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Abstract

Vims-like particles (VLPs) are multimeric proteins of particulate nature that are 
providing the basis for many biological products, including vaccines and diagnostic 
agents. The efficient production of VLPs depends on the ability to monitor their 
concentration during recovery. Optical immunochemical monitoring techniques can 
aid rapid product quantification during process development with their high 
sensitivity, specificity and speed of measurement. The antibody-VLP interaction leads 
to specific VLP recognition and has been studied with respect to its use in real-time 
monitoring of VLPs by dynamic light scattering and with an optical biosensor.

The use of dynamic light scattering (DLS) for the rapid evaluation of the 
concentration and purity of the VLPs in yeast homogenate was investigated. The 
principle for the development of a DLS-based optical immunoassay involved a change 
in the signal proportional to the VLP concentration by the addition of antibodies that 
bind on the VLP surface and detection of that size change by DLS. Changing the ratio 
of VLPs to cellular particulates led to the calibration of the DLS assay and proved the 
suitability of the assay for the quantification of VLPs in partially clarified 
homogenate. The Fisons Applied Sensor Technology (FAST) lAsys optical biosensor 
that utilised the sensing principle of the resonant mirror was also used to monitor the 
interaction between VLP and an anti-VLP antibody. The conditions for the optimal 
quantification of VLPs were identified. Both optical methods were found to provide a 
significant improvement on rapid monitoring alternatives for VLPs, exhibiting good 
sensitivity and speed of measurement.

Borax flocculation of cell debris followed by PEG precipitation of VLPs was 
proposed as an initial clarification alternative prior to high resolution purification. The 
process from fermentation to precipitation as well as the precipitation profile were 
characterised. Treatment of VLP homogenate with polyethylene glycol (PEG) has 
been shown to precipitate VLPs selectively, away from contaminating proteins and 
cellular debris. Real-time monitoring of the PEG precipitation stage using DLS and 
the optical biosensor was attempted and was proven to be a difficult target.

The thesis challenges the suitable assay methods for monitoring proteins such as 
VLPs in complex process streams. For DLS, the assay was shown to be suitable for 
monitoring during the fermentation and early purification stages of a dovmstream 
process. For the optical biosensor, the final stages of purification (e.g. 
chromatography) were suggested as the most promising monitoring applications. 
Manipulation of the affinity support system was recommended to enhance the 
antibody to VLP interaction in preference to that of non-specific binding on the 
biosensor surface.
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Chapter 1 

Introduction

This chapter involves a general background to the biological and monitoring 
system used in this study. Section 1.1 provides some information concerning virus
like particles illustrating the particle properties and their commercial significance. 
Aspects of immunoassay technology are mentioned in section 1.2 with a particular 
reference to methods employed in this study. In section 1.3 the importance of real
time product monitoring in fermentation and downstream processes is highlighted. 
Several analytical methods are assessed with respect to their use in rapid protein 
monitoring and an example of an industrial VLP purification process is given to 
indicate the typical product concentrations and contaminants. Finally, an outline of 
the thesis is given in section 1.4.

1.1 Virus-like Particles

Virus-like particles (Ty-VLPs or VLPs) are protein assemblies, produced by the 
yeast microorganism S. cerevisiae. VLPs are associated with the transposable 
elements present in yeast cells, termed Ty (transposon yeast) elements. Particle 
formation is believed to be an intermediate in the transposition process, as it has been 
shown that transposition-induced S. cerevisiae cells contain large amounts of VLPs 
(Youngren et a l, 1988; Eichinger and Boeke, 1988). It is thought that the particle 
serves as an organising centre, in which all of the components needed for the complex 
reactions that comprise the transposition process are found in appropriate 
stoichiometries and at a very high local concentration (Eichinger and Boeke, 1988).

The genetic organisation of Ty and its transposition process show a remarkable 
similarity to the genetic organisation, gene expression and replication of retroviral 
proviruses (Varmus, 1983; Boeder and Fink, 1983; Mellor et a l, 19856; Mellor et a l, 
1985a; Mellor et a l, 1985c; Clare and Farabaugh, 1985), hence the name of virus-like 
particle.

Using genetic technology, the Ty-encoded protein responsible for VLP 
formation has been cloned in a high expression vector, as shown in figure 1.1. If a
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foreign gene is inserted after the gene encoding VLP formation, the resulting fusion 
proteins assemble into VLPs that display the foreign protein on their surface in 
multiple copies (figure 1.1). These hybrid VLPs possess a significant potential for 
forming the basis of novel biological products. Further information on the properties 
and uses of these biological particles is given below.

1.1.1 Virus-like Particle Properties

Experiments have so far failed to provide evidence for infectivity of the VLPs. 
There is no evidence for extracellular forms of these particles and experiments 
designed to detect intercellular (i.e. infectious) transposition events have all been 
negative (Garfmkel et a l, 1985). Also, Ty elements, unlike many retroviruses, are not 
infectious and remain intracellular (Fink et a l, 1986).

Using image analysis of electron micrographs, hydrodynamic analysis, neutron 
scattering and RNA digestions, it was shown that VLPs are symmetrical structures, 
they show a pronounced variation in size and they are permeable to RNAses (Bums et 
a l, 1992). These observations suggest that VLPs perform functions and assemble via 
processes, different from those of typical spherical vims capsids.

The organisation of the Ty element is similar to that of the gag-pol region of 
retrovimses. On the other hand, there is no region analogous to the env gene of 
retrovimses, which encodes for viral surface components (Varmus, 1983). This 
absence in Ty is consistent with the intracellular mode of replication of a transposon 
rather than a vims, and also accounts for the smaller size of VLPs (Mellor et a l , 
1985c).

Although a lot of workers have reported the size of VLPs to be 60 nm in 
diameter (Youngren et a l, 1988; Mellor et a l, 1985c; Malim et a l, 1987; Adams et 
a l, 1987a), Bums et a l have observed a significant polydispersity in Ty-VLP size, 
which seems not to be the result of random aggregation, but rather a feature of an 
ordered but flexible assembly process (Bums et a l, 1992).
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1.1.2 Uses of Virus-like Particles

Figure 1.1 shows the structure of the VLP expression vector pMA5620 in the 
case of both non-hybrid and hybrid particles. Genetic engineering technology 
involving VLPs provides the basis for the development of a variety of biological 
products, including recombinant DNA derived vaccines, diagnostics, new research 
reagents and therapeutics. Below, some information on the major potential uses of 
VLPs is given.

1.1,2.1 Vaccines

Correct presentation of an antigen to an animal or human immune system is a 
key requirement for an effective subunit vaccine or immunogen. Presentation has 
been a major problem with potential vaccines made by recombinant DNA, as well as 
for those based on chemically synthesised epitopes. Hybrid VLPs are now being 
tested as an antigen presentation vehicle that will improve the efficacy and versatility 
of potential vaccines (Kingsman and Kingsman, 1988).

An ideal immunogen is a polymer of multiple antigenic determinants, 
assembled into a high molecular weight carrier, having a maximum number of 
epitopes exposed. Fusion VLPs meet all of these requirements and constitute an 
extremely successful means of presenting an antigen to the immune system in a 
particulate, polyvalent form (Adams et a l, 19876), thus being more effective in 
inducing immunity than monomeric proteins (Adams et a l,  1988). The 
immunogenicity of VLPs has been found to be very strong and it was observed that 
they can elicit an immune response even in the absence of an adjuvant (Adams et a l,
1988). Finally, among the advantages, one has to state that hybrid VLPs can be 
produced in large quantities and are readily purified because of their particulate nature 
(Adams et a l, 1988; Kingsman and Kingsman, 1988).

It was observed that the yeast transposon Ty-encoded protein pi alone has the 
ability to assemble into VLPs (Adams et a l, 1987a), which suggested the idea that it 
could be possible to manipulate the corresponding genetic region to produce pi fusion 
proteins that retained the capacity for self assembly into stable particles (Malim et a l.
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1987). A schematic representation of the principle behind this type of genetic 
manipulation is illustrated in figure 1.1.

Since it was proven that the Ty element tolerates a wide range of additional 
protein sequences (Griffiths et a l, 1991), several hybrid VLPs have been produced so 
far, by cloning foreign protein sequences in the Ty coding region. Examples of 
recombinant particles reported carry human interferon-alpha 2 (Malim et a l, 1987), 
hepatitis B surface antigen (Valenzuela et a l, 1985; Michel et a l, 1988), hepatitis B 
core protein (Riveros-Moreno and Beesley, 1990) and retroviral gag proteins 
(Kingsman et a l, 1991). These hybrid particles are currently being tested as a novel 
method for vaccine design and production.

The construction of hybrid HIV : VLPs that contain most of the HIV gag protein 
p24 is reported to be used in the design of an AIDS vaccine (Adams et a l, 1988; 
Gilmour et a l, 1989). Hybrid VLPs carrying the last 33 aminoacids of the HIV-1 pi 7 
protein and the first 176 aminoacids of HIV-1 p24 have been proven to stimulate the 
production of anti-p24 antibodies in a variety of laboratory animals (Mills et a l, 
1990; Kingsman et a l, 1991). The safety of the vaccine is currently investigated in 
clinical trials.

1.1.2.2 Protein Purification Vehicles

VLPs are readily purified using their physical structure. Any protein linked to 
these particles can be co-purified, easily overcoming the problem of purifying 
monomeric polypeptides from many other similarly sized cellular components.

Hybrid VLPs carrying the HIV-1 p24 protein downstream of the recognition 
sequence for the blood coagulation factor Xa, have been constructed (Gilmour et a l ,
1989). These particles were easily purified using purification methods based on size 
difference (e.g. ultracentrifugation, gel filtration chromatography). The protein p24 
was released from the particles by proteolytic cleavage and rapidly separated from the 
residual particulate material using centrifugation and standard chromatography 
techniques. The result was that large amounts of protein were produced, cleavage was 
very efficient and recovery of authentic p24 was quantitative (Gilmour et a l, 1989; 
Kingsman et a l , 1991).
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Another example is the purification of Simian Immunodeficiency Virus p27 
(SIV p27) by producing it as a hybrid VLP particle containing the pi VLP protein 
with p i7 and p27 region of SIV (Bums et a l, 1990). In this case, after purification 
SIV p27 was released and used for structural studies by making use of the natural 
cleavage site between p i7 and p27 with purified HIV protease as the cleaving agent.

1.1.2.3 Other Uses

The above discussed uses are only a small part of the proposed uses for hybrid 
Ty-VLP particles. Other uses may include:

i) the amplification of genes in yeast, which is due to the fact that transposition 
of the Ty element carries the gene in multiple sites in the genome. Two genes, a 
bacterial neomycin phosphotranspherase gene and the yeast TRP 1 gene were 
amplified 40 times in this way (Boeke et a l, 1988).

ii) the production of hybrid VLPs that can be employed in a large number of 
diagnostic kits. As an example, one can mention hybrid VLPs carrying HIVA and 
HIV-2 antigens and being used in an immunoassay to differentiate between HIV-\ and 
HIV-2 infection (Gilmour et a l, 1990).
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1.2 Aspects of Immunoassay Technology

This thesis deals with the development of optical immunoassay procedures for 
monitoring virus-like particles. This section contains a general overview of some of 
the immunoassay techniques available todate and an evaluation of their suitability for 
application to monitoring of fermentations or downstream processing unit operations.

1.2.1 Advantages of Immunoassays

Antibodies have been used as diagnostic reagents, in one form or another, for 
more than half a century, but immunoassay, as we understand it today began with the 
application by Yalow and Berson, in 1959, of anti-insulin antibodies to the 
measurement of the hormone in plasma (Marks, 1985). Technical problems, mostly 
due to difficulties in obtaining reagents, ensured that the use of immunoassay was 
confined largely to research groups during the first 10 years of its discovery (Marks, 
1985). The introduction of enzyme-labels, particularly when incorporated into so- 
called homogeneous (i.e. non-separation) techniques, with their requirement for 
nothing more elaborate than a spectrophotometer for measurement, led to a rapid 
expansion of immunoassay in clinical laboratories (Pal, 1978).

Initially, the use of immunoassays was largely confined within the area of 
clinical biochemistry in laboratory medicine (Voiler et a l, 1981), but over the last 10- 
15 years immunoassays have been used extensively in industrial protein monitoring. 
Its merits are being recognised as a means of identifying and quantitating viruses, 
certain bacteria and their toxic products, antibodies and antibiotics, while 
immunoassays are used increasingly in areas such as veterinary medicine, horticulture 
and agriculture, food industry, environmental health, forensic science.

