate buffer containing 
0.2% w /v  BSA as a blocking agent, and are shown in Appendix 5, Table 
A.5.3. Sample dilutions of horseradish peroxidase labelled IgG l 
(specific for hum an tumour necrosis factor) were prepared as shown in 
Appendix 5, Table A.5.4. 0.25 ml of the different latex bound antibody 
standards were added to 1.0 ml of the enzyme-labelled IgGl samples. 
The solutions were thoroughly mixed and then incubated on a shaker 
at room tem perature for 2 hours and finally placed in an Eppendorf 
centrifuge and spun at 11,000 rpm for 75 minutes. 100 pi samples of the 
reaction supernatants were added to a microtitre plate w ith 100 pi 
active TMB substrate and the mixture incubated for 15 minutes at room 
tem perature. The reaction was term inated by addition 50 pi 2.5 M 
H 2S 0 4. Plates absorbances were read at 450 nm on a Multiscan PLUS 
MK II plate recorder. Plate layouts and read-outs are show n in 
Appendix 5, A.5.5 and A.5.6 respectively.
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The composite dilution curve produced is shown in Figure 5.8. 
These results form the basis for development of a latex agglutination 
assay for mouse IgGl. The next stage would be to set up a competition 
assay and generate standard curves. This m ethod was not, however, 
developed further as it was felt that the fluorescent energy transfer 
assay w ould provide a good homogeneous system with the possibility 
of autom ation into a flow injection analysis system in the future.
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6 Studies on Pyrene Labelling of Capture Antibody
This chapter examines the labelling procedure and fluorescent 

properties of the pyrene-labelled capture antibody. Pyrene has the 
ability to form excimers as described in Chapter 4. It was postulated that 
excimeric pyrene m ight be suitable for use as a donor fluorophore in 
the energy transfer immunoassay. The use of such an excimeric donor 
m ight enhance the spectral overlap w ith the selected acceptor, B- 
phycoerythrin, thus improving the transfer characteristics of the assay.

Initially studies were carried out on the labelling of m ouse IgGl 
with succinimidyl-l-pyrenebutyrate as a model system for the labelling 
reaction. The excimer formation on the protein surface due to heavy 
labelling with the pyrene derivative was also examined.

The labelling procedure was repeated with the monoclonal capture 
antibody, rat IgGl specific for mouse IgGl heavy chain. The pyrene 
labelled rat IgGl was then used in the energy transfer im m unoassay 
and the performance of the excimeric donor evaluated.

6:1 Mouse IgG Labelling and Excimer Formation Studies
An extensive study of the labelling of m ouse IgG, specific for 

hum an  tum our necrosis factor (hTNF), w ith  su cc in im id y l-l-  
pyrenebutyrate was carried out. The aim of this study was to optimise 
the labelling procedure using the mouse antibody before attem pting 
large scale labelling of rat capture antibody samples for use in the 
energy transfer immunoassay.

6:1:1 Labelling of Mouse IgGl with Succinimidyl-l-pvrenebutvrate
The initial study involved reacting a fixed concentration of mouse 

antibody with varying molar ratios of the pyrene label. M orrison (1988) 
adopted  a sim ilar labelling procedure using goat an ti-hum an IgG, 
specific for F(ab ' ) 2  or Fab, as the capture antibody in his assay. He used 
an eightfold molar excess of 0.02 M succinim idyl-l-pyrenebutyrate in 
acetone with respect to the protein. The label concentration was varied 
between 3 |iM and 5 |iM and was added to the protein at m olar ratios 
ranging from a four- to twenty-fold mole excess with respect to the
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protein. The procedure used for the labelling of the mouse antibody is 
fully described in Chapter 5.

A sum m ary of the labelling ratios achieved, that is the average 
num ber of pyrene labels attached per mouse IgGl molecule, v, are 
presented in Table 6.1. It was found that on heavier labelling of the 
m ouse IgG l pyrene excimer formation was evident on the protein 
surface. The effect of the varying pyrene concentrations and the molar 
excess of label used on the formation of excimers was also examined. 
The excimer to monomer fluorescent intensity ratios calculated for the 
different molar excesses of label used are also shown in Table 6.1.

In some experim ents precipitation was apparent, du ring  the 
labelling reaction and after the final dialysis against 0.15 M NaCl, 0.02 M 
Tris at pH  7.5 in samples, where high molar ratios of the label were 
used. Removal of the precipitate and analysis of the supernatan t 
revealed that the formation of the precipitate represented a loss of IgG 
during the reaction. The nature of this precipitation and its causes are 
not fully understood and were not examined in detail. It is likely that 
at high m olar ratios of label, covalent and possible non-specific 
attachm ent of the highly hydrophobic pyrene moiety to the protein 
surface led to its insolubilisation. Additionally some precipitation of 
the hydrophobic label may be occurring upon addition to the aqueous 
protein solution.

6:1:2 Analysis of the Labelling Reactions
The extent of labelling depends on the concentration of labelling 

reagent used even w hen the label is present in great excess. The 
labelling reaction is subject to a competing hydrolysis reaction resulting 
in cleavage of the succinimidyl ester ring (Khan and Khan, 1975). The 
labelling and hydrolysis reactions may be represented by the following 
schemes

Pj + L — > PjL i = 1 to n sites 

L — hyd > hydrolysis products
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where n reactions are assumed to occur at n independent sites on the 
antibody, j Pj is the concentration of sites available for labelling on the protein, 
lq represents the second order rate constants for the n reactions and 
khyd is the pseudo first order hydrolysis rate constant. If the initial 
concentration of labelling reagent, is much greater than the initial 
protein concentration, the hydrolysis reaction will dominate and the 
following approximation can be made

[L] = L0exp(-khydt) [6.1]

The total labelling ratio, vt, and the fractional labelling of each site,
Vj = [PiL]/PQ after a time t »  khyd /k j, may then be approximated by

n n n

v t =  X  Vi =  X  i 1 _  e x P ( - k iL ° / k hyd )) =  n  -  X  e x P ( - k iL ° / k hyd ) I6 '2 !
i=l i=l i=l

Two models were used to describe the extent of labelling of the IgG 
by succinimidyl-l-pyrenebutyrate. The first model assum ed that there 
was a Gaussian distribution of rate constants for the reactive lysine 
residues on the protein surface. The summation term in the equation 
[6.2] was replaced by the following integral

J 0e x p ( - ( ( ^ S _ k ° ) / a ) V 2 ) e x P ( _ k sL ° ) d k s / a “'/2 *  [6 -3]

where kQ is the mean ratio of the labelling constants to the hydrolysis 
rate constant khyd and o  is the index of variability of the distribution of 
rate constants.

In the second model the assumption is made that there are a small 
num ber of highly reactive lysine residues on the protein surface and a 
larger number of less reactive sites. In this approach the equation [6.2] 
is simplified to

vt = n -  nhexp(-khL0) -  n 1exp(-k1L0) [6.4]

where nh and nj are the num ber of high and low reactivity sites
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respectively and kh and kt are the ratios of the labelling rate constant to
the hydrolysis constant corresponding to the two populations of
reactive site. The experimental data was fitted to these two models by 
non-linear regression (Flanagan et al., 1978). Equation [6.4] was 
evaluated  num erically. Different values of n, n h and nj w ere 
exam ined.

Table 6.2 shows results for the fitting of the data to each of the two 
models. The second model seems to be the more appropriate of the 
two. Model 2 always gave the best fit to the experimental data when 
the num ber of highly reactive sites was set at two and the num ber of 
low reactivity sites was large. Table 6.2 shows the fits to Model 2 for 
varying num bers of high and low reactivity sites. Figure 6.1 shows the 
best fits to the experimental data for the different labelling experiments 
where nh = 2 and n} = 38.

It can be seen from Figure 6.1 that there is a high degree of
variability in the results from the labelling reactions. Titus et al., (1982) 
published sim ilar data for labelling of different IgGs w ith another 
fluorophore Texas Red, Figure 6.2. This fluorophore also reacts w ith 
amino groups on proteins and is prone to hydrolysis. The variability of 
the labelling reaction may be caused by a number of factors. Firstly the 
pyrene label is added to the protein solution in acetone. It is 
improbable that the mixing of the protein solution on label addition is 
so reproducible that the same solubilisation of this otherwise aqueously 
insoluble label occurs each time. There may also have been some batch 
to batch variation between the two batches of IgG and three batches of 
the label used in these experiments. The hydrolysis rate constant khyd 
is also much greater that the reaction rate constant kj for the majority 
of the reacting sites. The hydrolysis of succinimidyl esters is a highly 
pH  dependen t process and small variations in the pH  betw een 
experiments may go some way to explaining the variability observed 
(Khan and Khan, 1975). The reaction was carried out at high pH  9.3, to 
ensure that a reasonable proportion of the lysyl amino groups were 
unprotonated  during the reaction as required (Means and Feeney, 
1971), (Haugland, 1989).
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6:1:3 Excimer to Monomer Intensity Ratios for Labelled Conjugates 
The ratio of excimer to monomer emission, in free solution, is 

linearly related to the monomer concentration as shown in Chapter 4,

This ratio will, when the monomer is bound to a protein, depend on 
the extent of labelling, the mobility of the labelled moiety and the local 
environm ent of the label. A detailed analysis of the dependence of 
excimer emission on the extent of labelling would require a knowledge 
of the spatial distribution of bound pyrenes, the freedom of movem ent 
of the ind iv idual pyrene m oieties and the effect of each local 
environm ent on the above rate constants. This is not feasible at 
present. However, if the local environments and mobilities where the 
identical and the num ber of potential reactive sites is as large as 
suggested above, the probability of an excimeric interaction could be 
described by a Poisson distribution function and the concentration term 
in equation [4.39] approximated to an exponential function of the extent 
of binding.

An attem pt was m ade to fit the data to a m odel sim ilar to that 
derived by Green (1973) to describe the interaction between avidin sub
units random ly attached to a Sepharose matrix. In approxim ation to 
the Green model used in this work his volume term, (v /v)«=  ( r / r 3), 
used to describe ratio of the mean volume containing one avidin 
subunit to the volume containing n subunits, was replaced by the term, 
(ar)2v, where a  is a constant, r the radius of a circle sw ept out by a 
single pyrenebutyryl moiety attached to the IgGl surface and v, is the 
fraction  of lysyl am ino groups labelled  w ith  su cc in im id y l-l-  
pyrenebutyrate. The probabilities of a single pyrenyl label having 1 or 
more, 2 or more and 3 or more nearest neighbours within the radius r, 
is given by the following equations, [6.5], [6.6] and [6.7] respectively

P=Ieo/Imo=ke[M]Xm̂ e/ ^ m [4.39]

a 1 ~-(or)2v<p! — 1 e ’ [6.5]

<l> 2 = l- (e ~ (“r)I,[l + (ar)2v]) [6.6]
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<j>3 = l - - ( a r )  v l + (ocr)2v + ̂ ( a r ) 4v2 [6.7].

The probabilities of there being 1, 2, etc... nearest neighbours for a single 
pyrenyl label within a radius r are given by p lr p2...etc

Pi = <t>i - <t»2 = (a r )2 v[e"(ar,!'i -1  

p 2 = 4>2 - <t>3 = ^ ( a r ) 4v2[e_,“r)!” -1

The probability of excimer emission is given by

[6.8]

[6.9]

Pexc = P i+ 2P2+3p3 etc

= (ar)2 ve_(ar)! 2 / x2_ 3 / y» — 1 + —(ar) v + — (ar) v 2» ' 3»v }

[6.10]

[6.11]

since there is less than 100 % probability of excimer form ation on 
collision equation [6.11] becomes

Pexc = y(<xr)2ve" ( a r )  v 4—2
1 + Jj'(a r )2 v + ^ ( a r )4 v [6.12]

where y represents the probability of excimer formation on collision. 
The probability of monomer fluorescence is given by

p =i-(f)  - e-(ar)2y
r m o n  T 1 [6.13]

since

1 + —(ar)2v + —(ar)4v2.... 
2! 3!

=  e - ( « r ) 2 v [6.14]

the ratio  of the probability  of excimer form ation to m onom er 
fluorescence becomes

= y(ar)2 ve (ar)2y = a 2ve v [6.15]
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where a1 is the ratio of the effective sweep out area of the pyrenebutyryl 
m oiety to the total surface area of the IgG l, which m ust be < 1. a2 is 
equal to the product of a1 and the effective excimer form ation on 
collision. Figures 6.3a and 6.3b show the excimer to monomer intensity 
ratios as a function of the labelling ratio, v, for the above labelling 
experiments using mouse IgGl. Best fits to the experimental data using 
the above model gave value a value of a1 of 0.7 which suggests that the 
sweep-out area of the labels represents 70% of the total surface area of 
the IgG and a value for a2 of 0.03. The significance of these values was 
not considered in detail as the model is crude but was considered 
adequate for the purposes of obtaining an initial fit to the experimental 
data.

The variability in the ratio of excimeric to monomeric emission, 
62%, is greater than that observed in the extent of labelling. This 
reflects the additional uncertainties in and non-linearity  of the 
equivalent relationship to equation [4.39]. It is possible that a more 
complex labelling procedure could be devised that w ould reduce the 
variability however the procedure adopted is simple and the conjugates 
produced display the fluorescent properties required for use in the 
assay. It was therefore decided that any further optim isation was not 
necessary at this stage.

6:2 Rat IgG (Capture Antibody) Labelling
The capture antibody to be used in the assay, rat IgGl specific for 

mouse IgG heavy chain, was also reacted with various m olar ratios of 
succinim idyl-l-pyrenebutyrate. The aim of these experiments was to 
determine what molar ratio of the label produced adequate formation 
of pyrene excimer on the protein surface for transfer purposes w ithout 
incurring significant protein loss.

6:2:1 Labelling of Rat IgGl with succinimidyl-l-pvrenebutvrate
The results of the labelling experiments were analysed using the 

two site model, equation [6.4], described above and are presented in 
Figure 6.4 and Table 6.2. It was found that the ra t antibody could 
w ithstand the addition of a much higher m olar ratio of the label
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w ithout being insolubilised. The attachment of about four labels per 
antibody molecule was found to correspond to significant excimer 
form ation. The m olar excess of label used routinely in labelling 
reactions to produce labelled capture antibody was thirty. It was found 
that the labelling ratio achieved with this molar excess was fairly 
reproducible and was around four labels per antibody molecule.

6:2:2 Non-radiative Energy transfer between Tryptophan Residues and 
the Pyrene Label

Excitation spectra collected for the labelled samples indicated that 
the at least one of the pyrene labels attached to the m ouse and rat 
antibodies was close enough to a tryptophan residue on the protein 
surface that energy transfer between the two could be detected. The 
corrected excitation spectrum for tryptophan is shown in Figure 6.5. 
The excitation and emission spectra for rat IgG prior to reaction in 0.05 
M boric acid at pH 9.3 are shown in Figure 6.6 with fixed emission and 
excitation wavelengths for the two scans set at 325 nm  and 280 nm  
respectively. Excitation and emission slitwidths were fixed at 2 nm  and 
10 nm  respectively for excitation scanning and 10 nm  and 2 nm  
respectively for emission scanning throughout.

The excitation spectra for the labelled rat IgGl sample, with fixed 
emission wavelengths of 375 nm and 475 nm, are shown in Figure 6.7. 
Figure 6.8 shows the emission spectrum of the pyrene labelled IgGl at a 
fixed excitation wavelength of 280 nm. The excitation scans indicate 
the presence of a peak at 280 nm which is the characteristic excitation 
wavelength of tryptophan. At a fixed excitation wavelength of 280 nm 
the tryptophan residue acts as a donor fluorophore and the pyrenyl 
label as the acceptor shown in the emission scan, Figure 6.8.

The addition of Brij 35 to the Tris/N aCl buffer, as a blocking agent, 
considered in more detail in Chapter 7, interacts w ith the label to 
reduce the transfer observed from the tryptophan to the pyrenyl label, 
this is indicated by a reduction in the intensity of the excitation band of 
tryptophan at 280 nm in the excitation spectrum of the conjugate in the 
buffer containing Brij 35. Corrected excitation spectra for the labelled 
rat IgGl conjugate in 0.15 M NaCl, 0.02 M Tris, 1% (w /v) Brij 35 at pH

102



Chapter 6

7.5 at fixed emission wavelengths of 375 nm and 475 nm  are shown in 
Figure 6.9. The emission spectrum  for the conjugate at a fixed 
excitation wavelength of 280 nm in the same buffer is shown in Figure 
6.10. This reduction may be due to the form ation of a protective 
micelle around the pyrene excimer which removes it from the protein 
surface thus increasing the separation of the tryp tophan  and the 
pyrenyl label and reducing the energy transfer between the two. The 
fluorescent characteristics of the various pyrenebu ty rate  labelled 
conjugates are summarised in Table 6.3.
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Figure 6.1a: The best fits to Equation [6.4] for the labelling ratios achieved,

v, as a function of the initial concentration of sucdnimidyl-1 - 
pyrenebutyrate for the labelling of mouse IgGl for six 
reactions. The best estimate of nh is 2 and nj is 38.
The reactions were carried out in 0.05 M boric add at pH 9.3.
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Figure 6.1b: The best fit to Equation [6.4] for the labelling ratios achieved, v, 

as a function of the initial concentration of succinimidyl-1 - 
pyrenebutyrate for the labelling of mouse IgGl across six 
reactions. The best estimate of nh is 2 and nj is 38.
The reactions were carried out in 0.05 M boric add at pH 9.3.



Figure 6.2: The Structure of Texas Red sulfonyl chloride 
(Haugland, 1989)
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Figure 6.3a: Excimer to monomer fluorescent emission intensity ratios
achieved as a function of the labelling ratio, v, for the labelling 
of mouse IgGl with succinimidyl-l-pyrenebutyrate across six 
experiments. The reactions were carried out in 0.05 M boric 
acid at pH  9.3. The lines are best fits to Equation [6.15].
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Figure 6.3b: Excimer to monomer fluorescent emission intensity ratios
achieved as a function of the labelling ratio, v, for the labelling 
of mouse IgGl with succinimidyl-l-pyrenebutyrate across six 
experiments. The reactions were carried out in 0.05 M boric 
acid at pH 9.3. The line is the best fit to Equation [6.15] for all 
the data points.
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IgGl. The best estimate of nh is 2 and nt is 38. The reactions
were carried out in 0.05 M boric acid at pH 9.3.
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Figure 6.5: Corrected excitation spectrum of tryptophan in distilled water 

at a fixed emission wavelength of 345 nm
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boric acid at pH 9.3 at a fixed emission wavelength of 325 nm  
(excitation specrum) at a fixed excitation wavelength of 280 nm  
(emission spectrum)
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Figure 6.7: Corrected excitation spectra of the rat IgG l heavily
labelled with succinim idyl-l-pyrenebutyrate in 0.15 M NaCl, 
0.02 M Tris at pH 7.5 at fixed emission w avelengths of 
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Figure 6 .8 : Corrected Emission Spectrum of Rat IgGl Heavily
labelled with succinimidyH-pyrenebutyrate in 0.15 M 
NaCl, 0 . 0 2  M Tris at pH  7.5 at a fixed excitation 
wavelength of 280 nm
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Figure 6.9: Corrected excitation spectra of the rat IgGl heavily labelled with 
succinim idyl-l-pyrenebutyrate in NaCl, 0.02 M Tris + 1% (w /v )
Brij 35 at a fixed emission wavelength of 375 nm (------ ) and
475 nm (------).
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Figure 6.10: Corrected Emission Spectrum of Rat IgGl Heavily
labelled with succinimidyl-l-pyrenebutyrate in 0.15 M 
NaCl, 0.02 M Tris + 1% (w/v) Brij 35 at pH 7.5 at a fixed 
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7 Generation of Binding and Standard Curves
This chapter describes the use of ra t IgG l labelled  w ith  

succinim idyl-l-pyrenebutyrate displaying excimeric emission, as the 
capture antibody in a fluorescent energy transfer im m unoassay for 
m ouse IgGl. It was noted that the heavily labelled rat IgGl was prone 
to adsorption onto solid surfaces. In order to prevent this adsorption 
both  detergents and proteins were exam ined for use as possible 
blocking agents that could be added to the immunoassay buffer.