The many possible advantages (analytical, clinical and practical) of the various 
immunoassays overlap and indeed are interdependent. Analytical benefits would 
result if the sources of error leading respectively to : i) within-batch imprecision; ii) 
between-batch variability and iii) method-associated bias (inaccuracy) could be 
minimised. In general, within-batch imprecision values of 3-5% coefficient of 
variation, over about two orders of magnitude of analyte concentration, are achievable
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with conventional immunoassays. Important benefits could occur if the working range 
could be extended downwards to smaller analyte concentrations (increased 
sensitivity) and/or broadened to cover more than two orders of magnitude. This could 
increase the useful applications of the assay systems. An improvement of between- 
batch reproducibility would increase assay ruggedness and could be a major 
advantage leading to more reliable assays, a more efficient unit operation and reduced 
costs. A reduction of method bias does not necessarily follow from technical 
advances, in fact, the opposite may occur (Jeffcoat, 1985).

Frequently, the small size of the sample may dictate the use of methods with 
analytical sensitivity and specificity possessed by no other technique than 
immunoassay; this advantage is even more important when the substance being 
sought is a protein which is identified by nothing more than its immunological 
characteristics. It is in these applications that monoclonal antibodies have established 
their superiority as analytical and identification reagents (Marks, 1985).

Though radioimmunoassay remains the most popular method of performing 
immunoassay in biomedical research, mainly because it was firmly established before 
equally effective alternative methods became available, alternative immunoassays 
where enzyme, fluorescent or chemiluminescent techniques, in one or more of their 
diverse forms, have gained increasing popularity. Automated equipment suitable for 
use with these methods are being developed, so that much of the routine analytical 
work currently performed in many industries by classical chemical techniques may be 
undertaken by immunoassay. The impending introduction of biosensors with higher 
sensitivity and short response times will permit continuous downstream monitoring in 
manufacturing industries and others, thus conferring the advantage of a tighter control 
in bioprocesses.
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1.2.2 Nomenclature and Definitions

The sensitivity of a technique refers to the lowest measured 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 number of measurements coincides 
with the true value. These definitions are taken from Schuurs and van Weemen 
(1977).

Todate there is no definite method for the classification and description of tests 
which involve the binding of antigens to antibodies. A widely used approach which 
covers most situations is based upon whether or not the concentration of antibody 
binding sites is limited. Accordingly, the methods may be classified as competitive 
binding, limited reagent immunoassays, or non-competitive, excess reagent 
immunometric assays. Secondary, descriptive criteria involve the type of label (e.g. 
radioimmunoassay or immunoradiometric assay), and the method of detection, if it is 
not apparent (e.g. enzyme fluoroimmunoassay or immunoenzymofluorometric assay). 
A third factor which is often described is the type of solid phase (sol particle 
immunoassay).

Homogeneous assays involve direct addition of assay components to the analyte 
solution and measurement of the analyte concentration without any intermediate 
separation stages. Conversely, heterogeneous assays involve some intermediate 
operation, for example the separation of bound and unbound antibody followed by 
resuspension before measurement. The introduction of intermediate steps is 
undesirable, since it increases assay time and possible inaccuracies and makes 
automation difficult. For this reason, homogeneous assays are more suitable for use in 
rapid protein monitoring.

Furthermore, immunoassays may be classified by the general protocol used. The 
limited reagent method involves the use of labelled antigen (labelled sample of the 
analyte protein). Both this labelled sample and the analyte to be measured will 
compete for a fixed number of antibody binding sites in a competitive binding assay 
(Edwards, 1985).
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The excess reagent method involves the use of an excess of labelled antibody 
and is therefore non-competitive. Measurement of the unbound antibody after 
exposure to the analyte antigen gives a direct measurement of the analyte 
concentration. Although this method uses more capture antibody and label than the 
competitive format and will often involve separation stages, its main advantage is that 
it increases sensitivity (Edwards, 1985).

1.2.3 Requirements for an Immunoassay for Real-time Monitoring

Several criteria should be considered when selecting immunoassay for 
application in fermentation or downstream process monitoring. The main 
considerations are the ease with which the technique may be automated and the speed 
with which the measurement may be taken. Furthermore, compared to clinical assays 
for which most of immunoassays were developed, the assay will be required to detect 
much higher concentrations of analyte .

As mentioned before, heterogeneous assays require that unbound reactants are 
separated from immune complexes prior to measurement and are therefore more 
difficult to automate than homogeneous methods. Separation stages introduce 
imprécisions and increase assay times. Heterogeneous assays formatted as biosensors 
could change this situation (Deacon et a l, 1991) and should be considered where 
available.

The equipment required for homogeneous assays is generally simpler and more 
suitable for application to industrial processes. On the other hand, these assays are 
often prone to background interference from substances present in the reaction 
mixture. These problems can be circumvented to some extent by careful choice of 
reagents.

The analysis time in a real-time system should be as short as possible. Several 
parameters affect the overall time required to analyse the sample and return a 
measurement of the analyte concentration. Where an assay needs to be carried out in 
seconds, a kinetic assay may be undertaken, where measurement is taken before the 
immunoreaction has reached equilibrium. The trade-off may be that the measurement 
is less accurate and reproducible than if the reaction has reached equilibrium and a 
steady signal has been generated.
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Assays where reactions are allowed to reach equilibrium before measurement 
(equilibrium assays) may often involve the use of a solid phase (e.g. microtitre plate), 
while several incubations lasting of the order of hours should be carried out to ensure 
that the reaction is complete. These assays are used where a high degree of sensitivity 
and reproducibility is required and where speed of measurement is not the main 
priority. As a result, equilibrium assays are more likely to be found in a clinical 
environment than in an industrial one.

In the case of homogeneous systems, kinetic measurements may be taken as 
mixing of the reagents may aid the formation of antibody-antigen complexes. On the 
contrary, in heterogeneous solid-phase assays (such as the ELISA), the reaction is 
diffusion controlled and requires that long incubation stages are carried out, thus 
being suitable for retrospective and not real-time measurements.

It has been suggested that non-competitive binding assays are more sensitive 
than competitive assays (Sevier et a l, 1981). In sandwich assays, the use of two 
capture antibodies raised against the analyte improves the specificity of the assay. In a 
competitive assay there is reliance on the association constants of the capture antibody 
for the labelled and the unlabelled antibody being the same, and it is possible that the 
antigenic determinant of the analyte may be damaged 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 must be separated 
before measurement. It has been suggested that, if possible, heterogeneous assays 
should be avoided as they are harder to automate. Some competitive assay techniques 
in which the analyte is labelled may also be heterogeneous, for example, 
radioimmunoassays.

1.2.4 Assay Protocols

As an immunoassay relies upon the analyte binding to its antibody, some 
method of detecting the formation of the immune complex must be used. In some 
cases it is possible to monitor binding by some change in the physical properties of 
the interacting species, e.g. the size of the immune complex relative to other particle
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sizes in the reaction mixtures by light scattering (Price et a l, 1983) or by using some 
form of label attached to the immunoreactants to allow the formation of the immune 
complex to be monitored.

Immunoprécipitation reactions involve the formation of a precipitate when a 
polyclonal antibody binds to an antigen or an antibody binds to an antigen with 
several epitopes. The quantity of precipitate formed as a function of the antigen 
concentration may be plotted as a solubility profile (figure 1.2).

The formation of immune complexes comprising antigens bound to their 
antibodies will result in a change in the size distribution of the solution containing the 
immune reactants. The formation of the immune complexes may be detected optically 
and related to the concentration of antigen (analyte) present. In chapter 3 of this thesis 
an optical assay based on the detection of antibody to VLP interaction is described 
and so further information on immunoprécipitation reactions is mentioned.

Other immunochemical systems involve monitoring based on a change in 
optical reflection characteristics between two transparent media of different refractive 
indices as a result of the immune reaction between sensor-immobilised ligand and 
ligate in solution. This technique is known as internal reflection spectroscopy and an 
assay based on this method is described in chapter 4.
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1.3 Requirements from a Real-time Assay for Virus-like Particle 
Monitoring

The aim of this research project is to develop an assay for the real-time 
determination of virus-like particle concentration in an analyte solution suitable for 
application in bioprocess industries. The analyte solution may be a fermentation broth 
or a process stream from some downstream operation. The challenge is to substitute 
any off-line or retrospective measurements with on-line or real-time monitoring of 
product concentration, so that control of the process can be applied, while product 
wastage due to inefficient recovery operations, as well as long down-times in order to 
obtain results from slow analyses can be eliminated.

Below, some definitions describing the nature of the monitoring system used are 
given: Ojf-line includes measurements requiring the removal of the samples to be 
monitored from the process stream and their subsequent analysis in a laboratory 
remote from the bioprocess.
In on-line measurement systems the measuring device operates within the process 
stream and does not require the removal of samples for analysis.
Real-time refers to measurements that are taken on samples removed from the process 
vessel during operation, and where analysis times are small enough to allow for 
information to be used in the application of process control.

1.3.1 Significance of Real-time Analysis

Successful industrial application of biological product production and recovery 
strongly depends on a monitoring system capable of detecting and evaluating the 
concentration of the target product, thus enabling the control of the process to tight 
limits. The measuring system must operate with a high degree of precision and within 
the required range of sensitivity.
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1.3.1.1 Fermentation Monitorins

There are several reasons why real-time assays have not been widely applied to 
monitoring of fermentations. Many assays were developed for use in the clinical 
environment, where sensitivity is the major requirement and measurements are 
usually carried out in solutions of consistent quality (e.g. serum with the necessary 
incubation, separation and resuspension stages). In an industrial environment, the 
major consideration is speed and sensitivity can, to some extent, be traded off against 
reduced assay time.

Fermentation broths generally contain both soluble and insoluble substances; 
for example cell debris, primary and secondary metabolites. 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.

During a fermentation, parameters such as the dissolved oxygen tension (DOT), 
pH and exit gas analysis are monitored to allow the operating performance of the 
process to be assessed. For the monitoring of product yields, some form of off-line 
analysis (e.g. the Enzyme Linked Immunosorbent Assay, ELISA) or retrospective 
analysis is generally carried out. Samples must be removed from the fermenter for 
assay off-line. Because of the time required to generate assay data off-line, and 
because of the dynamic nature of fermentations, matching control actions 
corresponding to critical time points in the fermentation will be very difficult, if not 
impossible, to achieve. On the other hand, real-time measurement of product 
concentrations can be related directly to a current fermentation and provide 
information about its progress, leading to optimisation of process and increased 
yields.

The need for real-time monitoring is probably best exemplified by considering 
the harvesting of batch fermentations. A batch fermentation involves the use of a 
single vessel to produce a particular product which will be harvested when the 
product yield is at a maximum. Once the yield has reached a maximum, it will begin 
to decrease if the fermentation is not harvested. The ability to monitor the product 
yield in real time and make an immediate decision to harvest can increase 
fermentation efficiency by reducing the product loss. Another possible application is
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in the early termination of contaminated or non-viable fermentations. This will again 
reduce overall costs and allow a new fermentation to be started quickly, reducing 
wasted time.

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 could be used in that context to 
ensure that the fermentation proceeds correctly.

The acquisition of real-time data for a fermentation will allow sophisticated 
control strategies to be developed in order to automate and improve the process. The 
driving force toward higher levels of control will result in many process 
improvements, including higher final cell densities, an increase in the amount of 
product produced per unit of biomass, and sustaining consistent levels of increased 
productivity. Other benefits of improved control capability might include optimising 
use of raw materials and improving product quality, which could dramatically 
decrease downstream purification costs (Schuurs and van Weemen, 1977).

1.3.1.2 Downstream Processin2 Monitorins

For real-time monitoring of an industrial downstream operation, information 
from previous runs of the operation will be required, so that the expected product 
behaviour can be defined. Even though historical data may not be available in a 
detailed form, some idea of the expected working range would allow the operating 
conditions to be set in advance, and any deviations from the predefined product 
behaviour could be detected, so that the necessary adjustments of the process could be 
decided upon.

In developmental work, an assay is initially carried out for purification at a 
benchtop scale and then used for monitoring at production volumes. Here, the 
information gained from the assay will not necessarily have a basis in historical data. 
The range of product concentrations in production scale may be very different from 
those in benchtop scale. A real-time assay would be invaluable in reducing the time 
spent waiting for off-line assay results, and in avoiding wasted pilot runs due to 
reliance on slow, retrospective results.
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An assay developed for use in the determination of product concentrations in 
fermentations could also be used to monitor the downstream processing of the same 
product. However, the requirements in each of these cases will differ. The 
concentration range will be different in downstream processing. Product 
concentration will be higher, while levels of interfering substances will be lower. 
Therefore, the parameters affecting the sensitivity of the assay will be different from 
those experienced at the fermentation stage.

A real- time immunoassay may also be used to monitor separations such as the 
analysis of the output stream from a chromatographic column. The requirements of 
the assay in this case are different from those experienced in industrial fermentations 
and other downstream processing operations with sensitivity being more crucial.