7:1 Blocking Agents for Energy Transfer Immunoassay
Solid phase and hom ogeneous im m unoassay techniques both 

suffer from  interference caused by non-specific b inding. The 
phenom enum  has been most extensively studied in solid phase assays 
w here im m unoglobulins and serum  proteins are non-specifically 
adsorbed on to the solid surface. The reduction of this type of non
specific interaction, which can compromise assay sensitivity, has 
usually been achieved by saturation of the available binding sites with 
other proteins such as albumin (Schondeyer and Andersen, 1984) or 
casein (Kenna et al., 1985). Alternatively the addition of non-ionic 
detergents, such as Tween 20 or Triton X 100 to wash buffers has also 
been shown to reduce such effects (Kenny and Dunsmoor, 1983). a 
lim ited study carried out by Crumpton and Parkhouse in 1972 showed 
that non-ionic detergents have no appreciable effect on antibody- 
an tigen  in te rac tions up to a concentra tion  of 2%. H igher 
concentra tions of Tween 20 used in conjunction w ith  casein 
hydrolysate, have been used to eliminate non-specific binding in an 
ELISA for cytomegalovirus specific IgM (Robertson et al., 1985) and this 
detergent has also been used to reduce antigen independent binding of 
rat IgGl in radioimmunoassays (Nilsson and Sjogren, 1984).

Homogeneous assays may also suffer from non-specific adsorption 
of assays components. Blocking agents such as polyethylene glycol 
(Khanna and Ullman, 1980), (Kronick and Grossman, 1983), Triton X- 
100 (Bailey et al., 1984) and bovine serum or y-globulin (Ullman et al., 
1976) have been added to the immunoassay buffer to elim inate this
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effect. Many fluorescent labels are large, hydrophobic dyes, e.g. XRITC, 
Figure 7.1, which tend to adsorb onto surfaces such as polystyrene. 
Such adsorption has been observed in the developm ent of the energy 
transfer im m unoassay using pyrene labelled rat IgGl as the capture 
antibody.

This section is concerned with the selection of a suitable blocking 
agent and analysis of its properties and interaction w ith the assay 
components. Initial analysis of the candidate blocking agents involved 
the generation of fluorescent spectra as there is a requirem ent that the 
com pound selected is spectroscopically clean so as not to introduce 
significant fluorescent background into the assay.

7:1:1 Non-ionic Detergents
Non-ionic detergents have been assum ed to reduce non-specific 

binding to surfaces by blocking surface binding sites. This research will 
show that the formation of a pseudo-micelle around the hydrophobic 
pyrene label attached to the rat IgGl may be the more im portant effect 
in the reduction of non-specific adsorption. These micelles will not 
only serve to reduce adsorption to surfaces but may also be used to 
protect the IgG l from local d istortion caused by non-covalen t 
interactions with the label itself. The interactions between detergent 
micelles of the anionic detergent sodium dodecyl sulphate (SDS) and 
pyrene have been previously been studied by Nakajima (1977). The 
structure of SDS is shown in Figure 7.2a.

7:1:1:1 Tween 20
The structure of this non-ionic detergent is shown in Figure 7.2b. 

Tween 20 has often been used to eliminate non-specific binding in solid 
phase assays where has been added to wash buffer. The ELISA 
developed for m easurem ent of the m ouse IgGl off-line d u ring  its 
fermentation has 0.05 % v /v  Tween 20 added to the w ash buffer, see 
Chapter 5. In addition 0.2 % w /v  bovine serum album in (BSA) was 
added to the sample-conjugate buffer in which the sam ples and the 
second capture antibody were applied to the plate. Both these 
components act to reduce non-specific adsorption of the analyte and of
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the second capture antibody onto the polystyrene plate surface. N on
specific adsorption of either species could lead to the m easurem ent of 
the analyte concentration being higher than the true value.

The use of Tween 20 as a blocking agent was investigated using a 
solution of 0.15 M NaCl, 0.02 M Tris at pH  7.5 containing 1% v /v  
Tween 20. At this concentration the emission spectrum  generated 
using the settings for the assay the showed a structureless emission in 
the range 350 nm to 500 nm. It was decided that this fluorescence was 
not sufficient to preclude the use of Tween 20 as a blocking agent for 
the assay.

7:1:1:2 Brij 35
Brij 35 (polyoxyethylene laury l ether) is ano ther non-ionic 

detergent that has been less widely used than Tween 20 as a blocking 
agent in solid phase immunoassays. Its structure is shown in Figure 
7.2c. X-ray structures of similar detergent micelles has been carried out 
by Kawaguchi et al., (1983). The fluorescent emission spectrum  of Brij 
35 at a concentration of 1% w /v  in 0.15 M NaCl, 0.02 M Tris at pH 7.5 
generated under assay conditions showed very little background.

7:1:1:3 Analysis of Non-ionic Detergents as Blocking Agents
Both Tween 20 and Brij 35 at the concentrations shown above were 

used  as blocking agents for each of the fluorescently  labelled 
immunoassay components. The effect of the addition of the detergents 
to the 0.15 M NaCl, 0.02 M Tris at pH 7.5 buffer on the adsorption of the 
pyrene labelled rat IgGl conjugate was examined. Samples of the 
conjugate were added to each of the following buffers: 0.15 M NaCl, 0.02 
M Tris at pH 7.5, 0.15 M NaCl, 0.02 M Tris at pH 7.5 + 1% Brij 35 and 
0.15 M NaCl, 0.02 M Tris at pH 7.5 + 1% Tween 20 in both glass and 
polystyrene tubes. Measurements were also taken for the conjugate in 
0.15 M NaCl, 0.02 M Tris at pH 7.5 in a quartz cuvette. The fluorescent 
intensities at 375, 395 and 475 nm were m onitored over four hours at 
25^0. Table 7.1 shows the ratio of the % loss in emission intensity over 
the m onitoring period for all the samples at each wavelength. This 
represents the adsorption of the labelled antibody onto the surface
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which takes place. The losses due to adsorption in the absence of 
detergent are large. Both Tween 20 and Brij 35 act to significantly 
reduce this adsorption.

A sim ilar experim ent was carried out for the B-phycoerythrin 
labelled mouse IgGl at an emission wavelength of 575 nm using 0.15 M 
NaCl, 0.02 M Tris at pH 7.5 + 1% Brij 35, under the same conditions. 
The addition of the blocking agent had no effect on the observed 
emission of the B-phycoerythrin.

The addition of either detergent, at the concentrations show n 
above, to the pyrene labelled conjugate also led to a significant 
enhancem ent of the pyrene fluorescence at all wavelengths. The 
calculated % enhancements at 375 nm and 475 nm are shown in Figure 
7.3 for concentrations of Brij 35 ranging from 0.05% to 1.00% (w /v ) 
added to the immunoassay buffer. Figure 7.3 also shows the fractional 
quenching in the fluorescent emission of acridine w ith
increasing Brij 35 concentration, the figures are taken from Flanagan 
and Ainsworth (1968). This dye was used by Flanagan and Ainsworth 
to characterise the micellisation of Brij 35 by m easurem ent of the 
percentage quenching in the acridine fluorescence. For the
purposes of this research this data indicates that the pyrene label 
fluorescence increases with as the degree of micellisation increases.

The effect of varying the concentration of Brij 35 added to the 
diluent buffer in the range 0.05% to 1.00% upon the intensity ratios, 
I4 7 5 / I 3 7 5  and upon the fractional quenching of the fluorescent emission 
of acridine is shown in Figure 7.4. The initial drop in the excimer to 
monomer ratio may be explained by an initial interaction of the label 
with a small number of Brij 35 molecules which results in a disruption 
of the excimer form ation. As the concentration of de tergen t is 
increased and micellisation begins to occur the Brij m olecules re
orientate them selves around the label and the two pyrenebutyry l 
moities are brought closer together increasing the probability of excimer 
form ation and hence the observed excimer to m onom er intensity  
ratios. The effect of increasing Brij 35 concentration on the energy 
transfer between tryptophan residues on the protein surface and the
pyrenebutyryl label by measuring the ratio of the fluorescent intensity

I is assessed
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of the labelled antibody at 375 nm at fixed excitation wavelengths of 280 
nm  and 340 nm, I2 8 0 / I 3 4 O' The emission at 375 nm with an excitation 
w avelength of 340 nm is enhanced with increasing concentrations of 
Brij 35. W here the excitation wavelength is fixed at 280 nm  the 
emission intensity is made up two components: the fluorescence of the 
pyrenyl label produced from direct excitation and an energy transfer 
com ponent resulting from nonradiative energy transfer from  the 
tryptophan residues to the label. It may be seen from Figure 7.4 that 
above a Brij 35 concentration of 0.1 % (w /v ) the the ratio of the 
fluorescent emission intensities at 375 nm decreases indicating that the 
energy transfer is decreasing as the detergent micellises. This m ay be 
due caused by changes in the orientation of the tryptophan and  the 
label described by the orientation factor k 2 and by changes in the 
separation distance, R. The formation of the detergent micelle m ay 
serve to increase the separation thus reducing the observed transfer.

7:1:2 Proteinous Blocking Agents
Proteins such as casein, casein hydrolysate and the album ins have 

been used as blocking agents in many solid phase im m unoassays. 
Serum album in and y-globulin have also been used in hom ogeneous 
immunoassays. Morrison also used IgGl labelled with succinim idyl-l- 
pyrenebutyrate, at a much lower labelling ratio, as the capture antibody 
in his tim e-resolved energy transfer im m unoassay and  added  1% 
bovine serum albumin (BSA) to his immunoassay buffer.

7:1:2:1 Casein and Bovine Serum Albumin
Casein hydrolysate and BSA were both examined as candidate 

blocking agents for the excimeric energy transfer immunoassay. It was 
found that the proteinous components in both of these agents produce 
a significant fluorescent background at the excitation wavelength of 340 
nm  (Xex for the pyrene label). This would not be the case in assays 
w here the fluorescent labels used have excitation maxima at m uch 
longer w avelengths e.g. fluorescein-6-carboxylic acid, ^ ex = 495 nm  
(Ullman et al., 1976) and Lucifer Yellow VS, Xex = 430 nm  (Bailey et al., 
1984). M orrison was able to discount this type of fluorescent
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background as he was working with a time-resolved system. For the 
assay developed in this work, in the absence of tim e-resolution, this 
sort of background is unacceptable and the non-ionic detergents 
provide a much better option as blocking agents.

Previous work has show n that fluorescent dyes m ay in teract 
specifically w ith the hydrophobic cleft of bovine serum  album in 
(Flanagan and Ainsworth, 1968), (Levade et al., 1986). It is possible that 
pyrene would display similar properties as it is highly hydrophobic in 
nature. Binding of the pyrenyl label to, for example, the hydrophobic 
cleft of BSA used as a blocking agent might compromise the reliability 
of the assay by introducing random  effects such as steric hindrance in 
the form ation of the immune complexes. Again the presence of a 
suitable detergent micelle around the pyrene moiety could protect assay 
components from such interactions. This would be critical if the assay 
were to be used to measure the concentration of proteins other than 
IgG l which might very well include very hydrophobic regions that 
could bind an unprotected pyrene moiety.

7:2 Energy Transfer using Excimeric Pyrene Donors
Samples of rat IgGl were heavily labelled w ith succinim idyl-l- 

pyrenebutyrate. The labelling ratios achieved were 4.2 and 4.3 labels per 
protein  molecule. These conjugates displayed both excimeric and 
m onomeric fluorescent emission with excimer to m onom er intensity 
ratios of 1.03 and 1.21 respectively. The conjugates w ere used to 
characterise non-radiative energy transfer reactions using excimeric 
donors. A fluorescent energy transfer assay for mouse IgGl was also 
developed.

7:2:1 Determination of the Critical Distances
Figure 7.5 shows the corrected emission spectrum  of ra t IgGl 

labelled w ith an average of 4.3 pyrenyl labels per molecule and the 
absorption spectrum  of B-phycoerythrin labelled IgG l, w here the 
labelling ratio was 1:1. The individual monomer and excimer spectra 
were obtained by fitting the emission curve between 400 nm and 480 
nm to a linear combination of a half gaussian curve (the excimer) and a
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spectrum  obtained for a lightly labelled IgGl showing only monomer 
emission. Values of 0^ and 0  ̂were obtained by com paring the 
deconvoluted monomer and excimer spectra with quinine bisulphate 
(Miller, 1981).

The replacem ent of the concentration term s in the follow ing 
equations from Chapter (4)

by the extent of binding which w ould have facilitated their use in 
determ ining  0 m and <pe is precluded by the nonlinear relationship 
betw een p and the extent of labelling as discussed in Chapter 6 , Table 
6.1. Values of 0mwere obtained using lightly labelled IgGl and were 
found to vary within a 15% range for different preparations. A mean 
value of 0.69 has been used in the calculations of typical transfer 
distances. As the quantum  yields are high k_e has been assum ed to be 
negligible in the calculation of quantum yields and equations [4.38 a & 
b] were combined to give

for any labelled sample. A mean value of 0.61 has been determ ined for 
0 e. Values of 56 A and 82 A for the critical distances Rom and Roe were 
determ ined from the deconvoluted spectra and the above quantum  
yields Figures 7.6a to 7.6c shows r|m, r |e and r |a, calculated for a single 
pyrene/B-phycoerythrin pair, as a function of donor acceptor separation 
and of the ratio of excimer to monomer fluorescence, p. A value of 0.2 
was assigned to K. A value of 0.22 was used for the ratio of extinction 
coefficients of pyrene to B-phycoerythrin. The effective critical distance 
of the monomer to acceptor transfer falls as p increases. The excimer 
form ation depletes the m onom er excited state w hich, in effect,

[4.38a]

and

[4.38b]

t  = * ;/(i -  v j k  ) [7.1]
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in troduces a new lower value into calculation of the critical~ m
distance, Chapter (4) equation [4.27] for each increasing value of p.

k t = 8 .79x10- 2 5  K2 x‘1 n^R"6 J(v) [4.27]

This effect is represented, in the derivation, where all transfers are 
referred  to a critical distance defined in the absence of excimer 
fo rm ation , by the in troduction  of the term  P 0 m/ 0 e in to  the 
denom inator of the classical transfer efficiency relationship equations 
[4.42 to 4.44]. The effective critical distance of excimer to acceptor 
transfer is only slightly dependent on p. The formation of the excimer 
is dependent on the excited state concentration of m onomer and the 
depletion of this species by transfer to the acceptor competes w ith 
excim er form ation . This com petition  in tro d u ces the m inor 
perturbation  of excimer transfer function, rj^ equation [4.43]. The 
enhancem ent of the acceptor emission shows the transition  from 
monomer transfer to excimer transfer as p increases.

Figures 7.6d to 7.6f show rjm, rje and r |a, calculated for a single 
pyrene/B-phycoerythrin pair, as a function of increasing values of at 
a constant value of p=l. The most significant effect of a high value of 
k_e is to increase the effective critical transfer distance of the monomer 
at greater donor-acceptor separations. This enhanced quenching does 
not arise from direct transfer of energy but from a re-equilibration of 
the excited state monomer and excimer concentrations as the excimer 
concentration is depleted by energy transfer to the acceptor. Figures 7.6a 
to 7.6f show the advantage of using the excimer as the donor in 
extending the effective size of the analyte in an energy transfer 
im m unoassay.

7:2:2 Antibody-Antigen Binding Curves
Figure 7.7 shows the monomer quenching, excimer quenching and 

acceptor enhancem ent observed w hen varying concentrations of 
pyrenebutyryl-capture antibody are equilibrated with 1 x 10' 8  M B- 
phycoerythrin labelled mouse IgGl. The fluorescent intensity changes 
are expressed as the percentage change in the total fluorescence that
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occurs on reaction. The continuous lines are the best fit to  a simple 
equilibrium  in which the only one mouse IgGl molecule is bound per 
capture antibody. The mean best estimates of the association constant 
of the capture antibody for the analyte obtained was 7.1 x 107  (± 2.4 x 107) 
M"1. A model in which both binding sites were allowed to be occupied 
led to a best estimate of the second association constant that was 
statistically indistinguishable from zero.

7:2:2:1 Ouchterlonv Double Radial Immunodiffusion
Ouchterlony plates were used to characterise the reaction between 

labelled and unlabelled samples of the immunoassay components.
The general experimental layout is shown in Figure 7.8 and the 

sam ple concentrations used and detailed experim ental layout are 
show n in A ppendix 6 , Table A.6.1 and Figure A.6.1, respectively. 
Samples of unlabelled mouse IgGl were reacted with varying amounts 
of unlabelled rat IgGl as a control to confirm that the basic reaction was 
working, (Rl). The same preparation of mouse IgGl was also reacted 
w ith labelled rat IgGl (labelling ratio 4.2 labels per antibody) (R2). The 
experiment was repeated using B-phycoerythrin labelled m ouse IgGl 
(Fraction 2) in the central well and samples of unlabelled rat IgGl (R3) 
and labelled rat IgGl (R4) in the surrounding wells. All samples were 
diluted using 0.15 M NaCl, 0.02 M Tris at pH 7.5 and the samples in 
Rosettes 3 and 4 were also diluted using the same buffer containing 1% 
(w /v ) Brij 35 as a blocking agent (R3' and R4'). The results of the 
analysis are shown in Plate 7.1.

Where both the rat and mouse IgGl were labelled, weak precipitin 
lines were visible suggesting that a proportion of the interactions are 
univalent (rosette 4 and 4'). When neither component was labelled as 
the immunodiffusion assay showed strong precipitin lines (rosette 1 ). 
The interaction of pyrene labelled rat IgGl with unlabelled mouse IgGl 
(rosette 2 ) produced an intermediate result: a weak precipitin line was 
observed but only at the highest concentration of rat IgG l. This 
confirm s tha t it is the pyrenebutyry l labelling w hich is the 
p redom inan t cause of a reduction in the m ultivalency of the 
interactions. This is borne out by the results for rosette 3 where only
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the mouse IgGl is B-phycoerythrin-labelled and strong precipitin lines 
are visible. Rosettes 3 and 4 were repeated using 0.15 M NaCl, 0.02 M 
Tris, 1% Brij 35 at pH 7.5 as the diluent buffer and Fraction 5 labelled B- 
phycoerythrin labelled mouse IgGl confirmed that the addition of the 
blocking agent had no effect on the immunoreaction. The results are 
shown in Plate 7.1.

7:2:3 Standard Immunoassay Curves
Two sets of im m unoassay standard curves were generated to 

illustrate the feasibility of using an excimeric donor fluorophore in the 
assay. Experiments were designed to measure monomer and excimer 
quenching and acceptor enhancements separately using different fixed 
ratios of antibody to antigen. An experim ent in which the dual 
m onitoring of both donor quenching and acceptor enhancem ent at a 
single fixed ratio of antibody to antigen was also carried out.

7:2:3:1 Quenching and Enhancement Curves
Figure 7.9 shows the quenching and enhancem ent curves for a 

competition between mouse IgGl and B-phycoerythrin labelled mouse 
IgGl for pyrenebutyryl-capture antibody. The ratio of capture antibody 
to labelled analyte was held at 3.4 and 0.3 for the quenching and 
enhancem ent experim ents respectively. The analyte m ouse IgGl 
concentration was varied between 1 x 10' 6  M and 1 x 10' 1 0  M. The solid 
lines are the best fit to a competitive equilibrium based on the single 
site m odel suggested above. The mean of the best estim ate of the 
association constants for unlabelled mouse IgGl was 5.4 x 107  (± 0.6 x 
107) M '1.