In this case, the assay would allow the detection of a target protein from a 
mixture of other proteins or contaminants and the evaluation of its concentration. 
Thus, the product concentration can be measured during elution, so as to permit 
pooling the chromatographic fractions and make any decisions concerning the 
conditions of the operation. This is especially important when batch-to-batch 
variations need to be detected and dealt with. In other words, the ability to monitor the 
product in real-time will facilitate the detection of problems (e.g. fouling of the 
chromatography column that leads to poor resolution), as well as taking any decisions 
concerning solving these problems. This can increase the efficiency of the operation, 
reduce product loss, time and money spent on inefficient runs of operations through 
their timely termination.

The assay may also be used to detect the point at which a particular substance is 
no longer present or has dropped below an acceptable level in an analyte stream. An 
example is (NH^)2S0 4  precipitation, where "cut-points" are optimised to ensure that 
the maximum amount of product is being extracted (Richardson et a l,  1990). In the 
case where the product is recovered in the sediment, the aim is to avoid 
overprecipitation that would result in contaminants being transferred in the sediment 
as well as underprecipitation that would lead to product loss in the supernatant.

As industrial competition and running costs of downstream operations rise, 
timely and accurate monitoring and control become critical and can give a distinct 
advantage towards increasing the efficiency and reducing the cost of an operation.
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1.3.1.3 Application o f Monitorins Assays Purin2 Process Development

Analytical techniques in protein production and purification are required for the 
initial characterisation of the product, for product monitoring during process 
development and optimisation, as well as for in-process evaluation.

Prior to scale up, characterisation of the product is comprised of lengthy, 
involved and expensive tests that define the product and set specifications. During 
process development and scale up, careful measurement of the performance of 
alternative unit operations allows selection of conditions that minimise loss and 
maximise purity. The success of this stage depends on the accuracy, the precision and 
the speed of the assays used. Finally, as the process is validated by repetitive runs, a 
measure of comparison between batches is needed to monitor quality and 
reproducibility.

Yield calculations are an integral part of process development and scale up and 
product monitoring is important in enabling such calculations. Because the cost of 
production is largely defined by the process yield, one must have some indication of 
the yield to measure the effect of process changes on product cost.

A large scale production and purification process handles much larger volumes 
than a small scale laboratory purification, so steps that may be used at the laboratory 
scale (e.g. ultracentrifugation or affinity chromatography) may become prohibitively 
expensive at full scale, as is the case with VLP purification, where ultracentrifugation 
used in benchtop scale is substituted by column chromatography steps in production 
scale. Because of the expense involved in large scale production and as higher yields 
mean lower cost per unit of product produced, maximising product recovery during 
the various steps of the purification process is an important matter.

From the above, it is evident that analytical techniques are needed to evaluate 
the levels of the protein product during the course of a recovery process. If the 
available technique is able to provide rapid measurements, process evaluation can 
lead to immediate adjustments for process optimisation. Accuracy (the absolute value 
of the measurement) is not so critical in determining protein recovery as the precision 
(relative values of multiple measurements) at each of the individual purification steps.
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Table 1,1: Analytical Techniques Used for Protein Monitoring 
with Respect to Sensitivity and Quantitation.

Low Specificity High Specificity

Light Absorbance Size (MW) HPLC Immnunoreactivity

Qualitative PAGE-
Coomasie

PAGE-silver

2D-gel
electrophoresis

GFC

Western blot 

ELISA/RIA

Gel
Densitometry

lEC Nephelometry (light 
scattering)/

Quantitative UV extinction RPC Resonant Mirror

Assays for product monitoring are used to describe the purity of the product at 
the various stages, to pool fractions in chromatographic separations or detect the 
product concentration (see previous sections 1.3.1.1 and 1.3.1.2). Although a strictly 
quantitative comparison of the various analytical methods is not possible due to the 
different principles of analysis involved (Gamick et a l, 1988), Table 1.1 gives an 
indication of the sensitivity and specificity of detection for some of the assays 
frequently used as part of process development. Assays are listed from left to right in 
order of increasing specificity and from top to bottom in order of sensitivity of 
detection.

Within the class of light absorbance, ultraviolet extinction, staining with 
Coomasie dye (Bradford procedure), or staining as in the Lowry procedure are 
possibilities. The assays based on size include gel electrophoresis with 
polyacrylamide or other types of gels and various types of staining such as Coomasie 
and silver. Densitometry adds some measure of quantitation to electrophoresis gels. 
Separation in gels is mainly due to differences in size and molecular weight and to 
some extent on the mobility of the molecule in an electric field. HPLC provides a 
different basis for separation and includes ion exchange (lEC), reversed phase (RPC) 
or gel filtration chromatography (GFC). Immunoactivity (see section 1.2) is a final 
class of analysis methods with the highest sensitivity, and includes western blot.
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enzyme-linked immunoassays (ELISA), radioimmunoassays (RIA) and nephelometry 
(light scattering)

Gel electrophoresis is most useful in determining the relative purity of a sample. 
Polyacrylamide gels with SDS in the running buffer are the most common type for 
this type of analysis. The use of a densitometer to scan the gel or its photographic 
picture and quantify the amount of the different proteins requires standardised 
procedures in terms of the length of staining and destaining time, as well as the 
amount of protein loaded, because of the variabilities in the stain absorption (Wilson, 
1983). Coomasie blue, a commonly used stain, preferentially binds to arginine. 
Furthermore, gel electrophoresis takes about 24 h, largely as a result of the time 
required for destaining, and so it is mostly suited to the purposes of off-line product 
monitoring.

The most developed method in terms of the number of applications and the 
number of variations in analytical configurations (columns, solvents and gradients) is 
HPLC. For low molecular weight proteins (less than 10 KDa), reverse phase columns 
are commonly used, whereas for higher molecular weight molecules separation is best 
performed by gel filtration or ion exchange (Regnier and Gooding, 1980).

The ELISA has the advantage of high sensitivity and specificity and so it has the 
ability to detect small amounts of protein in a solution. The disadvantage is that it is 
susceptible to background interference from competing proteins. Furthermore, a 
major problem for both ELISA and radioimmunoassay is that they require several 
incubation stages that increase the time of analysis and constitute these techniques 
suitable only for off-line rather than real-time protein monitoring.

Light scattering immunoassays have been used in clinical chemistry 
applications and some automated systems have been manufactured to give product 
concentration by measuring the amount of light scattered by immune complexes 
formed by the antibody to antigen interaction. As with ELISA, the basis of detection 
is the immunoreaction and so the specificity of the assay is high. Sensitivity is about 
10 pg/ml, compared to 0.1 pg/ml for ELISA, while the time of analysis can be rapid 
enough for real-time monitoring depending on the availability of antibodies with high 
affinity for their respective antigens (Whicher et a l, 1983).

Optical evanescent wave sensors operating on the principle of the resonant 
mirror (RM) have been employed for the construction of an automated biosensing
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system (Fisons lAsys) that can follow immune interactions between an immobilised 
ligand with its corresponding ligate in solution in real-time without labelling. 
Detection is based on the recording changes in refractive index as a result of the 
immune interaction (see section 1.2.4). The use of the immunoreaction as the 
monitoring basis increases the specificity of the technique. Sensitivities in the nM 
range have been reported (Buckle et a l, 1993). The biosensor can collect data rapidly 
to follow binding events as they occur and return rapid measurement of the analyte.

The assays developed and discussed in this thesis are based on dynamic light 
scattering (DLS) and the resonant mirror (RM) biosensor. As it can be seen from 
Table 1.1, both methods can give measurements of high sensitivity and specificity. As 
optical methods they can have rapid response times and so their use in real-time 
process monitoring appears promising.

1.3.1.4 Industrial Scale Production o f VLPs

Virus-like particles are produced industrially by British Biotechnology Ltd. 
(Cowley, Oxford. U.K.). Figure 1.3 shows a schematic representation of the 
operations involved in large scale production of hybrid p24-VLP (section 1.1.2.1) and 
it represents one of the alternative strategies that can be used for VLP production and 
purification. Table 1.2 gives typical product recovery data for the operations involved 
in figure 1.3 and indicates the VLP concentrations at each process stream.

Describing the process in figure 1.3, cells are initially grown in shake flask 
culture and used to inoculate a 16 1 batch fermentation which in turn is used as the 
seed fermentation for the production fermentation at 1 0 0  1 operated in fed batch 
mode. After biomass growth on glucose, galactose is fed to the fermentation to induce 
the production of VLPs in cells (lasts approximately 24 hours) before the 
fermentation is harvested.

Cell harvesting includes separation of yeast cells in a disk stack centrifuge. As 
the product is intracellular, the supernatant is discarded and the cell paste is 
resuspended in buffer (EDTA/phosphate). Disruption of the cells requires two passes 
of the cell suspension through a high pressure homogeniser at 900 bar.
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The initial clarification part of the process intends to remove cell debris and 
other contaminating solids by centrifugal separation (disk stack centrifuge) followed 
by a two-stage depth filtration step (0.5 pm and 0.2 pm pore size filters).

High resolution purification aims to reduce the levels of contaminants such as 
carbohydrates, nucleic acids and foreign proteins to purify VLPs to clinical 
specifications. It is comprised mainly of chromatographic separation steps with 
intermittent ultrafiltration operations for concentration of the process stream and 
buffer exchange. Chromatography includes ion exchange, hydrophobic interaction 
and gel filtration. During DNA removal, benzonase is added to digest nucleic acids 
(4°C, 72 h).

As seen from Table 1.2, product recovery for this purification sequence is in the 
range of 1-6% of VLP produced during fermentation. There are several reasons for 
the high protein losses at each purification operation, such as harvesting production 
fermentation earlier than at maximum VLP production, suboptimal (incomplete) cell 
disruption, VLP degradation due to harsh ionic conditions (e.g. at chromatographic 
stages), protein adhering to the filters etc. Reliable and rapid product monitoring 
during process development can significantly aid process evaluation and research into 
the optimal conditions for each step, so as to maximise the efficiency of each 
operation and optimise process performance.

The challenge faced in this thesis is to offer real-time analysis methods for 
monitoring VLPs in process streams and to show how these techniques can be used in 
rapidly evaluating process performance.
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1.4 Thesis Outline

VLP particle manipulation can be a powerful tool in the development of 
biological products. The efficiency in being able to monitor VLPs and evaluate their 
concentration during the production and purification stages facilitates process 
development and is vital to the successful industrial scale production. The aim of this 
thesis is to investigate the use of optical immunosensing to achieve real-time 
monitoring of VLPs during downstream processing.

The introduction (chapter 1) includes background information on the protein 
system studied, namely virus-like particles (VLPs) with the intention to offer an 
insight into VLP properties and underline their commercial significance. An 
evaluation of assay technology in terms of its suitability for real-time monitoring is 
also provided as a background to the immunochemical assays developed in this thesis.

Chapter 2 gives details on the materials and the analytical methods used in the 
experimental part of the project.

Optical monitoring techniques offer a popular choice for assessing the 
performance of separation operations mainly due to their rapid responses and the 
potential for non invasive use. Use of the antibody to VLP interaction is made to 
enhance the sensitivity and specificity of the assay. Monitoring VLPs with a dynamic 
light scattering assay and with the lAsys optical biosensor is described in chapters 3 
and 4 respectively.

The intracellular nature of VLPs necessitates the use of cell disruption for 
product release, leaving the target protein with a complex mixture of contaminants. 
Chapter 5 discusses the use of selective flocculation of cellular debris using borax 
followed by the selective precipitation of VLPs with polyethylene glycol to aid 
purification at the early stages of downstream processing. The potential to monitor 
VLPs during polyethylene glycol precipitation using the dynamic light scattering 
assay and the optical biosensor was also investigated and is discussed in chapter 5.

The thesis is concluded in chapter 6  where the contribution of the developed 
assays in VLP bioprocess monitoring is illustrated. Some recommendations for future 
work are also given.
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Figure 1.1: Vectors for the production of VLPs. The diagram shows one of the Ty-
VLP vectors and a theoretical vector containing an insertion, pMA5620-X. Below 
these vectors are diagrams of a non-hybrid and a hybrid VLP (from Kingsman et a l, 
1994). Protein p i expressed from the region TYA of the Tyl yeast transposon has the 
ability to form VLPs, and so the TYA gene from Tyl has been incorporated in the 
pMA5620 vector to produce non-hybrid VLPs (left). By inserting a foreign sequence 
through the BamHl restriction site, a pi fusion protein is produced which retains the 
ability to form particles (hybrid VLPs, right).
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Figure 1.2; Generalised diagram for an immunoprécipitation reaction, as described 
by the change in light scattered with antigen concentration (from Whicher and Blow, 
1980). Depending on the relative quantities of antibody and antigen, the different size 
and quantity of the immune complexes gives rise to difference in the light scattered 
from the sample. In the zone of antibody excess, complexes are of constant size and 
their number is proportional to the antigen concentration. In the antigen excess region, 
complexes become smaller due to the existence of free antigen and so scatter less 
light. At equivalence, maximum coverage of the antigen by antibody gives rise to a 
maximum in light scattered from the sample.
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Figure 1.3: Flowsheet diagram for the industrial scale production of p24 hybrid VLPs (British Biotechnology Ltd.).
The initials H.I.C. stand for hydrophobic interaction chromatography. For a detailed description of the process, refer to 
section 1.3.1.4.
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Table 1.2: Product recovery at the various stages in production and purification o f  
hybrid VLPs (values are given for the conclusion o f  each step).

Step Volume (I) Recovery (%)

Production
Fermentation

1 1 0 2 2 - 0 . 2

Harvesting 2 0 14-18 60-80 0.7-0.9

Cg/Z
Disruption

50 9-13 60-70 0.18-0.26

Centrifugation 40 6-9 60-70 0.15-0.225

Depth
Filtration

35 5-7 80-90 0.14-0.2

Cation
Exchange

9 3-5 60-70 0.33-0.55

Nucleic Acid 
Digestion

18 3-5 1 0 0 0.17-0.28

Ultrafiltration
1

2 1.5-4.5 50-90 0.75-2.25

Hydrophobic
Interaction

1 0 0.8-2.7 50-60 0.08-0.27

Ultrafiltration
2

0.03 0.4-2.4 50-90 13.3-80

Gel Filtration 0 .1 0 .2 - 1 .4 60 2-14

Overall 1 - 6



Chapter 2 

Materials and Methods

This chapter details information on the techniques and the reagents used in the 
experimental part of this project.

2.1 Materials

2.1.1 Reagents

All reagents were obtained from BDH Ltd. (Hants., U.K.) and were of AnalaR 
grade, unless otherwise stated. A list of the chemicals used with the manufacturer’s 
catalogue numbers is given in Appendix D.

For the fermentations, yeast nitrogen base was obtained from Difco (Surrey, 
U.K.) and galactose, tryptophan, uracil and leucine from Sigma Chemical Company 
(Poole, Dorset, U.K.).

For the optical biosensor experiments, phosphate buffered saline (PBS) tablets, 
sodium acetate, sodium chloride, ethanolamine, 1 -ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were obtained from Sigma 
Chemical Company (Poole, Dorset, U.K.). Tween (Surfact-Amps®20) and bis 
(sulfosuccinimidyl) suberate (BS^) were obtained from Pierce (Cambridge, U.K.)

For SDS-PAGE the following reagents were obtained from Sigma Chemical 
Company (Poole, Dorset, U.K.): ammonium persulphate, acrylamide, ôw-acrylamide, 
trichloroacetic acid, TEMED and were of electrophoretic grade. Methanol and 
acetone were obtained from BDH (Hants., U.K.) and were of GPR grade.

For flocculation and precipitation experiments, borax (sodium tetraborate) and 
polyethylene glycol (molecular weight 6000 and 8000) were obtained from Sigma 
Chemical Company (Poole, Dorset, U.K.).
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Finally, for total protein estimation the Bradford Protein Assay Reagent was 
purchased from Bio-Rad Laboratories (Herts., U.K.) and the BCA Assay Reagent was 
obtained from Pierce (Cambridge, U.K.).

2.1.2 Production strain

The organism used as a host for VLP production was Saccharomyces cerevisiae 
strain MC4 (a, leu2-3, leu2-\\2, trp\, ura3-52, p rb \-\\22 , pepA-3, prc\-A01, gal2) 
which is a derivative of strain BJ2168. This strain is protease deficient to minimise 
proteolytic degradation of VLPs.

The S. cerevisiae strain used for VLP production was transformed with the 
plasmid pOGS40, which is constructed from plasmid pMA5620 (figure 1.1) by 
replacing the PGK promoter with a PGK-GAL promoter where the production of the 
particles can be induced by galactose. Expression of the truncated TYA gene is 
repressed in the presence of glucose and induced in the presence of galactose, 
allowing the culture of cells to a high density with glucose and then starting VLP 
production by the batchwise addition of galactose (Kingsman et a l, 1994).

Due to mutations in the genes involved in uracil, tryptophan and leucine 
biosynthesis pathways, untransformed cells had a growth requirement for these three 
aminoacids. Cells transformed with the plasmid pOGS40 had a growth requirement 
for tryptophan and uracil only, as the plasmid conferred leucine independence.

The microorganism strains used in this study were donated by British 
Biotechnology Ltd. (Cowley, U.K.) and were stored as glycerol stocks at -70°C.

2.1.3 Antibodies

Mouse monoclonal antibodies raised against VLPs were donated by the 
University of Manchester (Department of Biochemistry and Molecular Biology, 
Manchester, U.K.) and British Biotechnology Ltd. (Cowley, Oxford, U.K.). Two 
types of anti-VLP antibody were used in this study: IgA type antibody (TYG5 
antibody) and IgG type antibody (BB2 antibody). Brookman et a l (1995) provide a 
protocol for antibody production and purification and also give evidence of external
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antibody binding to VLP by both antibody types. This was important in the choice of 
antibody for the immunoassay development, especially with the dynamic light 
scattering assay which is based on detection of an increase in VLP size due to 
antibody binding. Antibodies were stored in phosphate buffered saline at -70°C in 
0 .1  ml aliquots.

For the optical biosensor experiments the IgG type anti-VLP antibody (BB2) 
was used. Rabbit antimouse Fc specific (RAM Fc) antibody for the sandwich type 
assay was obtained from ICN Biomedicals Ltd. (Oxforshire, U.K.).

2.2 Fermentation

Biomass for downstream processing experiments was produced by a three step 
process. Shake flask cultures were grown and used as the inoculum for a 14 1 batch 
fermentation which was in turn used as the seed fermentation for a 1 0 0 0  1 fed batch 
fermentation. The fed-batch mode of operation was used to increase growth yields by 
avoidance of the Crabtree effect (De Deken R.H., 1966). Fermentation protocols were 
obtained from British Biotechnology Ltd. (Cowley, U.K.) and were scaled up to the 
1000 1 capacity. Below, details of the experimental procedure are given.

2.2.1 Shake Flask Culture

The shake fiask culture was prepared in two 2 1 shake flasks, containing 500 ml 
of medium. The shake flask medium consisted of 6.7 g/1 yeast nitrogen base, 10 g/1 
glucose, 20 mg/1 tryptophan and 20 mg/1 uracil. The yeast nitrogen base and glucose 
were sterilised by autoclaving at 121°C for 20 min while the leucine, tryptophan and 
uracil were filter sterilised through a 0.2 pm sterile filter (Acrodisk, Gelman Sciences 
Inc., Ann Arbor, USA). Follovvdng inoculation, shake flasks were incubated at 30®C 
and 200 rpm in an orbital shaker (New Brunswick Scientific Co. Inc., Edison, USA).

Untransformed cell (BJ2168) culture was produced as for the transformed cell 
line with the only difference that 2 0  mg/1 leucine was also present in the medium.

The inoculum for the batch 14 1 fermentation was prepared by the following 
stepwise procedure. A shake flask containing 50 ml of medium was inoculated with
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Table 2.1: Components o f  the Defined Medium for the 10001 Fermentation

Trace element Concentration
(mg/l)

Vitamin Concentration
(mg/l)

(NH4 )2 S0 4 8,300 D-biotin 2

K2 SO4 1,050 calcium pantothenate 12.5

MgS04*7H20 570 pyridoxine HCl 12.5

CaCl2 11 thiamine 1 0

MnS04*4H20 0.152 nicotinic acid 1 0

CuS04*5H20 0.185 p-amino benzoic acid 0 . 8

ZnS04*7H20 0.046 meso-inositol 2 0

KI 0.0056

Na2 Mo0 4 *2 H2 0 0.0934

FeCl3 *6 H2 0 0.0204

1 ml of thawed pOGS40 glycerol cell stock and was incubated for 24 h at 30°C. 
Sufficient culture was then aseptically transferred to the two shake flasks containing 
500 ml media. These flasks were incubated for approximately 48 h and the two flasks 
with absorbance (OD^qo) measurement closest to 1 .0  were used to inoculate the 2 0  1 

fermenter.

2.2.2 Batch 14 1 Fermentation

A 20 1 glass fermenter (LH fermentation, Slough, U.K.) with a working volume 
of 14 1 was used. The medium for this fermentation was as described for the shake 
flasks, except that 0.2 g/1 antifoam (polypropylene glycol) was also present. The yeast 
nitrogen base and antifoam were dissolved in 1 1 of deionised water and added to the 
10 1 of reverse osmosis (RO) water present in the fermenter. The glucose was made 
up in 1 1 of deionised water and was sterilised along with yeast nitrogen base and 
antifoam in the fermenter for 2 0  min at 1 bar gauge pressure.
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The tryptophan and uracil were made up in 300 ml of deionised water and were 
sterilised using a 0.2 pm sterile filter (Acrocap, Gelman Sciences Inc., Ann Arbor, 
USA). The glucose and growth supplements were added to the sterilised fermenter 
immediately before inoculation.

The fermenter was inoculated with 1 1 of shake flask culture at OD^qq of 1.0. A 
PID controller was used to maintain the fermentation temperature at 30°C, the pH at 
pH 5.0 (with 5M NaOH), the air flow rate at 7 1/min and the stirrer speed at 700 rpm.

Samples were taken during the course of the fermentation and analysed. The 
fermentation entered the stationary phase of growth after 45 hours approximately at 
an optical density of 2.8. The growth yield on glucose was found to be approximately
0.165 g cdw/g glucose. The fermenter was harvested in the early stationary phase of 
growth. The absorbance of the culture broth at 600 nm during the time course of the 
fermentation is given in Appendix Al.

2.2.3 Fed-batch 1000 1 Fermentation

A 1500 1 stainless steel fermenter (Chemap, B. Braun Biotech, Aylesbury, U.K.) 
was used as the main production vessel. This fermenter had a working volume of 
1 0 0 0  1, which consisted of a defined medium, the inoculum and the glucose feed.

The defined medium consisted of trace elements and vitamins. The components 
are shovm in table 2.1. The ammonium sulphate, potassium dihydrogen phosphate 
and magnesium sulphate were dissolved with reverse osmosis (RO) water (250 1) in a 
stirred tank and transferred to the fermenter, where they were sterilised with the main 
vessel. The rest of the trace elements and the vitamins were dissolved in 
approximately 1 1 of deionised water, they were filtered through a 0 . 2  pm sterile filter 
(Acrocap, Gelman sciences Inc., Ann Arbor, USA) and added to the sterilised 
fermenter after it had cooled. Tryptophan and uracil (20 g each) were dissolved in 1 1 
of deionised water, they were autoclaved (121°C, 20 min) and then added to the 
fermentation vessel.

Glucose (16 kg) was dissolved in two aspirators containing about 18 1 of RO 
water each and was sterilised by autoclaving (121°C, 40 min). Galactose (5 kg) was 
dissolved in 15 1 of RO water in an aspirator and was autoclaved similarly.
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The seed fermentation culture (14 1, ODgoo^^.S) was transferred from the 20 1 
fermenter to the 1500 1 vessel using a sterile transfer line and a peristaltic pump. A 
PID controller was used to maintain the following growth conditions in the inoculated 
fermenter: temperature 30°C, pH 5.0 (with 5M NaOH), air flow rate 250 1/min, stirrer 
speed 2 0 0  rpm.

The glucose feed was controlled by a computer software (LabView). Glucose 
was fed exponentially to maintain a cell growth rate of 0.14 h"l approximately. After 
24 hours, the glucose feeding was stopped and virus-like particle formation was 
induced by the addition of galactose. The cells were allowed to grow on galactose 
producing VLPs for another 24 hours.

The optical density was 2.4 before induction and 6.9 when the fermentation was 
harvested. The fermentation profile in terms of broth absorbance at 600 nm vs. time is 
shown in Appendix A2.

Glucose Feedins Stratesv

Carbon source feeding was controlled by LabView, a computer software 
(Gregory et a i, to be submitted). The software required the input of parameters such 
as glucose feed concentration, total culture volume, initial biomass concentration in 
the fermenter, required specific growth rate and used these data to calculate the 
amount of glucose to be delivered. The computer was linked through a controller to 
peristaltic pumps to control the amount of glucose delivered.

The calculations for manual control of glucose feeding during the fed batch 
mode of fermentation operation are given below. During the exponential phase of cell 
groAvth, the expected cell concentration at the end of time interval t (h), x„+t (g/1), can 
be calculated based on the cell concentration at the start of the time interval, x„ (g/1) 
by the formula:

2.1

where ju is the specific growth rate of the cells expressed in h .