7:2:3:2 Simultaneous Quenching and Enhancement Assay
The above experiment was repeated with equimolar concentrations 

of cap ture  antibody and labelled analyte of lxlO ' 8  M in the 
imm unoassay buffer. The same range of concentrations of unlabelled 
analyte were used and the reaction carried out under the same 
conditions as those described above. Figure 7.10 shows the best fits for 
two standard curves where the experimental data is fitted to a simple
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equilibrium .

7:2:3:3 Analysis of Standard Curves
The mean values of r |m, r |e and r|a obtained from the best fits to the

above equilibrium and competitive experiments were 0.08 (± 0.07), 0.41
°P ,

(± 0.04), and 0.66 (± 0.20). An examinationAequation [4.42 to 4.44J shows 
that in the above equilibria, where there are four donors and one 
acceptor, the quenching will be an intensity weighted average of the 
four donors whilst the enhancement is determ ined by the sum  of the 
donor contributions, which given the inverse sixth pow er transfer 
relationship, is dominated by the nearer donors.

A rigorous application of equations [j 4.42 to 4.44 ] to the above 
experimental data is not possible as the spectral characteristics of the 
individual pyrene labels are unknown. However, a simple model was 
tested in which these are assum ed to be identical thus enabling an 
approxim ate comparison of the experimental results w ith the theory. 
The best fit to this model gave mean values of rjm, rje and Tja of 0.20 (± 
0.06), 0.57 (± 0.07), and 0.43 (± 0.03) and of the four donor acceptor 
separation distances of 15, 36, 48, and 85 A. The mean best estimate of 
the ratio of k_e to ked, i.e. K, was 5.5 x 10' 6  (± 6.4 x 10'6) confirming that 
the back-dissociation of the excimer is not a p redom inant decay 
pathway.

7:2:3:4 Fitting and Linear Transformation of Competition Curves
A fter the experim ental data had  been analysed  using  the 

biophysical model described above several curve fitting procedures 
were considered in an attem pt to linearise the calibration curve. The 
choice of curve fitting procedure was limited to those equations w ith 
few param eters. Healy's four and five param eter models were not 
examined as they were felt to be over-parametised for the purposes of 
this assay. The selected m ethod should be sim ple allowing quick 
analysis by computer and should produce a good fit to the experimental 
points.
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The fluorescent emission intensities for the m onom er, excimer 
and acceptor , AF, were expressed as a fraction of the maximum 
fluorescent emission intensity, AF^ at each w avelength  for each 
standard mouse IgGl concentration. The values of AF/AFQ at the three 
w avelengths were then averaged to give the logit param eter, z. The 
logit transformation, equation [4.52], was used to fit the data.

The results are shown in Figure 7.11a and b for both the log-logit curve 
which was calculated using a weighted least squares linear regression 
and the back transformation. After examining the initial fit obtained 
using a simple logit function a further fitting procedure was carried out 
where the logit transformation, Equation [4.54] was modified to give a 
'logit-2 transformation', Equation [4.55]

in which the param eter z, [A F /A F J ^  e, was raised to the power 2 . 
This equation gave a slightly better fit than the simple logit. The 
results are shown in Figures 7.12 a and b.

logit(z) = In — [4.52]

2

y = logit (z) = In -— : 
1  - z

[4.55]
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Table 7.1: Loss in Emission Intensity (% ) for samples of rat IgGl 
labelled with succinimidyl-l-pyrenebutyrate using 
different blocking agents

Surface Detergent® % average loss

Glass none 2 1 . 2

1% Brij 35 1 . 8

1 % Tween 20 1 . 8

Polystyrene none 53.8
1% Brij 35 2 . 0

1% Tween 20 5.7

Quartz none 24.4

a Detergents added at the concentrations shown above 
to a 0.15 M NaCl, 0.02 M Tris buffer at pH 7.5



6

Figure 7.1: Structure of Rhodamine X Isothiocyanate (XRITC)



(a) SDS - Sodium dodecyl sulphate

H2C ----------------------------

IHC0(CH 2 CH 2 0 ) wH
I °

H(OCH 2 CH2)xOCH

HC----------------------------
I

HCO(CH2 CH2)yH _

I II
CH 2 0(C H 2 CH 2 0 )2CR 

R = lauryl chain

n = x + y + w + 2 = 20 for Tween 20 

(b) Tween 20 - Polyoxyethylene sorbitol ester

CH3—  (CH2)11— O —  (CH —  CH—  0 )2—  H 

(c) Brij 35 - Polyoxyethylene lauryl ether

Figure 7.2: Structures of detergents used as blocking agents 
in immunoassays
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Figure 7.4: Effect of Brij 35 concentration on
Excimer to monomer fluorescent intensity ratio, I4 7 5 / I 3 7 5 , ( ),
the ratio of fluorescent emission intensity at 375 nm at a fixed 
excitation wavelength of 280 nm to that at an excitation wavelength of 
340 nm, I28o/^340 ( — ) anc* fractional quenching of acridine
fluorescence ( ---- -----  ) [taken from Flanagan and Ainsworth, 1968]
in 0.15 M NaCl, 0.02 M Tris at pH 7.5 for samples of rat IgG l labelled 
with succinimidyl-l-pyrenebutyrate. The labelling ratio for the 
antibody was 4.2 labels attached per IgGl molecule.
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Figure 7.8: Ouchterlony Double Radial Immunodiffusion Plates
for Analysis of Binding of Fluorescent Energy Transfer 
Immunoassay Components. All samples are diluted in 
0.15M NaCl, 0.02M Tris pH 7.5 (R1 to R4) and the same 
buffer +1% (w /v) Brij 35 (R3' and R4’).

Rosette 1: (Rl) Unlabelled mouse IgGl reacted with unlabelled 
rat IgGl

Rosette 2 : (R2) Unlabelled mouse IgGl reacted with rat IgGl 
labelled with succinimidyl-l-pyrenebutyrate.
Labelling ratio 4.2 labels per IgGl 

Rosette 3: (R3), (R3‘) Mouse IgGl labelled with B-phycoerythrin 
(Fraction 2) reacted with unlabelled rat IgGl 

Rosette 4: (R4), (R41) Mouse IgGl labelled with B-phycoerythrin 
(Fraction 2) reacted with rat IgGl labelled with 
succinimidyl-l-pyrenebutyrate. Labelling ratio 4.2 
labels per IgGl



Plate 7.1: Ouchterlony Double Radial Im m unodiffusion Analysis
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Figure 7.10: Standard Curve for Fluorescent Energy Transfer Immunoassay
for Mouse IgGl with Dual Measurement of both Donor Quenching 
and Acceptor Enhancement. The capture antibody is rat IgGl 
labelled with succinimidyl-l-pyrenebutyrate with a ratio of labels 
to IgGl of 4.2. The competitor is mouse IgG l labelled w ith 1 B- 
phycoerythrin with one label attached per IgGl. The fluorescent 
intensities were monitored at 375 nm, monomer emission ( —*—  ), 
at 475 nm, excimer emission ( —0 —  ) and at 575 nm acceptor 
emission (—°—  y The diluent buffer was 0.15 M NaCl, 0.02 M 
Tris + 1% 6 v /  v) Brij 35 at pH 7.5.
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Figure 7.11: (a) Log-logit Transformation of the Calibration Standard Curve for 
the Fluorescent Energy Transfer Immunoassay for Mouse IgGl. The 
logit of the fractional total response is calculated and expressed as a 
function of log(mouse IgGl concentration). The capture antibody is rat 
IgG l labelled with succinimidyl-l-pyrenebutyrate w ith an average 
labelling ratio of 4.2 labels attached per IgGl. The competitor is mouse 
IgG l labelled with 1 B-phycoerythrin with one label attached per IgGl. 
The diluent buffer was 0.15 M NaCl, 0.02 M Tris + 1% (w /v ) Brij 35 at pH
7.5.
(b) Back transformation of the log-logit plot.
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Figure 7.12: (a) 'Logit-2' Transformation of the Calibration Standard Curve for
the Fluorescent Energy Transfer Immunoassay for Mouse IgGl. The 
logit of the (fractional total response ) 2  is calculated and expressed as a 
function of log(mouse IgGl concentration). The capture antibody is rat 
IgGl labelled with succinimidyl-l-pyrenebutyrate with an average 
labelling ratio of 4.2 labels attached per IgGl. The competitor is mouse 
IgGl labelled with 1 B-phycoerythrin with onelabel attached per IgGl. 
The diluent buffer was 0.15 M NaCl, 0.02 M Tris + 1% (w /v) Brij 35 at pH  
7.5.
(b) Back transformation of the logit-2 plot.
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8  Synthesis and Application of an Excimeric bis-pyrenyl Label
The results from Chapter 7 indicate that the use of excimeric 

pyrene as the donor in an energy transfer im m unoassay w here B- 
phycoerythrin is the chosen acceptor significantly improves the critical 
distance compared to that achieved for a monomeric pyrene donor.

The m ethod adopted involved heavy labelling of the capture 
antibody to promote excimer formation. This m eant that several of the 
donor fluorophores which were attached to the capture antibody were 
not close enough to the acceptor surface (within 85 A) to participate in 
the transfer reaction. These distant labels contributed to the fluorescent 
background against which the pyrene quenching was m easured. 
Attachment of 4.2 pyrene labels to the capture antibody also reduced the 
antibody valence so that each capture antibody molecule could only 
bind one mouse IgGl molecule, although this simplified the analysis of 
the binding reaction it would be preferable for the active sites to be 
unaffected by the attachment of labels. In some cases heavy labelling 
also led to insolubilisation of the protein during the labelling reaction. 
The attachment of a single label containing an excimeric m oiety to the 
capture antibody would eliminate these problems. Such a label is not 
currently commercially available.

This chapter is concerned with the synthesis and purification of a 
label in which two pyrenyl moieties are brought close together, by 
attachm ent to a carrier molecule, to form an excimeric product. The 
product may be attached to the capture antibody by reaction w ith the 
lysine residues on the protein so as to eliminate the need for heavy 
labelling to prom ote excimer form ation. Several reactions using 
different pyrene derivatives were exam ined to determ ine w hich 
pyrene-carrier molecule products were capable of forming excimers. In 
these experiments the selection of precursors was lim ited to those 
which are commercially available, this is not a major restriction given 
the range currently specified by Molecular Probes Inc. The results of 
these experiments are presented and the various reactions sum m arised 
and discussed. The selected reaction was scaled up, the label attached to 
the capture antibody and the resu ltan t conjugate u sed  in the 
immunoassay.
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8:1 Synthesis Strategy and Alternative Approaches
This section examines the approaches adopted in the synthesis of 

the excimeric label. Figure 8.1 shows the strategies considered. It was 
decided that only precursors that were commercially available would be 
used to simplify the experimental approach and to optimise the use of 
the time available for synthesis.

Cross-linkage of the Label to Capture Antibody
Figure 8.1 shows the amino acid side chains which are available for 

m odification. The labelling of ra t IgG l w ith succin im idy l-l- 
pyrenebutyrate was characterised in Chapter (6 ). As this reaction was 
analysed in some detail and a successful labelling protocol developed, it 
was decided that the excimeric label would be attached to the capture 
antibody by the same linking procedure i.e. by a succinimidyl ester 
reaction with the lysyl amino groups. It was proposed that the carrier 
molecule selected should have a carboxylate group (-COOH) which 
could be succinimidylated and then attached to the antibody using a 
carbodiim ide/hydroxysuccinim ide reaction (Sheehan and Hess, 1955) 
(Staros, 1982) (Staros et al., 1986) and (Mitchison, 1989).

Selection of a Suitable Carrier Molecule
The choice of carrier molecule was limited to molecules w ith two 

suitable reactive groups for the attachm ent of the pyrene derivative 
and a carboxylate group for cross-linkage to the antibody

It was proposed that lysine and diam inoproprionic acid could be 
used as the carrier molecule. Both have two amino groups which may 
be reacted with a suitable pyrene derivative and a carboxylate group for 
cross-linkage to the p ro tein . A sm all pep tid e , m ouse liver 
metallothionein - 1  fragment, lys-cys-thr-cys-cys-ala, was also considered 
as a candidate carrier molecule. This peptide has three sulphydryl 
groups from the cysteine residues which could be reacted w ith a 
suitable pyrene derivative and a C-terminal carboxyl group for cross- 
linkage to the protein.

The length and flexibility of the backbone of the carrier molecule to

119



Chapter 8

which the pyrene moities are attached plays a significant p a rt in 
determ ining whether excimer formation is possible. Some products 
m ay have shortened fluorescent lifetim es and the fo rm ation  of 
excimers may therefore rely on the pyrene molecules being partially  
aligned prior to excitation. Their ability to align may be thus be affected 
by the chain length and flexibility of the backbone of the carrier 
molecule as well as the length of the chain attaching the functional 
group to the pyrene ring system.

The effect on excimer formation of varying the length of the alkane 
chain separating  two pyrene molecules has been exam ined by 
Zachariasse and Ktihnle (1976) using a,co-di-(l-pyrenyl)alkanes, Pyr- 
(CH2 )n-Pyr. The number of methylene groups, n, was varied between 2 
and 22. They found that when n = 3 to 6 , n = 9 to 16 and n = 22 
significant intramolecular excimer formation was evident. W here n= 
2, 7 or 8  negligible excimer formation was observed, see Figure 8.2. The 
highest excimer to monomer intensity ratios were observed w hen the 
num ber of methylene groups separating the two pyrene rings was 3, 12 
and 22. The two pyrene moities were sufficiently close together to form 
collisional excimer when separated by 3 m ethylene groups, as this 
separation increased the observed excimer form ation decreased and 
then started to rise again to maxima at n = 12 and n = 22. These 
maxima in the excimer emission were due to the increased flexibility of 
the backbone allowing the pyrene moities sufficient freedom to form 
collisional excimers. It was also confirmed that the excimers form ed 
did not arise form pre-formed ground state dimers.

Selection of Pyrene Derivatives
Several pyrene derivatives were considered for use as precursors in 

the synthesis of an excimeric label. These derivatives fell into two 
categories. The first category included those derivatives in which the 
pyrene n electron system was not extended as a result of the reaction 
and the second category where the reaction led to perturbation of the n 

electron system. Of the derivatives examined reactions involving the 
use of succinim idyl-l-pyrenebutyrate and the N -(l-pyrene)m aleim ide 
do no t p e rtu rb  the n system  w hereas those in v o lv in g  1 -
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pyrenecarboxaldehyde and 1-pyreneisothiocyanate do. Some of the 
pyrene derivatives listed in Figure 8.1 were not investigated due to 
time constraints.

Alternative Approaches
The approaches listed above are not the only ones available; this 

section examines some of the alternative procedures and reagents that 
m ight be used in labelling of the antibody and in the synthesis of the 
excimeric label.

Methods of Attachment of Labels to Antibodies
The exam ination of the attachm ent of the carrier m olecule to the 
antibody is limited to reaction with amino acid side chains. It w ould 
also be possible to link the excimeric label to the antibody via the 
carbohydrate moities on the protein. The attachm ent of fluorescent 
labels to proteins is often achieved by reaction with either sulphydryl or 
amino groups on the protein surface. In the case of imm unoglobulins 
this may lead to modification of amino acid residues close to the active 
site resulting in a loss of activity (Ghose et al., 1983). In Chapter 6  the 
heavy labelling of rat IgGl with succinim idyl-l-pyrenebutyrate led to 
the loss in activity observed in the double radial im m unodiffusion 
experiments. Cross-linkage of the excimeric probe to the carbohydrate 
m oities of IgG w ould ensure that the activity of the IgG was not 
com prom ised (O'Shannessy et al., 1984), (O'Shannessy and Quarles, 
1985). The attachment of the label to the antibody is achieved using an 
avidin-biotin reaction for which the dissociation constant is 10' 1 5  M. 
The procedure involves the form ation of aldehyde groups on the 
carbohydrate by oxidation of the cis-diol residues using  sodium  
periodate, see Figure 8.3. The aldehyde groups are then reacted with 
biotin hydrazide to produce a biotinylated antibody. The antibody may 
then be reacted with an avidin conjugate containing the label to be 
attached, in this case the excimeric label.

This procedure involves several steps. The excimeric m oiety 
(excimeric pyrene derivitised carrier molecule) m ust be cross-linked to 
avidin. This would involve the use of a heterobifunctional cross
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linker to attach the carboxylate group of the selected carrier molecule to 
avidin. A carbodiimide/hydroxysuccinimide reaction could be used to 
link the carboxylate group of the excimeric moiety to avidin via its 
amino groups. The excimeric label attached to avidin w ould then be 
reacted with the biotinylated IgGl to produce an excimerically labelled 
conjugate. This procedure was not adopted as it would have involved 
m any more steps than other approaches considered, however, it does 
supply  an alternative which merits further investigation. If this 
m ethod were to be adopted it would be sensible to revise the choice of 
reagents, e.g. the choice of carrier molecules, and possibly select ones 
better suited to this protocol.

Alternative Pyrene Derivatives for Synthesis of Excimeric Label
Several pyrene derivatives are currently available that were not 

investigated in the synthesis of the excimeric label. These include N- 
(l-pyrene)iodoacetamide and 1 -pyrenemethyl iodoacetate (both specific 
primarily for sulphydryl groups), 1 -pyrenesulfonyl chloride (specific for 
amino groups) and 1 -pyrenyldiazom ethane (specific for carboxylate 
groups). Each of these will be briefly examined in this section.

N-(l-pyrene)iodoacetamide and 1-pyrenemethyl iodoacetate
Both of these derivatives react primarily with sulphydryl groups at 

physiological pH to produce thioethers, Figure 8.4. They were not 
investigated initially as the availability of carrier molecules containing 
two sulphydryl groups was limited^ molecules such as the sm all 
pep tide , lys-cys-thr-cys-cys-ala. N -(l-pyrene)iodoacetam ide  has 
previously been used to label both tropomyosin and actin via cysteine 
residues and is capable of excimer formation (Lin, 1982), (Lin and 
Dowben, 1982),(Ishii and Lehrer, 1990). The pyrene methyl ester has the 
longest reported fluorescent lifetime of any sulphydryl probe, x > 1 0 0  

ns, and is also capable of forming excimers (H augland, 1989). 1-
pyrenemethyl iodoacetate is also capable of reacting with amino groups 
at pH 8.5 of higher (Means and Feeney, 1971) to produce a dialkylated 
derivative, Figure 8.5. In this case a carrier molecule such as glycine 
m ight be suitable where both pyrene moities m ight be attached to the
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a-am ino group. In the past this reaction has not been used extensively 
in the labelling of proteins as it is too slow and non-specific compared 
to the reaction with sulphydryl groups, even at elevated pH. It does 
however seem to be an option worth considering in future for the 
synthesis of the excimeric label where the constraints are different.

l-pyrenesulfonyl chloride
1 -pyrenesulfonyl chloride has been used to label bacteriorhodopsin 

(Nakabayashi and Mihashi, 1981) and imm unoglobulin A (Liu et al., 
1981). 1-pyrenesulfonyl chloride reacts w ith amines to form stable 
sulphonam ides above pH 7.0 (Haugland, 1989), (Means and Feeney, 
1971). The reaction scheme is shown in Figure 8 .6 a. It is possible that 
this pyrene derivative would be suitable for use in the synthesis of the 
excimeric label. It is unclear whether it is capable of forming collisional 
excimers, no reports of excimer formation with this derivative have 
been found but this would be easy to establish.