The volume of C-source, s (1), needed for cells to grow from concentration x„ to
x„+t is:

s = 2.2
Y*C
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where V is the volume of the fermentation broth (1), Y is the yield coefficient (g cells/g 
C-source) and C is the concentration (g/1) of the C-source in the feed solution. By 
substituting x„+t from 2 .1  to 2 .2 :

-1 )* ^  2.3
Y*C

Therefore, for a known cell concentration, jc„, the amount of C-source needed to 
sustain cell growth rate equal to ja can be calculated from equation 2.3 for manual
control of a fed batch fermentation. Typical values for // and Y were 0.14 h'* and 0.25
g dcw/g C-source (British Biotechnology Ltd.) These values were fed to the software 
program used for computer control of glucose during the fed batch fermentation 
described in this section.

2.2.4 Fermentation Sampling

Samples of culture (10 ml approximately) were taken hourly during the 
fermentation. Aliquots were diluted with deionised water to give an OD^qo in the 
range 0.1-0.6. The optical density (600 nm) was determined in duplicate against 
deionised water and the results were averaged. All spectrophotometric measurements 
were made using a Beckman DU®-64 Spectrophotometer (Beckman Ltd., Bucks, 
U.K.).

Dry cell weight was also determined for each of the samples by pipetting 1 ml 
of sample into an eppendorf tube and spinning in a microcentrifuge (Beckman 
Microfuge 11) at 1 ISOOxg for 10 min. The pellet was resuspended in phosphate buffer 
(0.1 M KH2 PO4 , pH 7.2) and the suspension was spun again in the microcentrifuge 
(Beckman Microfuge 11). The pellet was dried in an oven at 100®C until constant 
weight. The relationship between dry cell weight {dew) and optical density {ODm) 
was:

ODgoo = 0.3 ±0.03* dew 2.4
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2.2.5 Fermentation Harvesting

Cells from the fermentation broth were recovered by centrifugation in a AS26 
tubular bowl centrifuge (Pennwalt Ltd., Surrey, U.K.). The bowl volume was 6  1 and 
the centrifuge speed 19000xg. The operating mode was batch and the feed flow rate 
approximately 260 1/hr. The cells were recovered as a solid paste with a dry weight of 
25%.

It has to be noted that if fermentation material needed to be stored (i.e. in the 
case that immediate processing is not possible), the recommended procedure would 
be to freeze (-70°C or -20°C) a homogenised suspension, because freezing the cells 
prior to disruption increases the strength of the cell wall and cells become 
approximately 4 times more resistant to breakage, an effect which is independent of 
the time that the cells remain frozen (Milbum and Dunnill, 1994). However, storing 
cell homogenate from a 1 0 0 0  1 fermentation would require a lot of freezing space that 
was unavailable. Therefore, it was decided to freeze the cells before disruption and 
then decide on what disruption conditions were needed to compensate for the 
increased resistance of cells to breakage (see section 2.2.6). Cells were stored in the 
form of a solid paste (25% dry weight) in polyethylene bags (approximately 0.5 kg of 
cell paste in each bag) and stored at -70°C.

2.2.6 Cell Disruption

To produce cell homogenate, sufficient amount of cell paste was defrosted (4®C, 
overnight) and suspended in phosphate buffer (0.1 M KH2 PO4 , pH 7.4). The cell 
suspension was homogenised in the Lab40 high pressure homogeniser (Gaulin 
Micron Lab40 homogeniser, APV Gaulin GmbH, Lubeck, Germany) at 1200 bar 
pressure and 3 passes, unless otherwise stated. After disruption, the pH of the 
homogenate was adjusted to 7.4 with 2 M NaOH.
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2.3 Virus-like Particle Purification Protocol

Purified virus-like particles used in the experiments were either donated by 
British Biotechnology Ltd. (Cowley, U.K.) or purified at UCL by the procedure 
described below. The purification protocol was obtained by British Biotechnology 
Ltd. and was adjusted to the equipment available at UCL.

Frozen cell paste (34 g dry cell weight) was thawed at 4°C overnight and then 
resuspended in Tris-EDTA-NaCl buffer (140 mM NaCl, 1 mM EDT A, 10 mM Tris- 
base, pH 7.2) to a total volume of 320 ml. The cell suspension was homogenised at 
1200 bar, 1 pass* (Gaulin Micron Lab40 homogeniser, APV Gaulin GmbH, Lubeck, 
Germany). The homogenate was centrifuged at 2000xg for 5 min, 4°C (Beckman GS- 
6 R benchtop refrigerated centrifuge, Beckman, Bucks, U.K.). The supernatant was 
centrifuged again at llOOOxg for 20 min, 4°C, (Beckman J2-MI centrifuge, JA-17 
fixed angle rotor, Beckman, Bucks, U.K.).

The supernatant was transferred to 14 ml ultraclear tubes, where it was carefully 
layered on top of a 1 ml sucrose cushion (60% sucrose in Tris-EDTA-NaCl, pH 7.2). 
The tubes were centrifuged in an ultracentrifuge at 200000xg for 1.5 hours and at 
4°C, (Beckman L7 Ultracentrifuge, SW40-Ti swing-out rotor, Beckman, Bucks, 
U.K.) and the supernatant down to the 60% sucrose cushion was discarded. The 
pellets were mixed, pooled in a Falcon tube and 2-3 ml chilled Tris-EDTA-NaCl 
buffer was added to the pooled pellets. Sucrose was removed by dialysing against 1 
litre of Tris-EDTA-NaCl overnight at 4°C.

Sucrose gradients (5-20%) were prepared by pipetting 30 ml of 12.5% sucrose 
in 12 ultraclear tubes and freezing at -70°C for 2-4 hours. Gradients were stored 
overnight at 4°C.

The dialysed suspension was spun (llOOOxg, 20 min, 4°C, Beckman J2-MI 
centrifuge, JA-17 rotor, Beckman, Bucks, U.K.) to remove any aggregated protein. 
From the supernatant 4 ml were loaded onto each of the gradients that were 
previously underlayed with 1 ml 60% sucrose in Tris-EDTA-NaCl and the tubes were

* At the time that this purification procedure was attempted, knowledge of the optimal disruption 

conditions (section 2.2.6) was unavailable, and so only 1 pass (instead of 3 as in section 2.2.6) of the 

cell suspension through the homogeniser at 1200 bar was chosen on the basis that structural damage of 

the VLPs had to be avoided.
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centrifuged (190000xg, 5 hours, 4°C, Beckman L7 Ultracentrifuge, SW40-Ti rotor). 
Supernatant down to the white floccular interface was discarded. Pellets were mixed, 
pooled and sucrose was removed by dialysis against Tris-EDTA-NaCl buffer (1 litre 
of buffer at 4°C, for 12 hours and then two changes of buffer for 1 hour each).

After dialysis, the suspension was centrifuged (1 lOOOxg, 20 min, 4°C, Beckman 
J2-MI centrifuge, JA-17 rotor) and the supernatant was filtered through 1.2 and 0.8 
pm syringe filters. The sample was concentrated to a final volume of 3 ml 
approximately by loading on a Filtron stirred cell unit (Amicon Ltd., Gloucestershire, 
U.K.).

Pre-column suspension was loaded on a HR 10/40 column packed with 
Sephacryl S-IOOOSF (both from Pharmacia Biotech. Ltd., Milton Keynes, U.K.). The 
column was eluted with Tris-EDTA-NaCl (0.26 ml/min, fraction size 8  ml). 12% 
SDS-PAGE gels were run on the chromatography fractions to identify and pool the 
VLP containing fractions.

To concentrate the sample, it was pipetted into a dialysis tubing and solid 
sucrose was sprinkled on top of the tubing. Protein content was determined by the 
Bradford protein assay. The sample was aliquoted and stored at -20®C.

Pure VLP stock solution was donated by British Biotechnology Ltd. with a 
concentration of 0.92 mg/ml (as determined by the Bradford protein assay) in 
phosphate buffered saline (Sigma Chemical Company, Poole, U.K.). The stock 
solution was stored at 0.1 ml aliquots at -70°C.
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2.4 Dynamic Light Scattering Experiment

The principles behind dynamic light scattering are given in section 3.1.1 and a 
schematic representation of the light scattering apparatus is shown in figure 3.1.

For the light scattering experiments the Malvern 4700 particle size analyser 
(Malvern Instruments Ltd., Malvern, Worcester, UK) was used. The laser was a 
Nd:YAG diode-pumped CW laser series 140 (Lightwave Electronics, Elliot Scientific 
Ltd., Hertfordshire, U.K.) with output power of 120 mW and wavelength of 532 nm. 
Initial experiments employed a He-Ne laser (Model Spectra-Physics 124b) of 30 mW 
power and 633 nm wavelength. The majority of the experiments presented in this 
thesis employed the Nd:YAG laser and only the experiments in sections 3.2.1 and
3.2.3.1 were performed with the He-Ne laser.

Monochromatic light emitted by the laser is focused onto the sample cell, which 
is held in a glass vat filled with liquid (see figure 3.1). The beam enters and leaves the 
vat through flat optical quality windows. An attenuator is mounted on the exit 
window to reduce back reflection of the laser. The liquid filling the vat was water. Its 
purpose is to reduce flare at the interfaces between the vat and the sample cell and 
also to couple the sample thermally to the temperature sensor and heating/cooling 
elements that keep the vat contents to within 0 .1  of the temperature set on the 
temperature controller. A filter/pump was used to filter the water in the vat so that 
dust particles would not contaminate the signal from the sample.

The sample is held in a cell made of quartz. Light scattered by the sample is 
collected by an optical system (Pusey optics) and sensed by a photomultiplier, which 
is sensitive enough to count individual photons. The amount of the scattered light 
detected can be controlled by the aperture selector between the optics and the 
detector. The photomultiplier is mounted on an arm which can be controlled by the 
stepper motor controller which is connected in turn to the computer. Any scattering 
angle from 10°C to 150°C can be set from the computer software. The scattering 
angle is defined as the angle between the beam after it has passed through the sample 
and the light which is detected. The digital signal coming from the photomultiplier is 
processed by the correlator and then passed to the computer for final analysis and 
display.

The result of the light scattering experiment is given as a size distribution based 
on the intensity of the light scattered by particulates in each size class. The software
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has the ability to convert this intensity based measurement to size distribution based 
on the weight {volume) of particles in each size class or size distribution based on the 
number of particles in each size class.

The experimental procedure for each sample analysed by DLS was as follows: 
Five consecutive measurements on the same sample with a light scattering data 
collection time of 100 sec were taken. After analysis of the light scattering signal, the 
size distributions corresponding to each measurement were exported to a spreadsheet 
(Origin^^) as ASCII data with a program that was written to operate within the DLS 
software (Appendix B.l). Within the spreadsheet, each size distribution was 
converted to a histogram, the five histograms were averaged and the error bars were 
set equal to the standard deviation of the measurements. This averaging procedure 
was performed with a program that was written in LabTalk™ language operating 
within the spreadsheet (Appendix B.2). This procedure was followed for most 
samples analysed, unless otherwise stated. Therefore, for each sample analysed the 
size distribution was represented as the average of five repeats on the same sample. 
The mean diameter of a peak in a histogram was given by the formula:

It has to be noted that using the f-distribution for five measurements (degrees of 
freedom=4), the error bars being equal to the standard deviation from the mean value 
represented a 90% confidence that the measured parameter was within the range 
specified by these error bars (Mann, 1995).

Finally, for solutions of viscosity other than water (e.g. polyethylene glycol 
containing samples), the relevant value had to be fed into the light scattering software, 
to account for the altered Brownian motion of the particles in determining the size 
distribution from scattering data. Section 2.8.1 describes the procedure followed for 
evaluating the viscosity of such solutions.
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2.5 Optical Biosensor Experiment

The theoretical background for the Fisons Applied Sensor Technology (FAST, 
Bar Hill, Cambridge, U.K.) lAsys optical biosensor is given in chapter 4 (section 
4.1.3) and a schematic representation of the biosensor arrangement is shown in figure 
4.2.

A sensor experiment described below illustrates the procedure of chemical 
immobilisation of protein to the surface and the subsequent binding of analyte, with 
respect to figure 2.1 (from Davies et a l, 1994) which shows a typical sensor trace 
recorded from the biosensor.

Immobilisation o f Lisand and Bindins o f Lisate on Carhoxvmethvl Dextran
Coated Surface

The sensing surface of the biosensor is coated with a hydrophilic polymer, 
carboxymethyl dextran {CMD) which provides a greater surface area upon which 
material can be immobilised and prolongs the viability of the antibody that might be 
denatured by direct adsorption on the sensor surface. Figure 2.2 shows a schematic 
representation of the interactions between the CMD surface and the protein to be 
immobilised.