1-pyrenyld iazom ethane
1 -pyrenyldiazom ethane reacts with carboxyl groups as show n in 

Figure 8 .6 b. This pyrene derivative has been used in the determ ination 
of carboxylic acid using high perform ance liquid chrom atography 
(HPLC), (Nimura et al., 1988). It has been used to label long-chain fatty 
acids and prostaglandins (Haugland, 1989). No reports have been 
found where this derivative has exhibited excimer formation.
In order to use this derivative as a precursor in excimeric label 
synthesis some form of dicarboxylic acid would need to be used as the 
carrier molecule. This was not considered in detail and could be 
pursued further in future.

8:2 Synthetic Reactions
The reactions attem pted in this section and the corresponding 

results are summarised in Table 8.1. The specific reactions carried out 
are described in more detail in the following sections.
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8:2:1 Schiff's Base Reactions with l-pvrenecarboxaldehyde
The Schiff's base reaction of an aldehyde with a prim ary amine was 

exam ined as a possible synthetic pathw ay for an excimeric label. 
Reactions of this type have been studied by Hw ang et al. (1978) as a 
m ethod for detecting prim ary amines. The prim ary amine acts as a 
nucleophile and reacts w ith the fluorescent aldehyde to produce an 
imine. The general reaction scheme is show n in Figure 8.7a and is 
described by Vogel (1989).

The fluorescent spectra of 1-pyrenecarboxaldehyde are sensitive to 
environmental polarity. In polar solvents, e.g. methanol, the emission 
spectrum  loses its fine structure and the characteristic pyrene emission 
peaks at 375 nm and 395 nm give way to a broad band centred around 
450 nm. This loss of structure may be explained by the effect of the 
solvent on rnt* and  niz* state coupling. The theory of these transitions 
is discussed in Chapter 4. Dioxane was used as the prim ary solvent 
throughout these experiments to elim inate any solvent variation in 
the emission spectra.

8:2:1:1 Ethanolamine and l-pvrenecarboxaldehyde
The Schiff's base reaction was characterised by using the reaction of 

1-pyrenecarboxaldehyde with ethanolamine as a model system, Figure 
8.7b. The lifetim e of the excited  sta te  of u n re a c te d  1- 
pyrenecarboxaldehyde is relatively short: 2 ns in dioxane, 2.5 ns in 
m ethanol and 5.1 ns in water limiting its ability to form  excimers 
(Lianos and Cremel, 1980).

The emission spectra of 1-pyrenecarboxaldehyde were examined in 
methanol and dioxane. In dioxane the emission m aximum was at 375 
nm  whereas in m ethanol a broad emission band centred around  450 
nm  was evident. This is consistent w ith the findings of Lianos and 
Cremel (1980).

Ethanolamine was added to a solution of 1 -pyrenecarboxaldehyde 
in  d ioxane. The reaction  be tw een  e th an o lam in e  an d  1- 
pyrenecarboxaldehyde was accom panied by the appearance of an 
emission band at 490 nm. Dilution of samples of the reaction m ixture 
w ith  m e th an o l rev e a le d  the p re sen c e  of u n re a c te d  1 -
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pyrenecarboxaldehyde by the presence of the 450 nm  band in the 
emission spectra. Ethanolamine was added until this band was no 
longer visible indicating that most of the 1 -pyrenecarboxaldehyde had 
been removed. The reaction mixture was then acidified using 1 M 
hydrochloric acid and the emission band at 490 nm shifted slightly to 
500 nm.

These results are consistent w ith the findings of H w ang et al. 
(1978). On completion of the reaction bands were visible at 375 nm , 385 
nm  and 395 nm  and 500 nm in acidic conditions. A ddition  of 
concentrated hydrochloric acid to the reaction m ixture resulted in a 
m arked increase in the fluorescent emission intensity at 375 nm , 385 
nm  and 395 nm. Excitation spectra at fixed emission wavelengths of 
375 nm and 500 nm indicated that the band at 500 nm corresponded to 
the formation of a new compound with an excitation maximum at 450 
nm. The excitation spectrum at fixed emission wavelength of 375 nm  
indicated the presence of some unreacted 1 -pyrenecarboxaldehyde with 
an excitation maximum at 340 nm. If the excitation scans where Xem = 
375 nm and Xem = 500 nm had been identical this would have indicated 
the formation of collisional excimers. The results of the reaction are 
summ arised in Table 8.2.

8:2:1:2 The Reactions of Lysine & Glycine with l-pvrenecarboxaldehyde
The reactions between 1-pyrenecarboxaldehyde and lysine and 

glycine were studied to see if compounds with shifted emission spectra 
like those formed in the above reaction with ethanolam ine could be 
formed. The reaction schemes are shown in Figures 8 .8 a and 8 .8 b.

The reaction  w ith  lysine was in itia lly  carried  ou t in  a 
m ethanol/d ioxane mixture. The solubility of lysine in this m ixture 
w as lim ited and precipitation occurred. There were problem s in 
identifying a solvent in which both 1 -pyrenecarboxaldehyde and lysine 
were soluble. To overcome the solubility problem s the reaction was 
repeated with the 1 -pyrenecarboxaldehyde adsorbed onto celite.

In all cases the form ation of the Schiff’s base derivative was 
detectable as a red shifted broad emission band at 500 nm. Unreacted 1- 
pyrenecarboxaldehyde displayed a broad emission band at 450 nm  in
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some of the diluent solvents used in the m easurem ent of emission 
spectra e.g: m ethanol and dimethylsulphoxide (DMSO). The use of 
m ore polar diluent solvents was avoided as this 450 nm band was 
expected to shift to 480 nm, as shown by Lianos and Cremel (1980), 
m aking it d ifficu lt to d iscrim inate betw een it and  the band  
corresponding to Schiff's base formation at 500 nm in acidified ethanol, 
see Table 8.2.

Glycine was also reacted with 1-pyrenecarboxaldehyde to produce 
an imine with a shifted emission spectrum which might be useful as a 
label. The Schiff's base formed was characterised by m easurem ent of 
excitation and emission spectra and A.ex and A,em were found to be 450 
nm and 500 nm respectively in acidified ethanol, see Table 8.2. This is 
consistent with those found from the reaction with ethanolamine.

8:2:2 Reactions using N-(l-pvrene)maleimide
N-(l-pyrene)maleimide has been used to label proteins in order to 

study their structure and dynamics (Betcher-Lange, 1978), (Lin & 
Dowben,1982) and (Ishii, 1990). N -(l-pyrene)m aleim ide reacts with 
sulphydryl groups according to the reaction show n in Figure 8.9. 
Further reactions may occur when there is a proximal amino group 
available resulting aminolysis of the succinimido ring (Lin, 1982a & b) 
and (Wu, 1976). Aminolysis is accompanied by a spectral shift from 
three emission peaks at 375, 395 and 405nm to two at 385 and 405 nm.

This fluorophore has also been used in an assay for hum an IgG 
w here the non-fluorescent N-(1-Pyrene)maleimide was attached to 
rabbit anti-hum an IgG (Liburdy, 1979) via the lysine residues. N -(l- 
pyrene)m aleim ide is usually reacted w ith the sulphydryl group  of 
cysteine residues but at higher pH may selectively react w ith amino 
groups. Binding of hum an IgG to this conjugate resulted in the label 
becom ing fluorescent. It was postulated that this was due to a 
m icroenvironm ental change in pH upon form ation of the im m une 
complex.

N-(l-pyrene)m aleim ide can form intermolecular excimers and has 
also been used as long lived label for fluorescent polarisation studies of 
high molecular weight proteins and molecules (Weltman et al., 1973).
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8:2:2:1 Dithiothreitol and N-(l-pyrene)maleimide
The reaction of N-(l-pyrene)maleimide and dithiothreitol (DTT) 

was studied as carried out by Lehrer (in Fluorescent Biomolecules) as a 
model system, see Figure 8.10.

A solution of 0.32 mM dithiothreitol in dim ethylform am ide 
(DMF) was added to a 0.16 mM solution of N-(l-pyrene)m aleim ide in 
the same solvent. On addition of the d ith io threito l the reaction 
mixture became orange and changed to a dark brown colour during the 
course of the reaction. Emission spectra were collected in different 
solvents, dioxane, methanol and water, during the reaction. After 90 
m inutes 200 pi of 1 mM sodium hydroxide was added to the reaction 
m ixture to cleave the succinimido rings of the product of the initial 
reaction, (S-(N-(l-pyrene)succinim ido)2-dithiothreitol (pyrene'-DTT), 
the product of this reaction will be denoted by pyrene"-DTT. On 
addition of the sodium hydroxide the solution became dark red and 
further spectra were collected. Excitation spectra collected before and 
after the addition of sodium hydroxide at fixed emission wavelengths 
of 375 nm and 460 nm were identical indicating the presence of pyrene 
excimers. There was no evidence of ground state interactions in any of 
the samples. Excimer emission appeared as a broad band centred 
around  460 nm in water, methanol and dioxane. The excimer to 
monomer intensity ratio increased with increasing solvent polarity, see 
Table 8.3. The addition of NaOH was accompanied by a decrease in the 
excimer to m onom er intensity ratio in both d istilled  w ater and 
methanol. The results of the reactions are summarised in Table 8.3.

Some of the results obtained are different from those found by 
Lehrer and Ishii (1986) even though the reaction conditions were the 
same. Lehrer also found pyrene'-DTT to be excimeric in m ethanol and 
dioxane, w ith a small increase in excimer to m onom er ratio w ith 
increasing solvent polarity. He did not, however, observe any excimer 
form ation in aqueous solution. Excimer form ation in aqueous 
solution was only apparent upon the addition of NaOH.

There was also evidence of ground state interactions from  the 
excitation spectra for both samples and he commented that excimers 
seemed to be formed from a subset of the pyrenyl groups interacting in
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the ground state. His conclusions were that in aqueous solution the 
initial product is unable to form excimers as it interacts strongly in the 
g ro u n d  sta te  in a non-excim eric co n fig u ra tio n  d ue  to its 
hydrophobicity. In less polar solvents, where there is little ground state 
interaction, the molecule is able to form intram olecular excimers by 
rotational diffusion resulting in the two pyrenes colliding w ithin the 
fluorescent lifetime (x ~ 90 ns). The product formed upon cleavage of 
the succinimido ring at increased pH was thought to be able to form 
excimers as a result of increased molecular flexibility since the lifetime 
of these products was significantly shorter, ~ 10 ns. It was postulated 
that this increased flexibility allowed the pyrene moities to stack in a 
hydrophobic configuration close to the excimeric configuration thus 
prom oting excimer formation.

The results obtained were similar to those of Lehrer but differed in 
some respects although the reason for the difference is unclear. The 
formation of excimers in water after the initial reaction was not seen by 
Lehrer although the calculated excimer to monomer emission intensity 
ratios show the same trends. The excimer to monomer intensity ratios 
are were shown to be both pH and solvent dependent.

8:2:2:2 Cysteine and N-(l-pvrene)maleimide
The reaction  of N -(l-pyrene)m aleim ide  w ith  cysteine was 

examined, as carried out by Wu et al. (1976). 1.0 ml of 0.4 mM N -(l- 
pyrene)m aleim ide in ethanol was added to an equal volum e of a 0.4 
mM solution of cysteine in water at pH 7.0. The reaction was incubated 
at room  tem perature and emission spectra collected during the course 
of the reaction. The product of the reaction exhibited the same spectral 
shifts as observed by Wu et al. (1976). The emission spectrum  of N -(l- 
pyrene)m aleim ide with peaks at 375 nm and 395 nm  gave way to a 
different spectrum  with peaks at 385 nm and 405 nm. This com pound 
undergoes aminolysis as shown in Figure 8.11.

This reaction could be also be carried out using the small peptide, 
m ouse liver m etallothionein - 1  fragm ent, lys-cys-thr-cys-cys-ala, in 
order to produce an excimeric molecule. This peptide is, however, 
m ore expensive than other candidate carrier molecules and it was
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decided that its use in the synthesis of the label would be postponed 
until other equally viable synthetic pathways had been examined. The 
complexity of the reactions of N -(l-pyrene)m aleim ide in term s of 
so lven t and  pH  dependence, as show n in the reaction  w ith  
dith iothreito l, indicate that it would be unsuitable for use as the 
precursor for the synthesis of an excimeric label.

8:2:3 Reactions using l-pyreneisothiocvanate
Isothiocyanate derivatives of various fluorescent com pounds such 

as fluorescein and rhodam ine are commonly used as labels (Ullman, 
1976), (Van der Werf, 1980).

Isothiocyanate derivatives react with the aliphatic amines to give a 
substituted thiourea, as shown in Figure 8.12a. These reactions require 
an unprotonated amino group. Such a reactions with, for example, the 
e-amino group of lysine m ust therefore be carried out above pH  8.5 
where a small proportion of the amine groups are unprotonated and 
therefore reactive. The pKa of the e-amino is 10.0. The oc-amino group 
in lysine has a lower pKa of 8 . 0  and may therefore be m odified at a 
lower pH.

This section examines the reactions of 1-pyreneisothiocyanate with 
ethanolamine as a model system and with lysine to determine w hether 
an excimeric product is formed upon the di-substitution of the lysyl 
amino groups.

Ullman (1976) had solubility problems when labelling rabbit IgG 
w ith tetram ethylrhodam ine isothiocyanate. W here sim ilar solubility 
problems were experienced the reactions were carried out on celite.

8:2:3:1 Ethanolamine and l-pyreneisothiocvanate
The emission spectra of the unreacted 1-pyreneisothiocyanate 

(PITC) were initially collected in methanol, dioxane and 0.05 M boric 
acid at pH 11.0. The compound was non-fluorescent in m ethanol and 
dioxane. The emission spectrum  was weak but show ed the fine 
structure characteristic of pyrene with peaks at 375 nm  and 395 nm, the 
excitation maximum being at 342 nm. Solutions of PITC at 10‘ 6  M in 
methanol, dioxane and 0.05 M boric acid at pH  11.0 were reacted with
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excess ethanolam ine to determine the spectral characteristics of the 
product formed.

The add ition  of ethanolam ine caused a large increase in 
fluorescent emission intensity and the appearance of a broad emission 
b an d  at 405 nm  in m ethanol and dioxane. The add ition  of 
ethanolam ine to a solution of PITC in buffer also resulted  in the 
appearance of a broad emission band at 405 nm and disappearance of 
the peaks at 375 nm and 395 nm which were observed upon initial 
solubilisation of the pyrene derivative. Examination of the excitation 
spectra for reaction of ethanolam ine w ith PITC in m ethanol, in 
dioxane and in the boric acid buffer indicated that a new com pound 
had been formed with an excitation maximum centred around 355 nm.

8:2:3:2 Lysine and l-pyreneisothiocvanate
The reaction of PITC with lysine was examined to determ ine 

w hether di-substitution of the amino groups resulted in the formation 
of an excimeric product. The method followed was sim ilar to that 
outlined by Johnstone and Thorpe (1987) for the linkage of fluorescein 
isothiocyanate to immunoglobulins. The reaction scheme is show n in 
Figure 8.12b.

The reaction w ith lysine was initially carried out in a solvent 
mixture of dioxane and 0.10 M N aH C 0 3  at pH  9.3. Controls were run to 
check that both the reactants were soluble in the solvent mixtures used. 
0.5 ml acetone was added to a 7 mM solution of lysine in 0.10 M 
N aH C 0 3  at pH 9.3 and 1.375 ml 0.10 M NaHCC> 3 at pH 9.3 was added to a 
0.039 M solution of PITC in acetone, these controls were left to stand at 
room  tem perature for 2 hours. Both the controls produced precipitates 
over time and attem pts to change the solvent m ixture so that both 
reactants remained in solution by using ethanol and dioxane in place of 
acetone were unsuccessful. The reaction was attem pted in the solvent 
m ixture of acetone and 0.10 M NaHCOs at pH 9.3 and emission spectra 
collected for the supernatant. A broad peak appeared at 405 nm during 
the course of the reaction.

To overcome the above solubility problems 10% PITC adsorbed 
onto celite was reacted with lysine in 0 . 1 0  M NaHC03 at pH  9.3 and
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0.05 M boric acid at pH 11.0. The fluorescent spectrum  of the 
supernatant was m onitored during the reaction. The reaction was 
allowed to proceed over 48 hours at 4^C. Some of the adsorbed PITC 
was rem oved from the celite into the buffer over time and  was 
observed by the appearance of a weak emission m aximum at 375 nm 
for the supernatant. In addition to this a broad band appeared in the 
supernatant at 405 nm. PITC (reacted and unreacted) was rem oved 
from the celite using dioxane and the emission spectra of the wash 
solutions collected. Again the spectra showed an emission band at 405 
nm, with an excitation maximum at 355 nm, indicating that a reaction 
had taken place but that no excimeric com pound had form ed. The 
results of the above reactions are summarised in Table 8.4.

8:2:4 Reactions using succinimidyl-l-pyrenebutvrate
Succinimidyl-l-pyrenebutyrate has been used as a fluorescent label 

for IgG (Morrison 1988) and as a cell surface marker. Succinimidyl-l- 
pyrenebutyrate reacts with an unprotonated amino group to form a 
carboxamide (Haugland, 1989).

In this research succinimidyl-l-pyrenebutyrate was used to heavily 
label the capture antibody in an energy transfer im m unoassay to 
confirm that excimers produced on the capture antibody surface could 
be used as donor fluorophores (Chapter 6 ). It was felt that attachm ent 
of two such pyrene labels to a lysine molecule w ould produce an 
excimeric moiety suitable for cross-linkage to IgG.

8:2:4:1 Lysine and succinimidyl-l-pyrenebutyrate
The reaction between succinim idyl-l-pyrenebutyrate and lysine 

was investigated to see whether an excimeric product was formed. The 
reaction scheme is shown in Figure 8.13. A 7 x 10' 3  M solution of lysine 
in 0.05 M boric acid at pH 11.0 (2.0 ml) was added to 1.37 ml of a 
vigorously stirred solution of succinimidyl-l-pyrenebutyrate in acetone 
at 2.0 x 10"2  M, a precipitate was formed which was resolubilised on the 
addition of a further 1.37 ml acetone. The fluorescent emission spectra 
of the reaction mixture were monitored.

W ithin a few m inutes of the reactants being m ixed a b road
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em ission band  appeared  at 475 nm indicating possible excimer 
formation. Excitation spectra of the reaction mixture at fixed emission 
wavelengths of 375 nm and 475 nm  confirmed this to be the case. 
Further dilutions were carried out and emission spectra collected to 
ensure that the excimer was not being produced by interm olecular 
collision of derivitised lysine molecules which w ould also produce 
excimeric emission at high enough concentration. This reaction is the 
only one of those examined which produced an excimeric product 
suitable for further derivitisation and subsequent use as a label.

The follow ing section sum m arises the results of the various 
synthetic pathw ays which were investigated and selects the most 
prom ising for further development.

8:2:5 Summary and Selection of Synthetic Pathway
The products of the synthetic pathways considered were initially 

built using space-filling model kits. In most cases it was possible to 
align the pyrene rings in a similar way to that described in Chapter 4 
such that they were at about the correct separation to form an excimer. 
The models were lim ited in that the form ation of excimers is also 
dependent on the fluorescent lifetime of the excited state and although 
the linking chain might appear to afford adequate flexibility the pyrene 
molecules might not be able to collide with in this lifetime. The results 
of the experiments conducted would appear to confirm this.

The Schiff's bases formed using 1 -pyrenecarboxaldehyde reacted 
with ethanolamine, lysine and glycine were not able to form collisional 
excimers. This may due to lack of flexibility in the backbone of the 
molecule which prevents the intram olecular collision of an excited 
pyrene with one in the ground state during the fluorescent lifetime. 
The lifetime of the Schiff's bases produced was not m easured, however, 
it is possible that it may be too short to allow intram olecular pyrene 
excimer formation.

The Schiff's base derivatives of 1 -pyrenecarboxaldehyde produced 
above w ould  su itab le  for a ttachm en t to p ro te in s  u sin g  a 
carbodiim ide/hydroxysuccinim ide reaction. The red shifted spectrum  
of the Schiff's base derivative ( \ av = 450 nm and Xom = 500 nm) w ould

6 X  c IR
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produce good spectral overlap w ith the absorption spectrum  of B- 
phycoerythrin and could be used as a donor in such a fluorescent 
energy transfer reaction. These derivatives do, however, have pH  
dependen t em ission spectra and this m ay reduce their range of 
applicability as labels. Large red shifts can be observed in moving from 
a solvent such as dioxane to, for example, acidified ethanol as show n in 
Table 8.2. This method was not examined further as it was felt that an 
excimeric donor, in addition to having a longer Stoke's shift, w ould 
ultim ately produce a better spectral overlap with B-phycoerythrin and 
could probably be synthesised by using a different pyrene derivative.

Excimer form ation has been often been observed using N -(l- 
pyrene)m aleim ide attached via sulphydryl groups to small molecules 
such as dithiothreitol (Lehrer and Ishii, 1986) and to the cysteine 
residues of proteins such as tropomyosin (Lin, 1982). There was a lack 
of small carrier molecules containing two sulphydryl groups and  a 
carboxyl group which could be used as an intermediate in the synthesis 
of an excimeric label. The small peptide, lys-cys-thr-cys-cys-ala, was too 
expensive to be used as an intermediate in the label synthesis, bu t was 
reserved as an option failing the success of any other method.
The use of N -(l-pyrene)m aleim ide as a precursor in excimeric label 
synthesis was discounted due to the environmental dependence and 
com plexity of its reactions as dem onstrated using cysteine and 
dith io threito l. An excimer p roduced by the reactions of N -(l-  
pyrene)maleimide has an emission band centred around 460 nm which 
is at a shorter wavelength than excimers produced by the reaction of, 
for exam ple, succinim idyl-l-pyrenebutyrate  w ith lysine w hich is 
centred around 475 nm. The slightly blue-shifted excimer emission 
band  g enera ted  by the p ro d u cts  of the reactions of N -( l-  
pyrene)m aleim ide w ould have a smaller spectral overlap w ith  B- 
phycoerythrin than that observed with excimeric derivatives where the 
band is centred around 475 nm.

1 -pyreneisothiocyanate was virtually non-fluorescent in dioxane, 
m ethanol, but showed slight fluorescence in buffer. The fluorescent 
sp e c tra  of 1 -p y re n e iso th io c y a n a te  su g g es t th a t like  1 - 
pyrenecarboxaldehyde it undergoes n -» n* and n —> k* transitions. As
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discussed in Chapter 4 compounds in which rnz* and tuc* state coupling 
occurs are often non-fluorescent as a result of intersystem crossing. On 
reaction with ethanolam ine or lysine the energy levels of the first 
excited singlet and triplet states of 1 -pyreneisothiocyanate appear to 
become sufficiently different that such nrc* and nn*  excited state 
coupling is significantly reduced and the product is fluorescent. The 
fluorescent spectra of the product showed a broad em ission band 
centred around 405 nm in m ethanol, dioxane and buffer w ith an 
excitation maximum centred around 355 nm. The product did not 
form excimers. This may be due to inflexibility in the linking chain 
a n d /o r  the derivative having too a short fluorescent lifetime for 
intramolecular collisions between the two pyrene rings to occur.

Succinimidyl-l-pyrenebutyrate attached to lysine at its two amino 
groups fulfilled all the criteria for the excimeric label. The product was 
highly excimeric (^ex = 340 nm and Xem = 475 nm). The excitation 
spectra of the pyrene derivitised lysine at fixed emission wavelengths 
of 375 nm and 475 nm are shown in the Figure 8.14. The corrected 
emission spectrum of the label, Figure 8.15, indicates that the pyrene di
substituted lysine is highly excimeric. The carboxyl group of the lysine 
affords a means of attaching the derivitised amino acid to the capture 
antibody. This reaction was scaled up to produce a stock of the 
excimeric precursor for attachment to IgG.

8:3 Application of Excimeric bis-pvrenvl Label
This section is concerned w ith purification of the excimeric 

product, 2 ,6 ,bis(l-pyrenebutanam ido)hexanoic acid, formed from the 
reaction betw een L-lysine and succin im idyl-l-pyrenebutyrate , its 
subsequent attachment to the capture antibody and its use as a donor 
fluorophore in the energy transfer im m unoassay. This excimeric 
moiety will subsequently be referred to as the bis-pyrenyl label.

The bis-pyrenyl label was succinimidylated at its carboxyl group 
using  both  organic and w ater soluble carbodiim ides and  N- 
hydroxysuccinimidyl esters. Purification of the initial product and the 
succinimidylated intermediate were carried out using preparative thin 
layer chromatography (tic) and the product attached to the protein.
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Mouse IgGl was again used as a test protein for the cross-linking 
reaction using the carbodiim ides and the NHS esters. A control 
experiment was carried out to confirm that this linking procedure was 
working and that the bis-pyrenyl label was being covalently attached to 
the protein and not simply non-specifically adsorbed onto it.

The bis-pyrenyl label was attached to two different IgGs which were 
exam ined for use as the capture antibody in the energy transfer 
im m unoassay. The same monoclonal rat IgG l that was heavily  
labelled in the previous energy transfer immunoassay in Chapter 7 and 
a polyclonal sheep IgG specific for mouse IgG, heavy and light chains, 
were both labelled with the bis-pyrenyl label.

8:3:1 Purification and Succinimidvlation of Excimeric bis-pyrenyl Label
2 ,6 ,bis(l-pyrenebutanamido)hexanoic acid, the excimeric product of 

the reaction between lysine and succinim idyl-l-pyrenebutyrate was 
purified  by preparative thin layer chrom atography (tic). Various 
solvents were tested for use as the carrier solvent using analytical tic. 
Two distinct bands were visible when the analytical tic plates were 
observed under ultraviolet light. A violet band and a blue-green band.

Some of the succin im idyl-l-pyrenebutyrate  is hydro lysed  to 
pyrenebutyric acid during the labelling reaction. When the position of 
the violet band was compared with that of pyrenebutyric acid run  as a 
control on the plate the Rf values in the various solvents indicated that 
the violet band was pyrenebutyric acid. The blue-green band was 
shown to be highly excimeric and was likely to be di-pyrenyl lysine. 
The results from the analytical tic plates, together with the Rf values 
for the various solvents are shown in Table 8.5. Butanol was selected 
as the best solvent of those tested.

When the reaction mixture was separated by preparative tic using 
butanol five bands could be identified on the tic plate under ultraviolet 
light. Small samples of each of these bands were dissolved in ethanol 
and emission spectra generated. The excimer to m onom er intensity  
ratios were calculated for each band. Two bands had  an alm ost 
negligible am ount of excimer present. Two showed only m onom er 
fluorescence and the last band was heavily excimeric. The results are
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shown in Table 8 .6 . Of the non-excimeric bands one is likely to be 
pyrenebutyric acid produced by the hydrolysis of succinim idyl-l- 
pyrenebutyrate in during the reaction. One band alm ost certainly 
contained mono-substituted lysine. The other bands could be mixture 
of the two.

The fluorescence of the bis-pyrenyl label was examined in a range 
of solvents (Birks et al., 1964) after separation by preparative thin layer 
chromatography. Excimer formation was evident in solvents such as 
m ethanol, butanol and dioxane and to some extent in a T ris/N aC l 
buffer. The solubility of the bis-pyrenyl label was limited in non-polar 
solvents such as hexane and excimer formation was limited in acetone, 
ether and not evident in toluene, see Table 8.7. The excimeric band was 
rem oved from the tic plate by washing the kieselguhr w ith ethanol 
prior to reaction w ith the cross-linking reagents. The excimer to 
monomer ratio for the purified bis-label was 3.6 which is significantly 
higher than that achieved by heavy labelling of the IgGl in Chapter 6 .

The reaction of the carboxyl group on the lysine w as then 
e x a m in e d  u s in g  d i f f e r e n t  c o m b in a t io n s  of N ,N ’- 
dicyclohexylcarbodiim ide (DCC), l-ethyl-3-(3-dim ethylam inopropyl) 
carbodiim ide hydrochloride (EDC), N ,N 'hydroxysuccinim ide (NHS) 
and N -hydroxysulfosuccinim ide (sulfo-NHS). The reaction of the 
succinimidyl esters results in the formation of an acyl amino ester, 
Figure 8.16 suitable for attachment to lysyl amino groups on the target 
IgG.

DCC Coupling

The bis-pyrenyl label in ethanol was reacted w ith 50 fold mole 
excess of both N,N '-dicyclohexylcarbodiimide (DCC) and  either N- 
hydroxysuccinim ide (NHS ) or N -hydroxysulfosuccinim ide (sulfo- 
NHS) in dimethylformamide for four hours at room tem perature.

EDC Coupling
The label was adsorbed onto celite and reacted with a 50 fold mole 

excess of l-e th y l-3 -(3 -d im e th y la m in o p ro p y l)  c a rb o d iim id e  
hydrochloride (EDC) and a 20 fold mole excess of sulfo-NHS in distilled
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water at pH 4.75. The reaction was allowed to proceed overnight at 4^0 
The carbodiim ide coupling reaction using EDC is enhanced by the 
addition of N-hydroxysulfosuccinim ide (sulfo-NHS) to the reaction 
mixture (Staros et al., 1986).

Purification of DCC and EDC Coupled Labels
The activated acyl amino esters of the bis-pyrenyl label were 

separated  from unreacted cross-linkers by p reparative  thin layer 
chrom atography using 50% ethanol-50% toluene as the solvent. The 
purified bis-pyrenyl label was then reacted with the lysyl amino groups 
on the target protein to produce a neutral amide linkage, Figure 8.16b 
and 8.16c. This reaction was also carried out with the bis-pyrenyl label 
adsorbed onto celite.

8:3:2 Attachment of the Excimeric bis-pyrenyl Label to IgG
DCC coupled label was removed from the tic plate by w ashing 

several times w ith methanol. Excess solvent was blow n off using 
nitrogen gas and the label was reacted with the the capture antibody in 
0.05 M boric acid at pH 9.3 at a mole ratio of label to protein of four for 
mouse IgGl and six for rat IgGl. The reaction was allowed to proceed 
for four hours at room tem perature and the p roduct exhaustively 
dialysed against several changes of 0.15 M NaCl, 0.02 M Tris at pH  7.5.

After removal from the tic plate using methanol, the EDC coupled 
label was re-adsorbed onto celite and allowed to react w ith the capture 
antibody in 0.05 M boric acid at pH 9.3 for 12 hours at 4°C, at a mole 
ratio of label to protein of 40 for monoclonal rat IgG l and 10 for 
polyclonal sheep IgG. The extinction coefficients used in calculating 
the labelling ratios were: 8.4 x 104  l.M^.cm ” 1 and 2.31 x 104  l.M ^.cm ' 1 for 
the bis-pyrenyl label at 340 nm and 280 nm  respectively and in the 
absence of suppliers' information was assum ed to be 2.15 x 105  l.M ' 1  

.cm ' 1  for all the IgGs at 280 nm. As previously  m entioned  the 
extinction coefficient of IgG at 340 nm was taken to be zero.
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Mouse IgGl

20 pM mouse IgGl in 0.05 M boric acid at pH 9.3 was reacted w ith 
the bis-pyrenyl label in methanol as described above. The labelling 
ratios achieved for mouse IgGl using the DCC/NHS and D CC/sulfo- 
NHS cross-linking procedures described above were 0.64 and 1.06 bis- 
pyrenyl labels per IgGl respectively. Where no cross-linker was added 
to the bis-pyrenyl label prior to reaction with mouse IgGl there was no 
appreciable non-specific adsorption of the label on the protein surface.

Monoclonal rat IgGl

40 pi DCC/sulfo-NHS cross-linked bis-pyrenyl label in m ethanol 
was reacted with 8.0 pM rat IgG in 0.05 M boric acid at pH  9.3. The mole 
ratio of label to protein was 6 . After exhaustive dialysis against 0.15 M 
NaCl, 0.02 M Tris at pH 7.5. the labelling ratio achieved was found to be 
0.84 bis-pyrenyl labels attached per IgGl molecule.

Rat IgGl (1.5 pM) in 0.05 M boric acid at pH 9.3 was also labelled 
w ith the EDC/NHS cross-linked label adsorbed onto celite. The mole 
ratio of label to IgGl in the reaction mixture was 40. The reaction was 
carried out at 4°C overnight, the celite removed and the supernatant 
dialysed exhaustively against 0.15 M NaCl, 0.02 M Tris at pH 7.5. The 
labelling ratio of label: IgGl was calculated to be 0.71.

Polyclonal Sheep IgG
6 . 6  pM polyclonal sheep IgG in 0.05 M boric acid at pH 9.3 was 

labelled with the EDC/NHS cross-linked label adsorbed onto celite. The 
mole ratio of label to IgGl in the reaction mixture was 10. The reaction 
was allowed to proceed overnight at 4°C. After removal of the celite 
the reaction mixture was exhaustively dialysed against two changes of 
0.15 M NaCl, 0.02 M Tris at pH 7.5. The labelling ratio achieved was 
0.45.

8:4 Ouchterlonv Double Radial Immunodiffusion Analysis
Ouchterlony plates were run to determ ine the natu re  of the 

interactions between bis-labelled rat IgGl and unlabelled and  B- 
phycoerythrin labelled mouse IgGl. The general experimental layout is
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shown in Figure 8.17. Two different samples of bis-labelled rat IgGl 
were used with calculated labelling ratios (number of labels attached 
per IgG l) of 0.7 (rosette A) and 0.9 (rosettes B,C and C'). The 
concentrations of mouse IgGl were 3.0 x 10' 6  M for rosettes A and B and 
3.8 x 10- 6  M for rosette C and C'. The results of this analysis were purely 
qualitative and no attem pt was made to accurately determ ine the 
concentrations of the rat IgGl used in each well, standard dilutions 
were carried out and the detailed experimental layout is show n in 
Appendix 6 , Figure A.6.2.

The results are shown in Plate 8.1. The bis-label did not appear to 
d isrupt the m ultivalent nature of the interaction between the m ouse 
and rat IgGl. As the labelling ratio for the rat IgGl indicated that 100 % 
labelling had not been achieved the presence of two precipitin lines in 
rosettes A and B represent the fact that there is a difference in mobility 
between the labelled and unlabelled species. It is possible that the bis- 
label may cause some adherence to the gel and thus limit the diffusion 
of the labelled rat IgGl. The intensity of the precipitin lines in rosette C 
is comparable w ith that observed for unlabelled rat IgGl reacted w ith B- 
phycoerythrin labelled mouse IgGl (far left wells of lower plate). This 
appears to confirm that at least some of the bis-labelled rat IgG l is 
capable of binding to the labelled mouse IgGl and that the observed 
precipitin lines are not simply caused by the unlabelled rat IgGl which 
has not been labelled. The bis-labelled rat IgGl was used as the capture 
antibody in an energy transfer immunoassay as described below.

8:5 Energy Transfer using an Excimeric bis-pyrenyl Label
The fluorescent properties of the excimerically labelled rat IgG l 

were examined. Both the excimerically labelled rat and sheep capture 
antibodies were incubated with samples of B-phycoerythrin labelled 
m ouse IgG to determ ine w hether energy transfer was occurring 
between the excimer label and the acceptor.

8:5:1 Non-radiative Energy Transfer from Tryptophan to a 
bis-pyrenyl Label attached to IgG

Fluorescent excitation and emission spectra were collected for the 
excimerically labelled samples of rat and m ouse IgG l in 0.15 M
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NaCl/0.02 M Tris pH 7.5 with and without the addition of 1% Brij 35 to 
the buffer. The results obtained were similar to those observed in the 
heavily labelled sample of rat IgG examined in Chapter 6 .

Transfer from the tryptophan to the pyrene label was observed in 
the excitation spectra generated for all samples. The results are 
summarised in Table 8 .8 .

8:5:2 Non-radiative Energy Transfer from a bis-pyrenyl Label to 
B-phvcoervthrin

Both the excimerically labelled rat IgGl and sheep IgG were used as 
the capture antibody in the energy transfer im m unoassay where the 
labelled competitor was B-phycoerythrin labelled m ouse IgGl. The 
concentration of the capture antibody and the labelled competitor were 
fixed at 1 x 10' 8  M. The concentration of the unlabelled competitor, 
mouse IgGl, was varied between 1 x 10' 1 0  and 1 x 10' 6  M.

Use of bis-pyrenyl Labelled Rat IgGl as the Capture Antibody
An energy transfer reaction was attem pted using excimerically 

labelled rat IgGl as the capture antibody, however, no transfer between 
the excimeric pyrene donor and the B-phycoerythrin acceptor could be 
observed, even in the absence of the competing mouse IgGl.

One possible explanation was that the bis-pyrenyl label was not 
covalently a ttached to the capture antibody. This option w as 
discounted by the control experiment where mouse IgGl was exposed 
to the label in the absence of the cross-linkers, in this sample no label 
was retained in solution after dialysis against 0.15 M NaCl, 0.02 M Tris 
at pH 7.5. The excitation spectra of the rat IgGl-excimeric conjugate also 
suggested that the label was attached to the protein as transfer from a 
proximal tryptophan residue on the rat IgG could be observed. This 
was also evident in the experiments where the capture antibody was 
heavily labelled with succinimidyl-l-pyrenebutyrate, Chapter 7.

The more reasonable explanation for the lack of transfer using the 
labelled rat conjugate was that the bis-pyrenyl label attached to the rat 
IgG l was too far from the acceptor for transfer to occur. It was 
concluded from the labelling experiments where rat IgG was heavily
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labelled with succinimidyl-l-pyrenebutyrate that the lysine residues on 
the antibody had different reactivities. The attachm ent of the bis- 
pyrenyl label occurs via the same reaction betw een a succinimidyl 
derivative and lysyl amino groups on the protein, it therefore appears 
that the reactive lysine residues are positioned such that the label will 
always be attached at a position where it is too remote to transfer to the 
acceptor. The maximum effective transfer distance was taken as 85 A , 

from  heavy labelling experiments for the excimeric donor-acceptor 
pair. The length of an IgG molecule is approximately 1 2 0  A , thus it is 
possible that the distance of the label from the acceptor surface and its 
orien tation  to the acceptor m eant that the label was unable to 
participate in the transfer reaction.

Use of bis-pyrenyl Labelled Sheep IgGl as the Capture Antibody
An attem pt was made to generate a standard curve for the energy 

transfer immunoassay using the excimerically labelled sheep IgG as the 
capture antibody. The concentrations of the reactants were fixed as 
described above. In this case quenching of the pyrene label was 
observed at 375 nm and 475 nm  although no acceptor enhancem ent 
was observed. The labelling ratio indicates that at best only 45% of the 
capture antibody is labelled. This means that unlabelled capture 
antibody will be bound and this limits the quenching or enhancem ent 
that may be observed. It was not clear from this experiment w hether 
the quenching observed was due to non-radiative energy transfer or 
some form of non-specific quenching. Under the above experimental 
conditions it was expected that some acceptor enhancem ent w ould be 
observed although this might be difficult to detect against a relatively 
large background due to direct excitation of acceptors bound  to 
unlabelled capture antibody.