All solutions were made using ultra high purity water (RO water polished by 
Elgastat UHP, Elga Ltd. High Wycombe, U.K.). PBS/T buffer was prepared by 
dissolving one PBS tablet per 200 ml and adding 0.05% v/v Surfact-Amps®20.

As shown in the recorded trace of figure 2.1, the initial baseline, established 
with PBS/T, was followed by activation of the carboxymethyl groups on the dextran 
with a mixture of 0.4 M EDC (1-ethyl-3-[3-(dimethylamino)propyl carbodiimide) and
0.1 M NHS (N-hydroxy-succinimide) for 8  min (figure 2.2). As this mixture has a 
higher refractive index than the buffer that was replaced, the addition of the activation 
mix appears as an abrupt increase in the recorded resonance (figure 2.1). The cuvette 
was rinsed and loaded with 10 mM sodium acetate buffer (pH 4.5).

Immobilisation of the antibody involved injection of the antibody solution at an 
appropriate concentration in acetate buffer, giving rise to an exponential interaction 
curve while the protein undergoes covalent coupling to the activated carboxymethyl 
groups on the dextran. After immobilisation, electrostatically entrapped protein was 
eluted and residual NHS esters were deactivated by a 2 min exposure to 1 M
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ethanolamine (pH 8.5). A regeneration step was then applied (e.g. 10 mM HCl for 10 
min) so that the surface could be comparable to that when later binding/regeneration 
cycles are performed. By returning to coupling buffer (PBS/T) the amount of protein 
immobilised can be assessed from the difference in positions between the pre- and 
post-immobilisation baselines. A calibration (Davies et a l, 1994) showed that 1000 
arc sec is equivalent to a protein surface concentration of approximately 6.25 ng/mm^.

Following immobilisation of the capture protein (the ligand), the analyte was 
injected and left to interact with the ligand. From the association curve, the kinetics of 
binding and the amount of material bound can be established. Replacement of analyte 
solution with buffer indicated the dissociation characteristics of the ligand-ligate 
interaction. Finally, the addition of acid (10 mM HCl) eluted any bound analyte so 
that the surface could be prepared for the next association event.

After repeated elution events, the sensor surface may change due to the 
immobilised ligand being stripped off. Such an effect would be exhibited as a lower 
response for the same concentration of analyte binding on the sensor surface, and so 
repeats of analyte measurement would show a response declining with time. Surface 
immobilised anti-VLP antibody showed such a loss of surface activity and the 
problem was overcome by using immobilised rabbit antimouse Fc specific (RAM Fc) 
antibody to capture anti-VLP antibody each time a sample was to be assayed (see 
sandwich type assay format described below).

Immobilisation on Aminosilane Surface

Slight changes to the above protocol were applied when the experiment was 
performed on an aminosilane (AS) surface. This type of surface is recommended for 
analysis of large molecular weight protein or cells (molecular weight > 1 0 ^) that are 
too large to permeate the carboxymethyl dextran matrix. Aminosilane modified sensor 
surfaces have no three-dimensional matrix (as the carboxymethylated dextran 
polymer) and therefore large moieties are able to bind well within the evanescent 
field.

Figure 2.3 illustrates the immobilisation chemistry for aminosilane surfaces. 
The bifunctional reagent bis (sulfosuccimimidyl) suberate or BS^ is used to cross link 
the amino groups on the ligand to free amino groups at the sensor surface. BS^ 
provides a long linker arm allowing ligands to retain a high activity since ligand 
epitopes are more accessible to their binding partners.
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All solutions were prepared in phosphate buffer (10 mM KH2 PO4 , pH 7.7). BS^ 
(1 mM) was stored at -20°C in 250 pi aliquots. The frozen solution was stable for 2-3 
months.

The activation stage involved establishing a baseline with phosphate buffer and 
then replacing with 2 0 0  pi of BS^ solution for 1 0  minutes followed by another buffer 
wash.

For the immobilisation stage, the antibody solution was added and left to 
interact with the activated surface. After a buffer wash, the post-immobilisation 
baseline was established. Next, it was necessary to block any remaining sites by 
adding 200 pi BSA solution for 5 minutes followed again by a buffer wash. At this 
point, the phosphate buffer was substituted by PBS/Tween.

The immobilised ligand was available for interaction analysis with analyte, as 
described for the CMD coated surface previously.

Sandwich Assay Format

A sandwich type assay format was used for reproducible monitoring of VLP and 
for avoiding loss of surface activity with time, whereby rabbit antimouse Fc specific 
antibody (abbreviated RAM Fc) was immobilised on either carboxymethyl dextran or 
aminosilane surface and it was used to capture anti-VLP antibody prior to injection of 
analyte solution.

RAM Fc antibody (50 pg/ml for CMD and 260 pg/ml for AS) was immobilised 
on the sensor surface according to the protocols given above. Each binding 
experiment involved anti-VLP antibody (43 pg/ml) interaction with the first antibody, 
PBS/T wash to elute loosely bound molecules and then VLP binding. Finally, anti- 
VLP antibody and VLP molecules were removed by acid wash (10 mM HCl, 2 min) 
before a new antibody-antigen binding cycle could be started.

Analysis o f  Data

For each binding experiment, the interaction profile was exported to a rapid 
analysis program, namely FASTFit™ (Fisons Applied Sensor Technology, 
Cambridge, U.K.) that applied exponential curve fitting algorithms to the binding 
phases from which the rate of binding can be obtained. The calibration curve for each 
type of surface and assay format involved plotting the initial rate of binding against 
analyte concentration.
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2.6 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

This section describes the procedure for protein analysis based on 
electrophoretic migration in a polyacrylamide gel, as well as the procedure for sample 
preparation prior to electrophoresis.

2.6.1 Trichloroacetic Acid Precipitation

Prior to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) samples were treated with trichloroacetic acid (Creighton, 1990). This not 
only concentrates protein in the sample to a concentration detectable by 
electrophoresis, but also cleans up the sample by the removal of salt, before protein 
separation by SDS-PAGE. The general procedure is described here.

1. The sample volume was adjusted to 1 ml with buffer or distilled water in a 1.5 ml 
eppendorf tube. 333 pi of 100% TCA were added to give a final concentration of 
25% TCA. Each sample was mixed by inversion and incubated at 4®C overnight or 
for a minimum of 2  hours.

2. The precipitated proteins were obtained by centrifugation (Beckman Microfuge 11, 
Beckman Ltd., Bucks, U.K.) at 12700xg for 7 min for small amounts of protein, or 
at 3000xg for 7 min for large amounts (a visible precipitate). The supernatant was 
decanted carefully.

3. Volume of 1 ml of acetone/hydrochloric acid (5 mM) was added to each sample. 
The pellet was broken up by vortexing.

4. The sample was centrifuged and the supernatant decanted as in step 2. Acetone 
(1  ml) was added to the pellet and vortexing, centrifuging as well as décantation of 
supernatant were done again as in step 2 .

5. Each pellet was dried in a speed vacuum dessicator (Savant Speed Vac, SC 100) for 
approximately 15 min. The samples were stored either dry at -20®C or dissolved in 
the appropriate amount of sample buffer to give the desired protein concentration 
for gel analysis.
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Table 2.2: SDS-PAGE Gel Stock Solutions

Sample Bujfer 8  ml solution containing: 0.5 M Tris-HCl, pH 6 . 8  (1.0 ml) 
Stored at -20°C Glycerol (0.8 ml)

10%SDS(1.6 ml)
2-b mercaptoethanol (0.4 ml) 
Bromophenol Blue (0.004 g) 
Deionised water (4.2 ml)

Running Buffer 
pH  8.3, 5x stock

1 1 solution containing: Tris Base (15 g)
Stored at 4^0 Glycine (72 g)

Sodium dodecyl sulphate (5 g)
Fixing Solution 1 1 solution containing Glacial acetic acid (70 ml) 

Stored at room temperature Methanol (400 ml)
Deionised water (530 ml)

Staining Solution 1 1 solution containing Methanol (417 ml)
Stored at room temperature Acetic acid (167 ml)

Coomasie blue G250 (1 g) 
Deionised water (417 ml)

Destaining Solution 1 1 solution containing Methanol (333 ml)
Stored at room temperature Acetic acid (100 ml)

Deionised water (567 ml)

2.6.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS- 
PAGE)

Samvle Preparation

Protein samples were either run untreated or if protein concentrations were low 
they were TCA precipitated first as described in section 2.3.1. The pelleted samples 
were dissolved in sample buffer to give a total protein amount of 1 0 0  pg. 
Unprecipitated samples were mixed 1:1 with sample buffer. Loading volumes were 
estimated to give approximately 10 mg of total protein in each track. Immediately 
before loading, the samples were reduced by boiling them in water for 3 min. They 
were briefly centrifuged to sediment any solid material.
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Table 2,3: Gel Formulations for Discontinuous SDS-PAGE

Gel Solutions Resohing Gel 
72%

Stacking Gel

Acrylamide/bis (ml) (^) 4.00 0.65

1.5 M Tris-HCl pH 8.8 (ml) (b) 2.50 -

0.5 M Tris-HCl pH 6.8 (ml) W - 1.25

10% SDS (ml) (d) 0.10 0.05

10% Ammonium Persulphate (ml) 
(e)

0.05 0.0025

TEMED (ml) (0 0.005 0.005

Deionised Water (ml) 3.35 3.05

Total Volume (ml) 10.005 5.03

W: Acrylamide/bis (30%): 29.2 g acrylamide and 0.8 g N, N bisacrylamide were 
dissolved and brought to 100 ml with deionised water. The solution was stored at 4^C 
in a foil wrapped bottle.

(b), (c), (f): stored at 4°C, W  : stored at room temperature.

(®); 10% ammonium sulphate was prepared freshly with deionised water before 
casting the gel.

(0: TEMED: N, N, N', N', tetramethylethylenediamine.

Polyacrylamide Gel Electrophoresis

Discontinuous sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) was performed as described by Laemmli (1970). A discontinuous gel 
consists of a resolving gel (lower) and a stacking gel (upper). The stacking gel acts to 
concentrate large sample volumes resulting in improved band resolution. 
Polyacrylamide gels are made by polymerising acrylamide in the presence of a cross
linker (N, N' methylene-bisacrylamide). The porosity of the gel is adjusted by either 
varying the total acrylamide concentration, or by altering the monomer to cross linker 
ratio. The proteins to be analysed are denatured by the anionic detergent (SDS) which 
confers on them negative charge. The proteins are reduced by P-mercaptoethanol in



Chavter 2. Materials and Methods___________________________________________ ^

the sample buffer, so that there is no secondary structure to affect the rate of migration 
and separation depends only on protein molecular weight.

Prevaration o f Penaturin2 Gels

Gel electrophoresis was carried out using the Atto Mini Slab kit AE6440 gel 
electrophoresis systems (Genetic Research Instrumentation Ltd., Dunmow, Essex, 
U.K.).

1. A set of glass plates were cleaned with ethanol and assembled by fitting a rubber 
gasket, clamping at either side and standing in an upright position.

2. The resolving gel was prepared according to the formulation in table 2.3 using all 
stock solutions except ammonium persulphate (APS) and TEMED. The solution 
was mixed gently by inversion and filtered through a 0.2 pm syringe filter. The two 
remaining solutions were added and after mixing by inversion, the solution was 
poured immediately with a pasteur pipette into the assembled gel sandwich to fill 
approximately 2/3 of the interplate space. Deionised water was carefully overlaid 
on top to ensure a level gel and to prevent air bubbles forming. The gel was left to 
polymerise for about 40 min. The water was drained off.

3. The stacking gel was prepared according to the formulation in table 2.3 in the same 
manner as the resolving gel. After pouring the gel, a 12-toothed comb was inserted 
between the two plates, in the top of the resolving gel at an angle to prevent 
entrapment of air bubbles.

4. The stacking gel was polymerised after about 30 min and the comb was pulled out 
gently and the wells were washed with deionised water to remove any 
unpolymerised gel fragments.

Loadins and Runnim Gels

The clamps and rubber gasket were removed and the gel was slotted in position 
in the electrophoresis tank. The upper and lower reservoir were filled with running 
buffer as in table 2.2. The prepared samples (5-20 pi) were loaded in the wells with a 
micropipette fitted with gel loading tips (Anachem, Luton, Beds, U.K.). Molecular 
weight markers in the 29-205 KDa (Electran, BDH, Poole U.K.) were reconstituted in 
sample buffer to a concentration of 1 mg/ml and stored in 20 pi aliquots at -20^C. 
They were heat treated and loaded in the same manner as the protein samples. The lid, 
connected to a power unit (Gibco, BRL-400L, Paisley, U.K.) was fitted to the
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electrophoresis box (Atto, GRI Ltd., Dunmow, Essex, U.K.) and a constant current of 
20 mA per gel (400 Volts) was applied until the samples reached the resolving gel and 
then the current was lowered to 15 mA per gel. The running time was 2-3 hours after 
which the bromophenol blue tracking dye had reached the bottom reservoir.