In order to determ ine w hether transfer was indeed occurring 
reaction samples were m ade up containing no unlabelled com petitor 
but either a large excess of capture antibody over labelled competitor or 
vice versa. B-phycoerythrin labelled m ouse IgG l was fixed at a 
concentration of 1 x 10- 8  M and was mixed with excimerically labelled 
sheep IgG specific for mouse IgGl at a concentration of 1  x 10' 9  M in 0.15
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M NaCl, 0.02 M Tris + 1% (w /v) Brij 35 at pH 7.5. The procedure was 
repeated with the labelled sheep IgG 1 x 10' 8  M and the mouse IgGl at 1 
x 10' 9  M. The fluorescent emission at 375 nm  475 nm, and 575 nm  was 
m easured for both samples and for each of the reactants in the absence 
of the other. The results show ed that w hen the B-phycoerythrin 
labelled antibody was in excess the pyrenyl label was heavily quenched 
to an extent far greater than w ould be possible as a result of non- 
radiative transfer to the B-phycoerythrin acceptor. In contrast no 
acceptor enhancem ent was observed w hen the excimerically labelled 
capture antibody was in excess. This suggests that some form of non
specific quenching is occurring.
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â>
3o
JD
3
2
<u
£PctfH

CD
£

•  H

6(d
3  £ oJ
•4-1
CD r £

CD
CD £
£

* H
t/5

• H
u

T o

CDl-lX
- t->O• H  ,£

<D
£  ♦ H
CD
C/5

73 u

CD
£

•  H

6aJ

§ S<3 •£
, £  1/5

3

CD
£  

•  * -(CO

* H  

>  

•4-»uaJ
P4

2 ; Ecn
E
£

E
£

CD>
•  H  «4-»<u>
♦ H9h
f i
CD
£
CD

CD
73
A
CD

73rH

Xo
to
CD

§
£
a-

CD
73

CJ
3
£

s
kai

CD-M

S
S'
o
3
.9
CD
£
CD
»-i

a

&
u
&£
CD
£

S.a

>s
73

uu£
c/5



Ta
bl

e 
8

.2
: 

Su
m

m
ar

y 
of 

flu
or

es
ce

nt
 p

ro
pe

rti
es

 
of 

de
riv

at
iv

es
 

of 
1-

py
re

ne
ca

rb
ox

al
de

hy
de

 
(1

-P
A

)

a>j>
c5)

a> a/
g §
. 8 1£ ^  13

<u

<d a> <uC S3 P3
cd cd cdXXo o Xo

a> a> <u C d 
cd cd 
X Xo o Xo

a>
g
8

o o 
§ § 
B BQ> <D 
£ £

£
6

O  LO o  
m  is .  i n
r f  CO r f

i n  o  o  
0 0  Ov o  
c o  r f  i n

in  o  m  o  
oo as oo o  
CO r f  c o  m

i n  o
ov

CO r f

o  o  o  
r f  i n  i n
CO r f  r f

O O O 
r f  i n  
CO r f  CO

OvO
r f

O O 
r f  VO 
CO CO

*d
S3dosx
£Q
U

u
E

a» a» a> 
13 T3 13 
>> > s43 ^ai a> o>

2  2  2  
cd cd cd X X Xo o o

r ?  r&  £>
Vh »-i »-i
Cd Cd Cdu u  o a» a» a» 
S3 P3 S3 
0 ) o oVh Vh
>-. X  > s  Oh O* 0 *

u
£
a>

n  cU -d
f f i  s\  2  Q) Q> 'o

£ £ £
£ B 2

2 2  t
o  O t/1 C C t/) 
cd cd Q>
4-» 4-» Xa> <u a> 
+ + +
<  <  <
Ph pL, PL,

U
E

•sf Tf
X X

r-j PQ PQ
U  cd cd
E £  £

0 0  0 0  0 0  

+ + +
< < <
PL, PL,

u
X
+ 

TJ< ^
E X
PQ PQ 
cd cd

a> <u 
S3 C

•  H  » H
co cn

P"H
+ +
< <
PL, CL,



Ta
bl

e 
8.3

: 
Fl

uo
re

sc
en

t 
Pr

op
er

tie
s 

of 
the

 
pr

od
uc

ts
 

of 
the

 
re

ac
tio

n 
be

tw
ee

n 
di

th
io

th
re

ito
l 

an
d 

N
-(

l-
py

re
ne

)m
al

ei
m

id
e

i-i<u
£

* 0xw

coa>
XI
• H
CO£a>

£
cdCJ
co<u
*-io£
E

o

I  ^
I  aS  a>

^ £
§ * 

* 0  Kx ^05 h-* 
cd

£
<d> !■ HO

C/5

a£
K
CO
H-*
cd

T3££Oa,
£o
U

vO Os CN LO
r -<  tN  r—i

O  H  r - t  iH

p o o p
o i  K  N  CO 
LO LO LO 0 0

p o o p
r i  0 0  CO N  
0 0  CO tN

CD£as
XO

o £
2  Vh

O £
_  as a» X

0 ) ni a)
£ £ £

a>60 ^  £ <i> 
cd 0 0  b £«  2
« £S-/ W

Q DI I
‘ cd "<d  

£  £  
cd a»
>-■ »-i

CL. O h

£
*o
Vh 

0 0  ^  
s  5
S 3

Q D
cd£
cd
Vh

CD
r *
, HCD
l-l>N

LO ON O CN

O  O
oo id
CO 0 0

o  o  
v d  v d  co vo

o£
£  & 
a ; cd
£ £

T3 T3 
cd a> 
>£■
E E 
O Ocd
z
+
&
QI
"CD£

<d
i t

cd
£
+
&
QI
" cd£

cd
i-i

O h O h O h O h

vO
00
O n

-£COHH
T3£
cd
J-Ha»
l-HX
cd-J
£o
i-iOh

3
•  H

•£P
N* LX QJ
O O £

o£
2  L< ,£ a>+-» 4-i<U 03 
£ £

P P P
Q Q Oi i i
‘ a> ‘ cd ' cd 

£  £  £  
cd cd cd
H  s-h i- i 

O h O h O h

LO LO O
P  O  

O  r-< CN

O£<S Lh

£  £  
cd cd
£ £

K E EO o o
cd cd cd

2 ; z £
+
H

+ +
H

PQ
■

PQ
I

PQ
I

"CD "CD "CD£ £ £a> CDt  „ CDt  .H H r H
> >

O h O h O h

'py
re

ne
 -

DT
T 

is 
(S

-(
N

-(
l-

py
re

ne
)s

uc
ci

ni
m

id
o)

2-
di

th
io

th
re

ito
l



Ta
bl

e 
8.4

: 
Su

m
m

ar
y 

of 
flu

or
es

ce
nt

 p
ro

pe
rti

es
 

of 
de

riv
at

iv
es

 
of 

1-
py

re
ne

is
ot

hi
oc

ya
na

te
 

(1
-P

IT
C

)

£<u>
o
CO

H-l£cujG
•  H

Q

o> g *a 
g  § «
x •£ -go a> b•H (I UT5 £ , 0

O£
cdX

H-lcu
e

cu£<dXo

o 
§

g o£ T3

<u u £ <d
S u Xo *

o£
cd
5cus

TJ
♦ Hu
cd

I-IO
, 0

g
. £ .

E

s
X

£ £ k?m  m  I S
u  u  CO
to to <u cu
Vh  I - io o £ £ 

cG cG
£O£

£O <N

o  o  
CO CO

o  o
CO CO

LO LO LOo  o  oTjt

LD LO LO 
LO LO LO 
CO CO CO

LO LO O 
CO ^

O  LO^  to
CO CO

T3
££Oa,
6o
u

CU CU cu15 15
i  § sxCJ CJ uO O O
5 5 5o O oto to to‘cu*s ‘cu£ £ £<u ■ . a>t  . cu *.
O h O h O h

t—I r-t t— <

C O  C Oo o 
u  u  
X  ffi
cu <u+-» -4—♦

as

g §
> s  U UO O

O Oto to• H  » H<u cu 
£ £  <u <u
Ih  I - i>s >N
O h O h

<u u

CU cu CU o
£ £ £ *■£

• H£ £ • H£ CJ
as►S

as as cuîr—HO
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capture bifunctional 
antibody cross-linker carrier

molecule

pyrene
derivative

pyrene
derivative

•  ATTACHMENT OF LABEL TO PROTEIN

Amino Acid Residues (A) considered for Linkage of 
Label to Capture Antibody

Functional Group Amino Acid

a) e-amino
b) thiol
c) thioether
d) carboxyl

lysine 
cysteine 
methionine 
aspartic acid 
glutamic acid

Lysine side chains on the protein were selected as the target amino 
acids for attachment of the synthetic label. Lysyl amino groups will 
react with both succinimidyl and maleimide derivatives

•  POSSIBLE CROSSLINKERS

a) must react with lysyl amino groups (A) on the capture antibody
b) must react with group on carrier molecule (B)

e.g. carbodiimide/hydroxysuccinimidyl ester reaction 
links -NH 2  groups to -COOH groups using either 
EDC/N-hydroxysulfosuccinimide or 
DDC /  N-hydroxy succinimide

[EDC l-ethyl-3-(3-dimethylaminopropyl) carbodiimide HC1] 
[DDC N,N'-dicycolhexylcarbodiimide]

Figure 8.1: Strategy for synthesis of an excimeric pyrene label
(page 1  of 2 )



•  CANDIDATE CARRIER MOLECULES

a) must contain groups for reaction with pyrene derivatives to form 
di-sustituted molecule (X)

b) must contain group which may be cross-linked to protein (B)

possible carrier molecule reactive groups
X B

lysine -NH 2  -COOH
diaminopropanoic add  -NH 2  -COOH

peptide (lys-cys-thr-cys-cys-ala) -SH -COOH

•  AVAILABLE PYRENE DERIVATIVES
m ust contain reactive groups (Y) that will combine with groups (X) 
on the carrier molecule

Derivatives with substitutions which perturb the pyrene n system
Derivative Y X

1-pyrenecarboxaldehyde* aldehyde -NH 2

1-pyreneisothiocyanate* thiocyanate -NH 2

1-pyrenesulfonylchloride sulfonyl chloride -NH 2

Derivatives with substitutions which do not perturb the n system 
Derivative Y X

succinimidyl-l-pyrenebutyrate* succinimide -NH 2

1-pyrenemethyl iodoacetate iodoacetate -SH
N-(l-pyrene)iodoacetamide iodoacetamide -SH
N-(l-pyrene)maleimide* (after reaction) maleimide -SH

* denotes those derivatives examined in this work

Figure 8.1 (Contd.): Strategy for synthesis of an excimeric pyrene label

(page 2  of 2 )
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Figure 8.9: General reaction of a maleimide derivative with 
a compound containing a sulphydryl group
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Figure 8.14: Corrected Excitation Spectra of the excimeric bis-label (lysine 
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Figure 8.17: Ouchterlony Double Radial Immunodiffusion Plates 
for Analysis of Binding of Fluorescent Energy Transfer 
Immunoassay Components. Samples are diluted in 
0.15M NaCl, 0.02M Tris pH 7.5 (RA to RC) and the 
same buffer + 1% (w /v) Brij 35 (RC ').

Rosette A: (RA) Unlabelled mouse IgGl reacted with bis-labelled rat 
IgGl. Labelling ratio 0.9 labels per IgGl.

Rosette B: (RB) Unlabelled mouse IgGl reacted with a different
sample of bis-labelled rat IgGl. Labelling ratio 0.7 labels 
per IgGl.

Rosette C: (RC), (R C ') Mouse IgGl labelled with B-phycoerythrin 
(Fraction 3) reacted with bis-labelled rat IgGl. Labelling 
ratio 0.7 labels per IgGl.



Plate 8.1: O uchterlony Double Radial Imm unodiffusion Analysis
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C H A P T E R  9

9 Discussion

9:1 Introduction
The large-scale production  of high-value pro te ins such  as 

m onoclonal antibodies by ferm entation is generally m onitored and 
controlled using detectors and sensors attached to the fermenter. To 
date little real-time m onitoring of the product concentration profiles 
from  such processes has been attem pted  and real-tim e p ro d u ct 
m axim isation has been difficult to achieve. Product concentrations 
tend to be determ ined in laboratories remote from the ferm enter by 
heterogeneous immunoassays such as the ELISA. Data collected during 
the pilot scale development of the fermentation is used in scaling up to 
production volumes and the final process based upon data collected 
from the developm ent runs. An assay system allowing the product 
concentration to be determ ined in real-tim e w ould be valuable in 
deciding w hen to harvest the ferm entation and could ultim ately be 
used to control the fermentation. Similar systems could be used in the 
dow nstream  purification of fermentation products and the possibility 
of the end-to-end monitoring of a complete process using the same 
basic assay might be possible.

A company producing a range of products may wish to use the 
same assay technique to monitor several different processes. The assay 
should therefore be suitable for the m onitoring of different products 
w ithout incurring laborious and expensive procedures to synthesize 
reagents. In addition the reagents should have long shelf-lives; of the 
order of m onths or years. Industrial assay systems for m onitoring 
ferm entations and downstream processes should be easy to operate by 
relatively un trained  staff and the results should no t require  be 
imm ediately meaningful. The assay equipment should be suitable for 
use in the plant and should not be too delicate or too large. It should 
also be easily m aintainable and not subject to fouling or loss of 
sensitivity over time. The possible the assay should also be capable of 
incorporation into a digital control system.
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The assay m ust also be cost-effective, that is the cost of its 
developm ent and subsequent use should be reasonable w ith respect to 
the process it monitors. Improved control as a result of on-line assay 
could lead to reduced running costs in terms of lost ferm entations and 
timely harvesting and this will go some way to justifying the cost of the 
assay.

Recently several assays have been successfully autom ated  for 
m onitoring purposes using flow injection analysis. These include 
protein assays such as the colorimetric Biuret and Bradford assays 
which have been used to determine total protein concentrations in 
S.cerevisiae ferm entations (Recktenwald et al., 1985) and the BCA 
assay which has been used to measure extracellulase concentrations in 
T richoderm a culture (Stamm et al., 1989). A nalytical affin ity  
chrom atography using immobilised Protein A or anti-mouse IgG has 
been used to determine IgG concentrations during continuous culture 
(Stocklein et al., 1991). Immunoassays have also been autom ated using 
m em brane and m agnetic im m unoreactors containing im m obilised 
antibody to determ ine mouse IgG concentrations, though not under 
culture conditions (Stocklein and Schmid, 1990). A turbidim etric 
im m unoassay for pullulanase and antithrom bin III has also been 
developed  in conjunction w ith flow injection analysis in the 
m onitoring of a small-scale C.thermosulfogenes ferm entation (Freitag 
et al., 1991). All these systems have been successful in autom ating an 
analysis technique for a single application but their w ider applicability 
in the field of fermentation and downstream  process control rem ains 
unrealised.

The need still exists for the autom ation of a hom ogeneous 
im m unoassay capable of detecting an analyte against the complex 
background interference that may be produced by a fermentation broth. 
Simply autom ating essentially heterogeneous techniques does not 
serve to address the specific problems associated with such applications 
and m ay add to them. The fluorescent energy transfer im m unoassay 
appeared to be worthy of further investigation as a m ethod which has 
the potential for automation. The work presented in this thesis has 
examined its extension to larger analytes and the problems associated
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with fluorescent techniques in general in this context. Lim et al., have 
show n that this m ethod may be used in conjunction w ith  flow 
injection analysis but used a system that was limited by the choice of 
fluorophores.

9:1:1 Fluorescence Assays
The main drawback in the use of fluorescent techniques for such 

an application is the availability and suitability of fluorophores for this 
type of assay. Fluorescent energy transfer immunoassays, have in the 
past been limited, in their application by the size of analyte that could 
be detected. Ideally the fluorescent labels chosen should have long 
Stokes shifts to reduce the effects of scattering and background 
fluorescence and allow the implementation of efficient optical filtering 
systems. The donor and acceptor fluorophores m ust also be carefully 
matched to maximise the spectral overlap between donor emission and 
acceptor absorbance while m inimising direct acceptor excitation in 
order to make energy transfer more detectable. The use of long-lived 
labels is also an advantage in that time- or phase-resolved spectroscopy 
can be used to elim inate background fluorescence as necessary. 
Fluorophores of high quantum yield are also desirable.

The donor-acceptor pair selected for the development of the energy 
transfer immunoassay in this work fulfils all these criteria. The donor 
was a pyrenyl label, succinim idyl-l-pyrenebutyrate, which m ay be 
linked to proteins via their lysyl amino groups. The acceptor was B- 
phycoerythrin isolated from the red alga Porphyridium  cruentum . 

The donor label is long-lived with a lifetime of around 100 ns. This 
pyrene derivative has a fluorescent excitation maximum at 340 nm  and 
emission maximum at 375 nm. In addition the derivative is capable of 
forming excited state dimers (excimers) which increase the effective 
Stokes shift of the fluorophore from 35 nm to 135 nm. Excimer 
emission is characterised by a broad emission band centred around 475 
nm. Excimeric emission increases the spectral overlap betw een the 
pyrenyl donor and the B-phycoerythrin acceptor significantly.
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9:1:2 Excimeric Fluorescent Energy Transfer
The probability of excimeric emission occurring at the surface of a 

labelled protein depends on the fortuitous distribution of the amino 
acid side chains that react with the labelling reagent, flexibility of the 
linking chain and the lifetime of the pyrene label. The choice of 
labelling reagents for IgG is realistically limited to those that react with 
lysyl am ino groups. We chose succinim idyl-l-pyrenebutyrate as this 
label satisfied the need for a long and flexible linker chain and possesses 
a long lifetime. Both are necessary if the probability of a collision 
w ithin the lifetime of the excited state is to be high enough to give 
significant excimeric emission.

The acceptor has a high quantum  yield of 0.97 and although there 
is a trough in its absorption spectrum between 324 nm and 342 nm, 
which coincides with the region of maximum pyrene absorption, the 
direct excitation of B-phycoerythrin at an excitation wavelength of 340 
nm  still produces a significant background at its emission wavelength 
of 575 nm. This makes the detection of acceptor emission as a result of 
energy transfer difficult w ithin the usual range assay concentrations 
w hen the pyrenyl donor exhibits only m onomeric emission. If the 
donor is excimeric transfer is efficient enough that the enhancem ent of 
the acceptor is detectable above this background.

In the past most immunoassays of this type have relied upon the 
m easurem ent of donor quenching as acceptor enhancem ent could not 
be detected against the background originating in the direct excitation of 
the acceptor (Ullman et al., 1976), (Miller et al., 1980), (Bailey et al., 
1984). M orrison, 1988 overcame this problem  by the use of time- 
resolved spectroscopy. He used a pyrenyl label exhibiting only 
m onom eric em ission w ith B-phycoerythrin as the acceptor in an 
energy transfer immunoassay for hum an Fab'. He detected the energy 
transfer com ponent of the acceptor emission, originating in transfer 
from the long-lived donor, from the background caused by direct 
excitation. Morrison's choice of a human Fab' as the analyte illustrates 
a limitation in the technique brought about by the use of m any popular 
donor-acceptor pairs such as fluorescein and rhodam ine derivatives. 
The size of the analyte which may be detected is dependent prim arily
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upon  the critical distance for the two fluorophores. The critical 
distance, being the distance at which energy transfer is 50% efficient. 
This is of the order of 50 A for classical labels which precludes the 
detection of large proteins such as IgG. The use of excimeric pyrene as 
the donor fluorophore removes this limitation.

9:1:3 Labelling Reproducibility
The reproducibility of labelling has been of particular importance 

w hen proximal pyrenyl moities are required. The reproducibility of 
classical labelling, for example using fluorescein isothiocyanate (FITC), 
has sadly not been studied extensively. Titus et al., (1982) have shown 
that there is variability in the labelling of proteins by Texas Red. A 
study of the labelling of IgG with succinimidyl-l-pyrenebutyrate and its 
effect on excimer formation has been undertaken in this thesis.