Gel Stainins and Destainins

On completion of electrophoresis, the gel was removed and the stacking gel was 
cut away. The resolving gel was placed in fixing solution and gently shaken for 1 hour 
on a rocking platform (Luckham 4RT, Denley Instrument Ltd., UK) and then staining 
solution overnight. The gel was destained with destaining solution and stored in 20% 
methanol solution.

Gel Documentation

Photographed gels were scanned at 560 nm using Beckman DU70 
spectrophotometer in gel scan mode, fitted with a gel slits accessory. Absorbance 
data, as a function of mm position on the photograph were collected, displayed and 
stored in the instrument. After the scan was complete, the instrument performed peak 
integration to evaluate VLP protein as a percentage of total protein in the sample.
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2.7 Borax Flocculation of Cellular Debris

Treatment of yeast homogenate with borax to flocculate cell wall fragments and 
whole cells was performed essentially as described by Bonnerjea et al. (1988). A 
0.1 M stock solution of borax was prepared in deionised water and the pH was 
adjusted to 7.4 (2 M HCl). The stock solution was stored at 4°C.

Equal volumes of homogenate and borax solution were mixed in eppendorf 
tubes first on a vortex and then on a vibrax shaker for 5 min. The tubes were 
centrifuged in a microcentrifuge (Beckman Microfuge 11, Beckman Ltd., Bucks, 
U.K.) at 3000xg for 5 min. The supernatant was recovered by décantation and was 
vortex mixed before analysis.

2.8 Polyethylene Glycol Precipitation

A 50 % w/v stock solution of polyethylene glycol (PEG molecular weight 6000 
or 8000) was prepared in phosphate buffer (0.1 M KH2 PO4 , pH adjusted to 7.4 with 
2 M NaOH). The stock PEG solution was diluted with phosphate buffer to double the 
final concentration in eppendorf tubes.

Equal volume of clarified homogenate was added to PEG solution so that the 
final concentration of PEG ranged from 0 to 25 % w/v. The samples were vortex 
mixed and placed in a vibrax shaker for 15 min at room temperature. This 
equilibration time was based on continuous PEG precipitation experiments by Lewis 
(1990). The samples were then centrifuged in a microcentrifuge (Beckman Microfuge 
11, Beckman Ltd., Bucks, U.K.) at 12000xg for 5 min. The supernatant was removed 
carefully by pipetting out of the tube.

2.8.1 Viscosity Measurement of Polyethylene Glycol Solution

The measuring principle of dynamic light scattering (section 3.1.1.1) indicates 
that the viscosity of the measured sample affects the Brownian motion of the 
suspended particles, thus altering the fluctuation in the intensity of light scattered by 
the macromolecules which is the basis of the light scattering measurement. Therefore,
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when analysing PEG containing samples, the different viscosity of PEG compared to 
the one of water had to be taken into consideration. This section describes how the 
viscosity of 0-25 % w/v PEG solutions was measured.

The rheometer used was a Rheomat 115 rotational viscometer (Contraves AG, 
Zurich, Switzerland) with a plug in 7/7 module operating system and a concentric 
cylinder (MS-0/115) measuring unit with quick release coupling. Measurements were 
made at room temperature.

Solutions of PEG (0-25 % w/v) were prepared. The cup was filled with 
approximately 20 ml of solution and the cylinder bob put in place. Torque readings 
were recorded both in ascending and descending rotational increment step order and 
averaged. The readings were multiplied by 65.63 (value given by manufacturer) to get 
the shear stress (mPa). The shear rate corresponding to each rotational speed of the 
cylinder was supplied by the manufacturer (24.3 to 3680 s" )̂.

The values of shear stress and shear rate were then used to determine the 
viscosity (cpoises) from the slope of shear stress vs. shear rate. This plot is shown in 
Appendix C.l. PEG solutions exhibited Newtonian behaviour, indicated by the 
linearity of the shear stress vs. shear rate plot.
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2.9 Total Protein Estimation

2.9.1 Bradford Protein Assay

Soluble protein was assayed by a dye-binding assay based on the method of 
Bradford (1976). A commercially available dye reagent was used (Bio-Rad 
Laboratories, Herts., U.K.).

A standard curve was determined each time the assay was carried out. Standard 
solutions (0-500 pg/ml) were prepared by serial dilution of a stock solution of bovine 
serum albumin (2 mg/ml) with phosphate buffer (0.1 M KH2 PO4 , pH 7.4). Samples 
were diluted with phosphate buffer so that their concentration would fall within the 
concentration range of the standards.

Protein assay reagent (2.9 ml) was added to 0.1 ml of standard or diluted sample 
in a cuvette, covered with cling film and mixed by inversion. The absorbance at 
595 nm was measured with a spectrophotometer (Beckman DU70 spectrophotometer, 
Bucks, U.K.) after 10 min against a phosphate buffer blank. The protein concentration 
for each sample was determined from the standard curve. Each assay was done four 
times for each sample and the sample standard deviation around the mean value was 
found to be up to 6 %.

2.9.2 BCA Protein Assay

In the samples where sodium dodecyl sulphate (SDS) was present, the total 
soluble protein was determined by the BCA protein assay, as SDS at concentrations 
higher than 0.1% interferes with the Bradford Protein Assay.

The BCA assay is a highly sensitive method for the spectrophotometric 
determination of protein concentration (Smith et a l, 1985), combining the reaction of 
protein with Cu+^ in an alkaline medium (yielding Cu^^) and the detection of Cu+^, 
with bicinchoninic acid (BCA).

Preparation of protein standards with BSA and dilution of samples with 
phosphate buffer was done as described before (section 2.9.1). The protein assay 
reagent (Pierce, Cambridge, U.K.) was prepared by mixing 1 part of reagent B with 
50 parts of reagent A, as suggested by the manufacturer. To 0.1 ml of standard or 
diluted sample, 2 ml of protein assay reagent were added and mixed by inversion. The
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cuvettes containing the mixtures were incubated at 37°C for 30 minutes, allowed to 
cool and the absorbance at 562 nm was determined spectrophotometrically (Beckman 
DU70 spectrophotometer, Beckman Ltd., Bucks, U.K.) against phosphate buffer as 
the blank. The protein concentration for each sample was determined from the 
standard curve. Each assay was done four times for each sample and the sample 
standard deviation around the mean was found to be up to 4%.

2.10 Treatment of solid phase samples before electrophoretic and total
protein analysis

In some experiments the analysis of proteins recovered in the solid phase after 
centrifugation (section 5.2.2) was required. This section gives the details of the pre- 
treatment procedure followed to solubilise protein prior to analysis.

The procedure relies on SDS treatment where SDS, aided by temperature, binds 
to proteins via hydrophobic interactions, causes their unfolding and gives them a 
negative charge thereby leading to solubilisation of the proteins.

Before total protein estimation, the pellet was resuspeded in 1.5 ml of Tris- 
EDTA-SDS buffer (10 mM Tris base, 1 mM EDTA, 1% w/v SDS, pH 8.0) in screw- 
cap eppendorf tubes and mixed on a vibrax shaker for 10 minutes. The samples were 
then put in a boiling water bath for 1 hour. Assuming that all the protein had been 
removed from the solid phase, the supernatant was analysed for total protein by the 
BCA assay (section 2.9.2).

Before SDS-PAGE of protein contained in the solid phase, sufficient amount of 
SDS-containing sample buffer (table 2.3) was added to the sample, each sample was 
vortex mixed, heated in a boiling water bath for 1 0  minutes, vortex mixed and heated 
again for a further 10 minutes. The samples were centrifuged at 12700xg for 2 
minutes (Beckman Microfuge 11), and the supernatant was removed to a new tube 
ready to be analysed by electrophoresis.
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Figure 2.1: A recorded trace from immobilisation of ligand to the activated
carboxymethyl dextran matrix of the optical biosensor followed by binding of ligate 
(Davies et a l, 1994). The stages of the interaction were: PBS/T, establishing the 
baseline with buffer wash; EDC/NHS, activation of carboxyl groups on the dextran; 
PBS/T, pre-immobilisation baseline; immobilisation of ligand on the activated 
surface; deactivation of carboxyl groups with ethanolamine; acid wash to remove 
protein that has not been covalently attached; buffer wash to get the post
immobilisation profile; ligate association with immobilised ligand; dissociation of 
immune complexes by buffer wash.
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Figure 2.2: Immobilisation of protein molecules on carboxymethyl dextran coated
sensor surface. The dextran is activated by the mixture of EDC/NHS, prior to ligand 
coupling. The amino groups on the protein molecules react with the activated 
carboxyl groups on the dextran.
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Figure 2.3: Immobilisation of protein molecules on aminosilane derivatised sensor
surface. BS^ reacts on amino groups on the surface and on the protein molecule to 
link the two species, providing a long linker arm so that the epitopes of binding on the 
ligand will be easily available to the ligate.



Chapter 3

Development of a Dynamic Light Scattering Based Assay for 
the Quantification of Virus-Like Particles

In this chapter the application of laser light scattering in monitoring VLPs in 
yeast cell homogenate will be discussed. In section 3.1 the basic principles behind the 
scattering of light by particles are given, along with an overview of the use of light 
scattering in the analysis of the immunoassay reaction. Experiments aiming to an 
insight into the immunoreaction used to monitor VLPs and to the calibration of the 
light scattering assay are described and discussed in sections 3.2 and 3.3. Some 
concluding remarks are made in section 3.4.

3.1 Light Scattering Immunoassay-Background

Immunoprécipitation techniques have been employed in the measurement of 
specific proteins for many years. Nephelometric and turbidimetric techniques have 
been gradually gaining increasing interest, primarily due to an increased awareness of 
the value of specific protein measurement combined with improvements in 
immunochemical reagents and advances in instrumentation.

Light scattering measurements of the antigen-antibody reaction were performed 
as early as 1938 (Libby, 1938). However it was not until specific antisera became 
available that immunonephelometry became widely used. The work of Ritchie et al. 
(1975) using a continuous-flow system helped to identify the need of the analyst for 
high-affinity antibodies and a means of enhancing the reaction rate. The basic work of 
Savory et al. (1974) on the kinetics of the antigen-antibody reaction was one of the 
first to research for discrete nephelometric systems.

3.1.1 Principles of Light Scattering Theory

The scattering of light by small particles has been the subject of intensive study 
for over 100 years and is well reviewed and documented (Van de Hulst 1957; Kerker 
1969; Huglin 1972; Degiorgio 1983).
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Table 3.1: Light Scattering Properties o f Commonly Assayed 
Biological Particles (from Kusnetz and Mansberg, 1978).

Particle Diameter Scattering Pattern

IgG 20 nm Rayleigh

IgM and small immune 
complexes

35 nm Rayleigh- Debye

a lipoprotein 5-15 nm Rayleigh

b lipoprotein 15-30 nm Rayleigh

chylomicrons 200-450 nm Rayleigh-Debye

E. Coli 500x500 nm Mie

red blood cells 7500 nm Mie

Rayleigh (1871a and b) laid the foundation of light scattering theory from small 
particles. In this context, a particle is characterised as small when its largest 
dimension is less than one-twentieth of the illuminating wavelength, termed Rayleigh 
scatterer. When monochromatic light of intensity Iq and wavelength X falls on a small 
particle, light, being electromagnetic radiation, forces the electron clouds of the 
molecules vrithin the particle to be displaced and oscillate synchronously with the 
electric field of the incident light. The oscillating electron clouds serve as a secondary 
source of emission of radiation, re-radiating the light in all directions in space. This 
re-radiated, or scattered light has the same wavelength as the incident light.

The intensity of scattered light at an angle 6 from the direction of the incident 
light is given by Rayleigh's formula:

3.1

where I q is the intensity of scattered light, I q is the intensity of incident light, r is the 
distance from the particle to the observation position, 6 is the angle of observation of 
scattered light, X is the wavelength of the incident light and a  is the measure of the 
degree to which the electron cloud of a molecule is displaced when acted upon by an 
electric field, termed the molecular polarisability.
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Rayleigh's theory for small particle scattering, as shown in equation 3.1, 
contains two essential features. First, light scattered at any angle is proportional to 
l/A^. Second, the angular distribution of scattered light is symmetrical about 90°, 
since at this angle the cos^^term approaches zero. Therefore equal amounts of light 
are scattered in the forward direction (away from the light source) as in the backward 
direction (toward the light source). The ratio of light scattered forward to light 
scattered backward at any pair of supplementary angles centred on 90° is known as 
the dissymmetry ratio. This ratio is equal to one for small particles. In fluid 
dispersions, the total intensity of scattered light is proportional to the number of 
particles in the dispersion.