The excimer formation between proximal pyrenyl residues on the 
protein surface was modelled using an analysis developed to describe 
the observed in teraction betw een avidin subunits coupled  to a 
Sepharose m atrix, Green (1973). There are several assum ptions 
implicit in the application of this model which have been used for 
simplification purposes. The labels are assumed to sweep out a circular 
area of radius r on the protein surface. In reality the labels will sweep 
out a hemispherical volume above the protein surface this was not 
considered in the sim plified model. In addition the probability of 
excimer form ation increases as the separation distance betw een the 
labels decreases and the total probability of excimer form ation should 
therefore be calculated from a series of weighted probabilities w ith  
varying values of r. The model indicated that the effective sweep out 
area of the labels represented 70 % of the surface area of the IgG. This 
figure high and reflects the sim plifications m ade in the in itia l 
assum ptions.

Studies were carried out on mouse IgGl before the procedure was 
used to label the capture antibody for use in the immunoassay, rat IgGl 
specific for mouse IgGl heavy chain. Two models were developed to 
describe the labelling reactions for the labelling of IgG l w ith  
succinim idyl-l-pyrenebutyrate. The first assum ed that there w as a
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Gaussian distribution of reactive lysine residues on the protein surface. 
This m odel d id  not fit the experimental results well. The second 
model assum ed that there was a small num ber of highly reactive lysyl 
am ino groups and a larger num ber of lower reactivity sites. This 
model fitted the data well when the number of high reactivity sites was 
set at two and the number of low reactivity sites was high, say forty.

The s tud ies  of the labelling of IgG l by su cc in im id y l-l-  
pyrenebutyrate indicate a marked similarity in the behaviour of rat and 
m ouse IgGl and and a comparison with M orrison's work suggests that 
goat IgG is labelled in a similar manner. There was a small species 
difference betw een rat and mouse IgGl in that rat IgG was far less 
susceptible to precipitation on labelling. The applicability of this 
m ethod to the m onitoring of other proteins w ould depend on the 
relevant IgG displaying similar characteristics in the labelling reaction. 
In both rat and mouse IgG our analysis suggests two highly reactive 
lysyl residues. This identification of two highly reactive sites for the 
pyrene label, the symmetry of the IgG molecule and the high excimeric 
em ission over three species suggests that there is an appropria te  
distribution of reactive residues within a conserved region.

There was a reasonable amount of variability in the labelling ratios 
achieved across different experiments although the reaction conditions 
w ere reproduced  as closely as possible. The reaction is highly 
dependen t on the hydroxyl concentration as hydro lysis of the 
succinimidyl group on the label increases w ith increasing pH  (Khan 
and Khan, 1975). The reaction is carried out at elevated pH  as it is a 
requirem ent that the lysyl amino group be unprotonated for efficient 
labelling w hich m ay account for some of the variability. Such 
variability and pH  dependence in labelling reactions of this type has 
previously been observed by Titus et al., (1982) where another large 
hydrophobic dye also prone to hydrolysis, Texas Red, was used to label 
im m unoglobulins. Another possible source of variability is the that 
succinim idyl-l-pyrenebutyrate  is added to the protein  solution in 
acetone. This is likely to result in some insolubilisation of the label 
which may introduce variation. This problem m ight be overcome by 
removing the need for the use of the organic solvent by adsorption of
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the hydrophobic label onto celite. Protein precipitation was only 
observed w hen a high molar excess of label was reacted with the IgGl. 
In such cases it is likely that the large planar hydrophobic pyrene rings 
act to 'coat* the surface of the protein reducing its solubility. Similar 
effects have been noted by Ullman et al. (1976) in the reaction of 
tetram ethylrhodam ine isothiocyanate (TRITC) with rabbit IgG under 
very similar reaction conditions to those used in this thesis. The molar 
ratio of label to protein used was not reported in this work.

In this research heavy labelling of the capture antibody was carried 
out to demonstrate that excimeric donor fluorophores could be used to 
extend the application of energy transfer immunoassays to encompass 
large analytes. Excimeric donor fluorophores have not been used in 
this context before and to my knowledge have only been used as donors 
in energy transfer on one previous occasion. M artinho and Conte
(1982) used excimeric pyrene as a donor fluorophore in benzene where 
the acceptors were rubrene, 9,10-diphenylanthracene and perylene. No 
m easurem ent of acceptor enhancements were made in these systems 
and the kinetic schemes did not take direct excitation of the acceptor 
into account.

9:1:4 Non-specific Binding
The attachm ent of several pyrenyl labels to rat IgG l has been 

shown to cause the conjugate to bind non-specifically to surfaces. Many 
im m unoassay techniques suffer from some form  of non-specific 
binding but usually as a result of adsorption of the im m unoreactants to 
surfaces (G raves, 1988). Blocking agents are often  a d d ed  to 
im m unoassay buffers to reduce such effects. Proteins such as serum  
albumin may be added to saturate available binding sites or detergents 
such as Tween 20 added to wash buffers (Kenna et al., 1985). The 
adsorption in this assay is thought to originate prim arily  from  the 
highly hydrophobic pyrenebutyryl moiety, although some non-specific 
adsorption of the rat IgGl may also be occurring. Rat IgG has been 
shown to adsorb onto plastic surfaces in a radioimm unoassay although 
this was observed in serum and it may be that other components in the 
serum  increased this effect (Nilsson and Sjogren, 1984). No non 
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specific adsorption of the B-phycoerythrin labelled mouse IgGl was 
observed.

Several candidate blocking agents were examined for use in the 
energy transfer immunoassay. These included the proteins albumin 
and casein and the non-ionic detergents Tween 20 and Brij 35. Both 
proteinous blocking agents exhibited high background emissions when 
excited at 340 nm  which would have been unacceptable in the assay. In 
addition to this interactions between albumin and the pyrenebutyryl 
labelled-IgGl resulted in unpredictable fluorescent emission intensities. 
A insw orth and Flanagan (1969) investigated the interactions between 
several fluorescent probes for exam ple, l-an ilinonaph tha lene- 8 - 
sulphonic acid, and the hydrophobic clefts of bovine serum  albumin. 
They found that such dyes were capable of b inding to discrete 
hydrophobic sites on the album in molecule. It may be that such 
interactions are responsible for these observations. Both Tween 20 and 
Brij 35 added to the assay buffer at 1% w /v  were found to significantly 
reduce the non-specific adsorption of the labelled capture antibody to 
surfaces.

Brij 35 was adopted as the blocking agent as it had a low er 
fluorescent background than that of the m ore com m only used  
detergent, Tween 20. The effect of varying the percentage Brij 35 
concentration added to the buffer upon the fluorescent characteristics of 
both the donor and acceptor labels was examined. B-phycoerythrin 
emission was unaffected by the addition of the detergent to the assay 
buffer. The pyrenyl label did however show changes in its fluorescence 
emission properties in the presence of the detergent.

Both excimer and monomer fluorescent intensities were found to 
increase w ith  increasing concentration of Brij 35 added  to the 
im m unoassay buffer. The pattern  follow ed was sim ilar to that 
observed for the fractional quenching of acridine fluorescence in Brij 35 
presented by Flanagan and Ainsworth (1968). Quenching of acridine 
fluorescence with increasing concentrations of Brij 35 occurs as the dye 
is taken up into the detergent micelle and m ay be used to follow  
m icellisation of the detergent. The enhancem ent of the pyrene  
fluorescent emission observed may be caused by specific binding of the
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Brij 35 to the dye. At low concentrations this is likely to reduce the 
freedom  of movement of the dye and this is reflected by a drop in the 
ra tio  of excim er to m onom er em ission  in ten sitie s  a t low  
concentrations of detergent. As the detergent concentration  is 
increased a pseudo-micelle appears to build up around the dyes on the 
pro tein  surface and the freedom  of the dyes to collide and form  
excimers is restored. This is demonstrated as the excimer to m onom er 
intensity ratio increases and follows the form of the fractional acridine 
quenching curve with increasing Brij 35 concentration.

Energy transfer was also observed between tryptophan residues on 
the surface of the rat IgGl and the pyrenebutyryl label and this was also 
found to vary w ith increasing Brij 35 concentrations. In order to 
account for the enhancem ent in pyrene em ission fluorescence 
produced by increasing the concentration of Brij 35 in the buffer the 
energy transfer was expressed as the ratio of emission at 375 nm  at an 
excitation wavelength of 280 nm to that an excitation w avelength of 
340 nm. The form of the curve was similar to that obtained for the 
excimer to monomer intensity ratio and indicates that transfer from 
the tryptophan to the pyrenebutyryl label also changes with the degree 
of micellisation. As the micelle builds up around the pyrenebutyryl 
label the transfer from the tryptophan to the label is appears to decrease, 
this is probably due to changes in the separation of the donor and the 
acceptor and variations in the dipole orientation factor, k2.

9:1:5 Binding Models
Energy transfer immunoassays coupled to flow injection analysis 

systems should avoid the build-up of large aggregates produced as a 
result of immunoprecipitation. Potentially the reaction between IgG 
and anti-IgG could lead to such precipitation. Ouchterlony double 
rad ial im m unodiffusion studies of the binding of labelled and 
unlabelled m ouse IgGl to labelled and unlabelled sam ples of the 
capture antibody indicated that the heavy labelling of the capture 
antibody had effectively reduced its valence to one. For this reason the 
im m unoassay data was fitted to a simple equilibrium in which only 
one molecule of mouse IgGl was bound per molecule of ra t IgGl
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capture antibody. The association constant of the capture antibody for 
B-phycoerythrin labelled IgGl was found to be 7 x 107 M _1. The 
supplier's quoted value for the unlabelled antibody was 3 x 101 0 M _1. 
Kronick and Grossman (1983) have observed steric hindrance on the 
binding of B-phycoerythrin labelled IgG by anti-IgG. The results of the 
radial im m unodiffusion assay and the observation that there was no 
significant difference in the association constants of the capture 
antibody for B-phycoerythrin labelled IgGl and unlabelled IgGl suggest 
that the pyrene labelling causes more significant loss of affinity than 
does the phycobiliprotein labelling when the capture antibody is the 
m onoclonal rat IgGl used in this research. The transition from a 
m ultivalent to a univalent antibody-antigen interaction eliminates the 
formation of aggregates that could unduly complicate a homogeneous 
energy transfer assay. In addition, the lowered affinity will be an 
advantage in the m onitoring of monoclonal antibody ferm entations, 
where typical analyte concentrations fall in the range 1 x 10 "9  M to 
1 x 10 "6  M. This situation is true of many control applications where, 
in co n trast to m ost m edical app lica tions of im m unoassay , 
desensitisation is required rather than enhanced sensitivity.

An equilibrium  curve was initially generated to confirm  that 
donor quenching and acceptor enhancem ent was occurring in the 
absence of any unlabelled competitor. Competitive curves were then 
produced, initially to determine the maximum possible enhancem ent 
achievable for this system where the pyrenebutyryl-labelled capture 
antibody was threefold in excess of the B-phycoerythrin-labelled 
com petitor. A maximum enhancem ent of 44% was observed. A 
sim ilar im m unoassay  in w hich the B -phycoery th rin -labe lled  
competitor was in a three fold excess over the labelled capture antibody 
indicated that there was a distinct difference between the extent of the 
m onom er and excimer quenching which confirmed, in general, the 
theory of excimer transfer applied to immunoassay.

The detailed comparison of the estimates of the m ean intrinsic 
fluorescent energy transfer functions, r| for the monomer, excimer and 
acceptor, was carried out. Values were taken which allow ed the 
transfer functions to give the best fit to a simple equilibrium  and
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estimates were obtained on constraining the values to satisfy Equations 
14.421 through (4 . 4 4  ]. The comparison of the values obtained for r| 
suggests that effects other than simple transfer may be operative. The 
crudity of the models may explain the discrepancy between the values 
of the transfer functions. An increase in the quantum  efficiency of the 
donor emission, on the binding of labelled analyte, giving rise to an 
underestim ation of the transfer quenching, w ould also explain the 
discrepancy. Liburdy (1979) observed such an increase on the binding 
hum an immunoglobulin G (hlgG) to pyrene labelled rabbit anti hlgG. 
H ow ever this effect m ay depend on the specific form of the label, 
Liburdy used N-(3-pyrene)maleimide, and we observed no change in 
the intensity of the pyrene fluorescence on binding unlabelled analyte.

Critical distances , Rom and Roe, of 56 A  and 82 A  were calculated for 
the m onom er and excimer. A value of 85 A  was taken as the 
maximum effective transfer distance for this donor-acceptor pair. The 
retention of the high quantum  yield that we observed on labelling IgG 
is also an im portant contribution to the large critical transfer distance. 
The critical distance for the excimeric donor is significantly better than 
that achieved with classical labels, for example, the critical distance for 
fluorescein and rhodamine B is quoted as 56 A  (Ullman et al., 1976), 
comparable w ith that for the monomeric donor and B-phycoerythrin 
which is known to limit the size of the analyte that may be detected.

C om petitive im m unoassays w ere carried  ou t w here  bo th  
quenching of the pyrenebutyryl donor and enhancem ent of the B- 
phycoerythrin could be m onitored sim ultaneously for the first time. 
This capability realised only as a result of careful choice of the donor- 
acceptor pair increase the appeal of this technique for real-tim e 
monitoring as the elimination of non-specific background interference 
is now possible. It has long been recognised that this dual m onitoring 
would be an advantage in a technique which, in the absence of time- or 
phase-resolved detection, like all fluorescent techniques, suffers from 
background interference (Lim et al., 1980). The addition of the values 
for the observed enhancement to those for the observed quenching 
(which are of opposite sign) w ould result in the elim ination of any
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fluorescence resulting form the presence of a background component. 
This interference w ould be greater in the proposed m onitoring of 
ferm entations and this advance is therefore likely to be useful in 
transferring the assay to the industrial arena.

An autom ated assays will allow some sophistication in data  
analysis. However, the time cost of complex computation is im portant 
and some form of linear transformation such as the logit w ould be 
ideal for real-time m onitoring, this is especially true as a sim ple 
extension of the logit transform, for example Healy's Four Param eter 
m odel, involves non-linear regression which increases com putational 
requirem ents. The simplest non-linear regression, for exam ple the 
sim plex m inim isation of N elder and M ead (1965) can be tim e 
consuming which may not be acceptable in a control loop.

The calibration curves produced w here both quenching  and  
enhancem ent were monitored were transform ed using a sim ple logit 
and a logit-2 transformation. Both gave good fits of the data to straight 
lines calculated using a weighted least squares linear regression. Back 
transform s of the logit plots also produced sigmoidal curves which 
fitted the experimental data well and further transformations were not 
examined.

9:1:6 Synthesis of an Excimeric Label
Heavy labelling, as discussed previously, has several disadvantages, 

for example protein precipitation. However it was a pre-requisite of 
obtaining high excimeric emission. The synthesis of a new fluorescent 
label in which two pyrenyl moities could be brought sufficiently close 
together to produce an excimeric product was undertaken to eliminate 
the need for heavy labelling. Of the various synthetic pathw ays 
examined the reaction of succinim idyl-l-pyrenebutyrate w ith the a -  
and e- amino groups of lysine was found to produce an excimeric 
precursor, 2,6,bis(l-pyrene,4-butanamido)hexanoic acid, which could be 
succinimidylated for attachment to proteins.

O ther synthetic pathw ays investigated often resu lted  in the 
formation of non-excimeric products. It is likely that lim ited flexibility 
in the backbone of the molecules, the possibility of reduced fluorescent
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lifetimes and substitutions resulting in perturbation of the pyrene p- 
system may be contributory factors in the synthesis of non-excimeric 
derivatives.

Both 1-pyrenecarboxaldehyde and 1-pyreneisothiocyanate were 
found to produce non-excimeric derivatives when reacted w ith lysine. 
N-(l-pyrene)m aleim ide is known to form an excimeric product w ith 
dith iothreito l (Lehrer and Ishii, 1986). The lifetime of the initial 
product of the reaction, (S-(N-(l-pyrene)succinimido)2 -dithiothreitol, is 
quoted as 90 ns, but on cleavage of the succinimido rings under 
alkaline conditions this drops to 10 ns in aqueous solution (Lehrer and 
Ishii, 1986). Lehrer postulated that ground state interactions between 
the pyrenyl m oities enabled excimer form ation to occur w hen the 
lifetime was thus reduced, such interactions being possible as a result of 
increased flexibility of the backbone of the molecule on cleavage of the 
succinim ido rings. Excimer form ation in the initial p roduct was 
thought to be possible as a result of the long lifetime and adequate 
flexibility of the backbone allowing intramolecular collisions to take 
place bu t not as a result of ground state interactions. The lack of 
suitable precursors containing two sulphydryl residues precluded the 
use of this pyrene derivative in the synthesis of an excimeric label.

The 2,6,bis(l-pyrene,4-butanam ido)hexanoic acid precursor (bis- 
label) p roduced  by the reaction of lysine w ith  succin im idyl- 1 - 
pyrenebutyrate was highly excimeric w ith an excimer to m onom er 
ratio of 3.60 compared to 1.03 achieved on the attachment of an average 
of 4.2 succinimidyl-l-pyrenebutyrate labels to rat IgGl.

The label was succinimidylated and attached to monoclonal mouse 
IgG l, monoclonal rat IgGl and polyclonal sheep IgG. Energy transfer 
was again observed between the tryptophan on the IgGl and the label. 
A ttem pts to use the bis-label as a donor in an energy transfer 
im m unoassay were unsuccessful. In the case where bis-labelled rat 
IgG l was used as the capture antibody neither donor quenching or 
acceptor enhancement was observed. This was thought to be as a result 
of the bis-label being too remote from the acceptor to participate in 
energy transfer. In the case where bis-labelled polyclonal sheep IgG was 
used as the capture antibody non-specific quenching of the donor was
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evident although no acceptor enhancement could be detected. It is 
possible that the lack of transfer observed may be due to gross local 
distortion of the IgG upon labelling with such an large hydrophobic 
entity. Ideally it would be better to carry out the labelling reaction with 
some form of protective agent present to protect the antibody form the 
bis-label. The use of Brij 35 as a blocking agent has been extensively 
examined to protect the label not only from non-specific adsorption to 
surfaces but also remove it from the protein surface to some extent and 
into a micelle. It is possible that the slight decrease in transfer between 
tryptophan residues on the antibody and the pyrenebutyryl label in 
earlier experiments could be an indication of such an effect.

The possibility exists of using a molecule such a y-cyclodextrin to 
perform such a role. This molecule has previously been used to detect 
organic com pounds where excimer form ation betw een two pyrene 
m oities attached  to y-cyclodextrin  w as inh ib ited  w hen  o ther 
com pounds were introduced into the cyclodextrin rings (Ueno et al., 
1990). p-cyclodextrin has also been used as an alternative to celite to 
improve the labelling efficiency in the labelling of proteins w ith dyes 
such as fluorescein (Kinsland and Wiechelman, 1984).

9:1:7 Sum m ary
It has been demonstrated that excimeric pyrene may be used as an 

effective donor in fluorescent energy transfer immunoassays. Use of 
such a donor with a suitable acceptor for example B-phycoerythrin has 
allowed to the m easurem ent of large proteins such as IgG l to be 
realised using this technique. The use of this donor-acceptor pair has 
allow s both  donor quenching and acceptor enhancem ent to be 
m onitored where in the past the choice of labels for these assays has 
lim ited the technique to the m onitoring of only quenching  or 
enhancement.

9:2 Recommendations for Future Work
In order to truly evaluate the suitability of this im m unoassay for 

real-tim e ferm entation m onitoring an investigation of the assay
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applied to culture media needs to be carried out. It m ight be that the 
presence of media components such as bovine serum albumin which is 
currently  added to some animal cell culture ferm entations m ight 
interfere w ith the pyrenyl label. Optimisation of the concentration of 
the blocking agent added may be possible to eliminate such possible 
effects. In the longer term the removal of such com ponents from 
culture media is likely as they serve to complicate the dow nstream  
processing operations in which they are required to be removed.

Further development of the labelling procedures using the bis-label 
is required as use of such a label in this context would be preferable to 
the heavy labelling of the capture antibody which has been adopted to 
date. In addition to this the possibility of excimer formation as a result 
of labelling the carbohydrate moities of the capture antibody m ight also 
eliminate the need for heavy labelling of lysine residues and serve to 
avoid the reduction in antibody valence observed with this approach.

The development of this immunoassay technique using a long- 
lived excimeric donor has solved most of the basic problem s which 
have lim ited its range application of in the past. The background 
problem s associated w ith fluorescent techniques in general have the 
potential to be eliminated using this technique by the im plem entation 
of time- or phase- resolved detection to allow discrim ination of the 
background fluorescent decay and the fluorescence of the long-lived 
pyrenyl label. The application of this technique to ferm entations for 
m onitoring such high value products as imm unoglobulins should be 
possible in future.
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A P P E N D I X  1

Research Chemicals and Equipment 

Antibodies and Antibody Conjugates

Product Description Grade Supplier
Mouse IgGl (CB0006) Celltech Ltd
Rat IgGl(LOMG113) Serotec Ltd

(anti mouse IgGl H-chain)
Sheep IgG Sigma

(anti mouse IgG whole molecule)
Rabbit IgG-horseradish peroxidase conjugate

(anti-mouse IgGl whole molecule) Sigma
Mouse IgGl Sigma

(anti-chicken g-chain specific)
Goat IgG-carboxylate beads Polysciences, Inc

(anti-mouse IgG H&L)

General Chemicals and Reagents

Product Description Grade Supplier
Acetic acid IN BDH
Acetic acid GPR BDH
Acetone AnalaR BDH
Acetone AristaR BDH
Albumin (bovine) fraction V Sigma
Ascorbic acid-6 -palmitate Aldrich
B-phycoerythrin Molecular Probes
Blue Dextran Pharmacia
Boric acid AnalaR BDH
Brij 35 Lab BDH
Buffer solution pH 10 BDH
Buffer solution pH 5 BDH
Buffer solution pH 7 BDH
Buffer solution pH 9 BDH
Butan-2-ol AnalaR BDH
Casein fat free (acid hydrolysed) vitamin free BDH/M erck
Casein hydrolysate (acid hydrolysed) vitamin free BDH/M erck



A P P E N D I X  1 (contd.)

Celite (acid washed) Sigma
Chloroform AnalaR BDH
Chloroform Spectro BDH
Citric acid AnalaR BDH
Coomassie brilliant blue R250 BDH
N^ST'-dicyclohexylcarbodiimide (DCC) Pierce
Dialysis membranes MW8000 Pierce
Dialysis tubing, cellulose MW 12000 BDH
Diatomaceous earth, see Celite Sigma
N,N-dimethylformamide (anhydrous) Sure Seal Aldrich
Dimethylformamide AnalaR BDH
Dimethylsulphoxide AnalaR BDH
1,4-dioxane Sure Seal Aldrich
1 -ethyl-3-(3-dimethylaminopropyl)

carbodiimide HC1 (EDC) Pierce
Ethanol 95% BDH
Ethanol 99.7-100% AnalaR BDH
Ethanol absolute Spectros BDH
Ethanol absolute (anhydrous) Sure Seal Aldrich
Ether (anhydrous), sure-seal Aldrich
n-hexane AnalaR BDH
Hydrochloric acid 1 mol/1 (N) AnalaR BDH
Hydrochloric acid 2 mol/1 (2N) AnalaR BDH
N-hydroxysuccinimide, NHS Pierce
N-hydroxysulfosuccinimide, sulfo-NHS Pierce
Methanol BDH
Molecular weight standards kit Pharmacia

thyroglobulin
ferritin
catalase
aldolase

Molecular sieve type 3A (1/8" pellets) BDH
Potassium chloride AnalaR BDH
Potassium dihydrogen orthophosphate AnalaR BDH
di-potassium hydrogen ortophosphate AnalaR BDH
Propan-2-ol BDH
Pyrene Aldrich
1 -pyrenebutyric acid Aldrich



A P P E N D I X  1 (contd.)

Pyrene carboxaldehyde Molecular Probes
Pyrene 1-maleimide Molecular Probes
1 -pyrene isothiocyanate Molecular Probes
Pyrene-l-isothiocyanate 10% on celite Molecular Probes
N-(l-pyrenyl)maleimide Molecular Probes
1 -pyrenesulfonyl chloride Molecular Probes
Quinine sulphate BDH
Rhodamine B BDH
Sephadex G-25 Pharmacia
Sephacryl S300 Pharmacia
succinimidyl 4-(N-maleimidomethyl) Pierce

cyclohexane-l-carboxylate (SMCC)
Sodium acetate AnalaR BDH
Sodium azide AnalaR BDH
Sodium bicarbonate AnalaR BDH
Sodium borohydride GPR BDH
Sodium carbonate AnalaR BDH
Sodium chloride AnalaR BDH
Sodium dihydrogen orthophosphate AnalaR BDH
Sodium hydrogen carbonate GPR BDH
di-sodium hydrogen orthophosphate AnalaR BDH
Sodium hydroxide pearl Analar BDH
Sodium hydroxide 1 M (N) AnalaR BDH
N-succinimidyl 3-(2-pyridyldithio) Pierce

proprionate (SPDP)
Succinimidyl 1-pyrenebutyrate Molecular Probes
Sulphuric acid IN AnalaR BDH
Sulphuric acid 2.5M AnalaR BDH
Streptavidin-horseradish peroxidase Amersham
T etrahydrof uran Lab Aldrich
Tetrahydrofuran (anhydrous) sure-seal Aldrich
Tetramethylbenzidine (TMB) BDH
Toluene AnalaR BDH
Tris[hydroxymethyl]aminomethane Sigma
L-tryptophan Sigma
Tumour Necrosis Factor (human) Bissendorf

Tween 20
Biochemical

BDH



A P P E N D I X  1 (contd.)

Equipment Supplier

S300 Column 2.6 x 400mm Pharmacia
TSK-WG3000 HPLC column Pharmacia
G-25 disposable columns Pharmacia
FPLC rig Pharmacia

0 .2 mm filters Whatman
0 .2 mm acrodiscs Whatman
0 .2 mm gelman filters Whatman

TLC plates (analytical) Whatman
TLC plates (preparative) Whatman

Ouchterlony plates The Binding Site

Microdialyser system 500 Pierce

ELISA plates Flow
Plate covers Flow

LS-30 fluorimeter Perkin-Elmer
MPF-44A fluorimeter Perkin-Elmer
Philips UV-vis absorbance spectrophotometer P8625 Phillips
Philips UV-vis absorbance spectrophotometer P8800 Phillips
Titertek Multiscan PLUS MKII plate reader Titertek



A P P E N D I X  2

Calulcation of Quantum  Yield

The quantum  yield for the pyrenebutyryl label attached to mouse 
IgG l was calculuated using the following procedure. The necessary 
caluclations were carried out using a program  w ritten  by Dr. M.T 
Flanagan. The quantum  yield of the unknow n is found by comparison 
of the areas under the corrected emission spectra of it and a fluorescent 
standard  of known quantum  yield p roduced  on the same machine. 
The follow ing realtionship  exists allow ing determ ination  of the 
quantum  yield of the unknown

^ 2  _ 4*2 ^ 2

Si <!>! A!

w here S is the area under the corrected emission spectrum , <J> is the 
quantum  yield and A is the absorabnce of the species at the excitation 
wavelength. Emission spectra were corrected as described in Chapter 5.

The pyrenebutyryl label attached to the IgGl was presented in 0.15 
M NaCl, 0.02 M Tris at pH 7.5 with an absorbance at 340 nm of 0.010. 
The quinine bisulphate standard in 1.0 M H 2 S 0 4had an absorbance of 
0.012 at the excitation wavelength of 340 nm.

Three samples of lightly labelled m ouse IgGl w ere used and a 
figure of 0.69 ± 0.1 obtained for the quantum  yield.



CO

X
I—I
o
z
w
Ph
&h
<

CO
eo
COOa,
6o

U
<u-M
60
p
cTo

U
T—•

%I—I
0)
CO

O

(h
■5>>
0)0

A
Cu1CQ

TJQ̂J
'oJ
■9i-i
'f tHH
<U
3

I

CO

<
a> » <

■9
H

60c w 
3  o fe<U *43 PR £> ^ rj

«  60

orH
X*-• pq
S P-1O CQ

£l
<uu
Co

U
.S OCD 60■4-1 (-Ho(-1
Ph

oooCM
toHj*

<*

o
00CN|

£  Jho  <u
■a -g
s  § 
£  £

O IN 
vO CM

o  o  o  o NNi noONcOON^O
O V O v C O t N O O C T v O O p
O O O O O O O r H

o  o
0 0  p  
t-J vo

o  o o o o o o o o o oO) rtj ts ON CO O 00 IT) in 00 vq 
LO ^  CO CM CM CM r H  r —< r - H  r— t r - (

O O
o v  v q
CM IN

oIN
VO

O O O O O O O O O O  ^ N O O f v l t v ^ f O ^ v O N  
CO CM CM rH r-i r-H r—i rH rH

r H ^ i n N v O O v N ^ C O N
N N N N C O O n O O C O O O N

oo co In o  m; io
COCO CO COCOCOCOCOCOCOCOCOCO

O rHM4 CM 88 M4 CMvO ^  lO CM CM O OV Ov rH O
rH M* tJ4 CM CM rH rH rH rH O O rH rH

CM Ti4 rH CO TF CO 
rf rf Tl-*

CO On N  CO CO (M LO th 
q o O O l O N N v O v O C O
O O O l N l O ^ r j J c O c O ^ C O

O r - H  CM COrH CM CO M4 LO VO IN 00 ON rH r-H rH r-H



A P P E N D I X  4

Standard Buffers

This appendix lists the quantities of reagents required to make up 1 litre 
of each of the standard buffers used

GENERAL BUFFERS

0.05 M boric acid
Labelling of the capture antibody w ith succin im ylated  pyrene  
derivatives
Orthoboric acid 3.092 g
pH to 9.3 using 1.0M NaOH

0.15M NaCL 0.02M Tris pH 7.5
Storage buffer for pyrene labelled capture antibody
NaCl 8.766 g
Tris 2.422 g
pH 7.5 using 1.0M HC1
+ l.OOOg Brij 35 (for use in energy transfer immunoassays) 

COMPETITVE ELISA BUFFERS

Coating buffer - Competitive ELISA
50mM carbonate/bicarbonate, 0.25M NaCl at pH9.5
Dilution of hum an tum our necrosis factor stock solution for coating
microtitre plate
sodium  carbonate 1.590 g
sodium bicarbonate 2.930 g
NaCl 14.600 g
N aN 3  1.00 g

Sample-conjugate buffer- Competitive ELISA
Dilution of IgGl standards and samples prior to addition to plate
Tris 12.10 g
NaCl 5.840 g
Tween 20 0.200 ml
pH 7.0 using 1.0 MHC1



A P P E N D I X  4 (contd.)

W ash buffer- Competitive ELISA 
PBS, Tween at pH  7.2
W ashing plates to rem ove excess reagent betw een application  of 
solutions to plate

at pH  7.2

SANDWICH ELISA BUFFERS

Coating buffer - Sandwich ELISA: 0.05 M carbonate buffer at pH  9.6
Dilution of polyclonal rabbit IgG (anti-mouse IgG) stock solution for
coating of microtitre plate
N aH C 0 3  2.93 g
Na 2 C 0 3  1.59 g
N aN 3  0.20 g

Sample-conjugate buffer - Sandwich ELISA: 0.1M Tris at pH  7.0
Dilution of IgGl standards and samples prior to addition to plate
Tris 12.10 g
NaCl 5.84 g
BSA Fraction V 2.00 g
Tween 20 200 pi
pH to 7.0 with 1 M HC1

W ash buffer - Sandwich ELISA: PBS,Tween at pH 7.4 
NaCl 80.00 g
KH2 P 0 4  4.00 g
NaH 2 P 0 4  19.20 g
KC1 2.00 g
pH to 7.4 with 1  M HC1
Working buffer: dilute 1/10 and add 500 pi Tween 20 per litre

NaCl
N a 2 H P 0 4  (anhydrous)
ethylene diamine tetra acetic acid
NaH 2 P 0 4 .2H20
Tween 20
n-butanol

5.844 g 
1.1530 g 
3.7220 g 
0.292 g 
0 . 2 0  ml 
1 0 . 0 0  ml



A P P E N D I X  4 (contd.) 

LATEX AGGLUTINATION ASSAY BUFFERS

Sample-conjugate buffer - Latex Agglutination Reactions 
0.1M Tris at pH  7.0
Dilution of IgGl standards and samples 
Tris 12.10 g
NaCl 5.84 g
BSA Fraction V 2.00 g
pH  to 7.4 with 1 M HC1

OTHER ASSAY REAGENTS

Horseradish Peroxidase Substrate Formulation 
Acetate-Sodium Chloride 
sodium  acetate 
NaCl
pH 5.0 using glacial acetic acid

Free T4 Substrate 
10 mg tetramethylbenzidine dissolved in 1.0 ml DMSO

Sodium acetate, citrate buffer (100ml) 
sodium  acetate 2 . 1 0 0  g
pH 6.0 using 1M citric acid

Hydrogen peroxide
1  part 30% H 2 0 2: 6 8  parts acetate/citrate buffer pH 6.0 

Preparation of W orking Substrate
Substrate for horseradish peroxidase label attached to labelled sample 
of analyte antibody
1 part TMB stock: 100 parts acetate-citrate buffer pH 6.0 
+ 100 microlitres H 2 0 2  stock/ 10 ml diluted TMB

2.5 M sulphuric acid
Termination of enzymic reaction
136 ml sulphuric acid added to 864 ml distilled water

2.040 g 
7.880 g



A P P E N D I X  5 

Standard Dilutions for ELISA and Latex Agglutination Assays

Table A.5.1: Standard IgGl Dilutions for Sandwich ELISA Standard 
Curves

Samples Dilutions: IgGl standards - F81, CB0006, CYT099, B72.3

Sample Number Final IgGl Final IgGl
Concentration Concentration

[M] x 10"9 [ng/ml]

[1 ] 3.333 500
[2 ] 1.333 2 0 0

[3] 0.667 1 0 0

[4] 0.333 50
[5] 0.167 25
[6 ] 0.067 1 0

[7] 0.033 5

Table A.5.2: Standard IgGl Dilutions for Competitive ELISA 
Standard Curves

Samples Dilutions: IgGl specific for hTNF

Sample Number Final IgGl Final IgGl
Concentration Concentration

[M] x 10' 8 [ng/ml]

IgGl [1] 13.333 2 0 0 0 0

IgGl [2 ] 6.667 1 0 0 0 0

IgGl [3] 1.667 2500
IgGl [4] 0.667 1 0 0 0

IgGl [5] 0.337 500
IgGl [6 ] 0.167 250
IgGl [7] 0.067 1 0 0

IgGl [8 ] 0.017 25



A P P E N D I X  5 (contd.)

Table A.5.3: Standard IgGl Dilutions for Latex Agglutination 
Antibody Titration Curves

Samples Dilutions: Latex bound Goat anti Mouse IgG

Sample Num ber Final IgGl Final IgGl
Concentration Concentration

[M] x 10- 9 [ng/ml]

[LI] 8 . 2 0 1230
[L2] 1.33 2 0 0

[L3] 0.67 1 0 0

[L4] 0.27 40
[L5] 0.13 2 0

Table A.5.4: Dilutions of Mouse IgGl-horseradish peroxidase Conjugates
for Generation of Antibody Titration Curves for a Latex
Agglutination Assay

Samples Dilutions: Mouse IgGl-horseradish peroxidase conjugate

Sample Number Final IgGl 
Concentration 

[M] x lO' 1 0

Final IgGl 
Concentration 

[ng/m l]

[SI] 6.667 1 0 0 . 0

[S2] 5.000 75.0
[S3] 3.333 50.0
[S4] 2.500 37.5
[S5] 1.667 25.0
[S6 ] 1.333 2 0 . 0

[S7] 1 . 0 0 0 15.0
[S8 ] 0.833 12.5
[S9] 0.667 1 0 . 0

[S10] 0.500 7.5
[Sll] 0.333 5.0
[SI 2] 0.167 2.5
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A P P E N D I X  6  

Ouchterlony Plate Dilutions and Layouts

Table A.6.1: Ouchterlony Double Radial Immunodiffusion Assay Sample 
Preparations

Rosette
number

Sample Antibody
sample

Concentration 
of IgGl [x 10"6]

1 A rat IgGl 6.70
B rat IgGl 3.30
C rat IgGl 1.70
D rat IgGl 0.83
E mouse IgGl 7.50

2 A rat IgGl 3.50
B rat IgGl-pyrene 1.70
C rat IgGl-pyrene 0.87
D rat IgGl-pyrene 0.43
E mouse IgGl 3.00

3 A rat IgGl 6.70
B rat IgGl 3.30
C rat IgGl 1.70
D mouse IgGl-BPE 3.00

4 A rat IgGl-pyrene 3.40
B rat IgGl-pyrene 1.70
C rat IgGl-pyrene 0.87
D mouse IgGl-BPE 6.70
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Rosette 1 (Rl) Rosette 2 (R2)
© ® ® ®
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Rosette 3 (R3 and R3') Rosette 4 (R4 and R4')
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Figure A.6.1: Ouchterlony Double Radial Immunodiffusion Plate 
layouts for Analysis of Binding of Fluorescent Energy 
Transfer Immunoassay Components. All samples are 
diluted in 0.15M NaCl, 0.02M Tris pH  7.5 (Rl to R4) 
and the same buffer + 1% (w /v) Brij 35 (R3' and R4'). 

Rosette 1: (Rl) Unlabelled mouse IgGl reacted with unlabelled 
rat IgGl

Rosette 2: (R2) Unlabelled mouse IgGl reacted with rat IgGl 
labelled with sucdnimidyl-l-pyrenebutyrate. 
Labelling ratio 4.2 labels per IgGl 

Rosette 3: (R3), (R3f) Mouse IgGl labelled with B-phycoerythrin 
(Fraction 2) reacted with unlabelled rat IgGl 

Rosette 4: (R4), (R4') Mouse IgGl labelled with B-phycoerythrin 
(Fraction 2) reacted with rat IgGl labelled with 
succinimidyl-l-pyrenebutyrate. Labelling ratio 4.2 
labels per IgGl
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Rosettes A & B IRA. RB) Rosette C &C' (RC. RC')
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For all rosettes:

1 = 0 x dilution of bis-labelled rat IgGl
2  = 2  x dilution of bis-labelled rat IgGl
3 = 5 x dilution of bis-labelled rat IgGl 
M = 3.0 x 10"6  M for rosettes A & B
M = 3.8 x 10- 6  M for rosettes C & C'

Figure A.6.2: Ouchterlony Double Radial Immunodiffusion Plate
layouts for Analysis of Binding of Excimeric bis-label. 
Samples are diluted in 0.15M NaCl, 0.02M Tris pH 7.5 
(RA to RC) and the same buffer + 1 % (w /v) Brij 35 
(RC).

Rosette A: (RA) Unlabelled mouse IgGl reacted with bis-labelled 
rat IgGl

Rosette B: (RB) Unlabelled mouse IgGl reacted with rat IgGl
labelled with succinimidyl-l-pyrenebutyrate. 
Labelling ratio 4.2 labels per IgGl

Rosette C: (RC), (RC) Mouse IgGl labelled with B-phycoerythrin 
(Fraction 2) reacted with unlabelled rat IgGl