If a particle exceeds ÀJ20 in size, the angular scatter distribution pattern will be 
asymmetrical, more light being scattered forward than backward. In general, 
scattering is least at 90° and maximal at forward scatter angles approaching 0°. The 
percentage of light scattered in the forward direction increases with the size of the 
particle, as does the dissymmetry ratio. Such scattering was put on a mathematic basis 
by Rayleigh (1881) and further extended by Debye (1910) and is often known as 
Rayleigh-Debye scattering.

For even larger particles (dimension^ A.) again forward scattering predominates. 
This type of particles are termed Mie scatterers. A comprehensive theory of light- 
scattering for particles of any size, shape and optical properties was developed by Mie 
(1908). Table 3.1 summarises the light scattering properties of several molecules and 
particles.

Properties o f lasers: The unique properties of the laser as a light source have 
aided implementation of light scattering. The laser has the ability to emit 
monochromatic light that can range from X-ray to microwave through the ultra-violet, 
visible and infra-red regions of the electromagnetic spectrum. The highly collimated 
beam of the laser has permitted the measurement of light scattered at forward scatter 
angles much closer to 0° than could be measured vrith conventional angles (Price et 
a l, 1983). They provide a high energy source of light over a small area, thus 
minimising stray light. The light output can be continuous or pulsed, with output 
power ranging from microwatts to megawatts or even more. On the other hand, 
reasonably priced lasers are not tuneable and so the wavelength is fixed. Furthermore, 
the light emitted is highly polarised, giving rise to different optimum scatter angles for 
varying sized particles, thus making lasers difficult to use for kinetic measurements.
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where immune complexes are rapidly increasing in size during the assay period (Price 
et a l, 1983).

There are a large number of techniques that utilise light scattering as a sensing 
or analysis method. Such methods may be conveniently divided into two areas:
(i) static light scattering in which the magnitude of scattering is observed directly and
(ii) dynamic light scattering where one observes the timescale of intensity 
fluctuations, which is not dependent on the absolute or relative magnitudes of 
intensity. This research work was based on the use of dynamic light scattering and so 
this method is discussed in the following section.

3.1.1.1 Dynamic Lisht Scatterins

When particles are suspended in a medium they will move under Brownian 
motion and, when illuminated appropriately, the various elemental scatterings from 
each particle will add to some resultant intensity dependent on the phases of the 
superposing waves. As the particles move randomly under Brownian motion, the 
observed intensity at a distance fluctuates with time; the time scale of the intensity 
fluctuations carries information about the particles' size and the overall size 
distribution. This is the basis of dynamic light scattering or DLS. Examination of the 
timescales of intensity fluctuations is performed by electronic signal processors and 
appropriate computer software to yield particle size distribution. Usually the signal 
processor is a photon correlator and then the technique is referred to as photon 
correlation spectroscopy or PCS.

Dynamic light scattering is now a well developed and widely used research 
technique in which light from a continuous, visible laser beam is directed through a 
mixture of macromolecules (or particles) in suspension and moving under Brownian 
motion as shown in figure 3.1. The laser light scattered by the macromolecules is 
collected by a lens and directed to a detector which generates a series of electrical 
pulses, one for the detection of each scattered photon. The light intensity fluctuates on 
a time-scale which is related to the time taken for a particle to diffuse a distance 
comparable with the light wavelength which in turn is related to the hydrodynamic 
radius of the particle.
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The electrical output signal from the photo-detector is analysed in a digital 
signal processor, known as a photon correlator because each detected photon is 
processed to form an autocorrelation function of the scattered light intensity 
fluctuations. The correlator computes averages of the signal compared (multiplied) 
with itself at different delay times to yield the autocorrelation function of the signal. 
The result is a multi-exponentially decaying function of time. The time over which the 
decays occur (the decay time) is related to the size of the macromolecules or particles 
that scattered the laser-light. By examining the shape of the decaying function in 
detail, a particle size distribution can be constructed.

Avoiding a rigorous mathematical description, one can briefly describe the 
above process in the following manner. For Brownian diffusing spherical 
macromolecules of identical size, the electric field correlation function of the 
scattered light is:

3-2

where is the translational diffusion coefficient of the macromolecules, r  is the 
delayed time, K  is the modulus of the scattering vector, related to the angle of 
observation, and cOq is the angular frequency of the incident light. When large 
numbers of scatterers are illuminated, then the measured intensity autocorrelation 
function can be shown to be:

'  + 3.3g " ’(r) = l + Bg<’>(z-)

which is an exponentially decaying function. But Df is related to the particles size by 
the Stokes-Einstein equation:

D , = J ^  3.4
67tt]R̂

where k is Boltzmann's constant, T is the temperature, rj is the viscosity and is the 
hydrodynamic radius of the macromolecules. Thus, can be estimated from the 
autocorrelation function.

Most particulate systems are polydisperse and thus ( r)| is the sum of many

differing exponential decays that carry information about the size distribution of the 
dispersed particles. Further details and the rigorous mathematical background behind 
signal processing to yield the sample size distribution can be found in Cummins and 
Pike (1974), Eamshaw and Steer (1983), Dahneke (1983) and Pecora (1985).
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DLS has been applied successfully to many problems of concern to the 
biotechnologist; for example measurement of proteins, enzymes, micelles, 
conformational changes, gels and polymers. Typically, this technique operates 
successfully with particle sizes of the order of a few nm to a few jjm and 1 0 ^-1 0  ̂
particles/ml. For a purified VLP solution, concentration as low as 2 pig/ml of VLP 
particles could be detected with the Nd: YAG laser system described in section 2.4.

3.1.2 Antigen-Antibody Reactions Studied by Light Scattering

The use of the light scattering technique for the study of the interactions 
between antigen and antibodies is reviewed here, with the intention to highlight the 
specific requirements that the light scattering technique must meet for such 
applications.

3.1.2.1 The Immunoprecipitin Reaction

The combination of antigen and antibody is a reversible reaction which results 
in the formation of immune complexes. The reaction kinetics are complicated, due to 
the fact that a protein possesses many antigenic determinants and an antiserum may 
represent a heterogeneity of antibodies, as well as to the existing variation in the 
degree of reactivity between antigenic sites and antibodies (Price et a l,  1983). Of 
particular interest is the fact that a protein acts as a polyvalent antigen and will react 
with its antibodies to yield a precipitated complex. This represents the 
immunoprecipitin reaction. The amount of precipitate is dependent on the ratio of 
antibody to antigen concentration. The general form of the immunoprecipitin reaction 
is shown in figure 1 .2 .

There are thought to be at least two distinct stages to this reaction (Price et a l , 
1983). The first stage is a primary reaction involving binding of antigen to antibody. 
The antigen is regarded as being polyvalent while most people regard the antibody as 
being bivalent. The second stage of the reaction involves the formation of the 
aggregate and is the portion of the reaction that can be observed by the formation of 
the precipitate. Some authors regard this phase of the reaction as being in two stages, 
involving first lattice formation, followed by aggregation to form a precipitate. The
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shape of the immunoprecipitin curve, antibody titre and avidity play a major part in 
the design of analytical systems for the quantitation of specific proteins by 
immunoprécipitation. Equivalence is regarded as the point where maximum 
immunoprecipitate is observed.

The major determining factor in the primary reaction between antigen and 
antibody is the mole ratio of antigen to antibody. The pH and ionic strength of the 
reaction environment have a limited effect on the primary reaction, although the 
nature of the ionic species can have a marked effect.

In the zone of antibody excess, complexes are of constant size and their number 
is proportional to the antigen concentration (Whicher and Blow, 1980). Primary 
interaction gives rise to simple, soluble, binary  ̂antibody antigen complexes, which, in 
the presence of adequate free antibody, form a stable lattice, resulting in the 
production of large complexes. In time, aggregation of these complexes occurs, giving 
rise to a visible precipitate (Whicher and Blow, 1980). In the antigen excess zone, 
complexes are solubilised by free antigen, they become smaller and consequently 
scatter less light. It is thus clear that a certain amount of light scattering may result 
from two possible antigen concentrations. It is therefore essential that all light 
scattering assays utilise the antibody excess zone of the precipitin reaction.

The measurement of scatter is best performed in dilute solutions, where 
absorption and reflection is minimal. Under these conditions the relationship between 
the concentration of scattering particles and the amount of light scattered is almost 
linear over a wide range of concentration (Kusnetz and Mansberg, 1978). These 
conditions are easy to achieve in immunochemical assays as low concentrations of 
antigen can be obtained by dilution.

3.1.2.2 Parameters Affectins Lisht Scatterins Immunoassay

The main factors to be considered when establishing a light scattering 
immunoassay (Whicher and Blow, 1980) are the correct antigen-antibody ratio, the 
assay sensitivity and range, the time course of the reaction, the need for polymer 
enhancement, the suitability of the antiserum and the economy of antiserum 
consumption.
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For a particular antigen, the shape of the immunoprecipitin curve varies 
considerably depending on the type of antibody, its animal of origin and whether 
polymer enhancement is used. It is essential for the antigen-antibody ratio to be on the 
antibody excess side of the curve, as far as reasonably possible from the equivalence 
point. To establish the correct antigen-antibody ratio, a series of immunoprecipitin 
curves can be produced for a wide range of antigen dilutions at different antibody 
concentrations. It is noted that small proteins tend to go into antigen excess more 
readily than larger proteins (Whicher and Blow, 1980).

The sensitivity of a light scattering immunoassay is limited by the presence of 
inherent light scattering material present in the assayed sample and also to some 
extent by the difficult}  ̂ of completely removing dust and particulate matter from the 
inner surfaces of cuvettes. Increasing the instrument sensitivity may not improve 
assay sensitivity, as the major problem is to resolve small scattering signals due to the 
immune complexes against a high background signal. Amplification results only in an 
increased signal size and does not alter the ratio of background to test scatter (Price et 
a l, 1983).

The time course of the immunoreaction depends on the rate at which antigen- 
antibody complexes are formed. The latter is a function of the titre and affinity of the 
antibody and on the nature of the antigen. It is important to control the incubation 
time precisely, especially if an assay has poor plateau characteristics, otherwise assay 
precision will suffer.

Polyethylene glycol has been used in the assay of serum samples to reduce the 
solubility of proteins by exclusion of water and thus to enhance the rate of the 
immunoprecipitin reaction and the sensitivity of the reaction (Hellsing, 1978). PEG 
6000 was found to be the most effective polymer and it has been reported that at 
concentrations of 20-40 g/1, PEG increases the sensitivity or slope of the precipitin 
curve when in antibody excess, as well as reducing the time to reach equilibrium. 
PEG extends the antibody excess side of the immunoprecipitin curve, driving 
equivalence towards higher antigen concentrations (Hellsing et a l, 1977; Hellsing 
1978). On the other hand, by decreasing protein solubility, PEG increases sample 
blanks due to increasing inherent light scattering material. Ways to overcome the 
problem is to measure blanks in polymer containing buffer, remove precipitable 
proteins before the assay, or use high sample dilutions.
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Antiserum characteristics are important in the assay performance. The titre 
dictates the dilution of antiserum to be used, and the affinity defines the speed of 
reaction and the slope of the reference curve. The use of monoclonal antibodies 
against specific antigens has a potential to improve greatly the accuracy of 
immunochemical methods, as the system recognises only one antigenic determinant 
of a polyvalent antigen. The density of the antigenic determinant affects the sensitivity 
of the method. The presence of a single bivalent antibody against a single antigenic 
determinant reduces the possibility of lattice formation with polyvalent antigens.

Finally, the reproducibility of reagents is another aspect for the successful 
application of immunoprécipitation techniques. Especially if the assay is to be used in 
a process environment, calibration may be necessary for each analytical run and it 
should be demonstrated what degree of reproducibility exists in terms of the 
calibration curve parameters.

3.1.2.3 Lisht Scatterins Immunoassay Applications

Most of light scattering immunoassays reported have been performed in serum 
samples or purified proteins. The possibility of enhancing the sensitivity of light 
scattering detection systems to enable lower concentrations of protein and small 
molecular weight haptens to be measured has been investigated.

In the case of low molecular weight haptens, the antibody-hapten complexes are 
not of sufficient size to be detected. A modified technique is used where the 
molecular size of the hapten-antibody is increased, by coupling the hapten to latex 
particles (Grange et a l, 1977; Marchand et a l, 1992; Borque et a l, 1992).

Cohen and Benedek (1976) have measured agglutination of antigen coated latex 
spheres when antibody was added to the particle suspension by measuring changes in 
diffusion coefficient with laser light scattering. DLS has been shown to offer a 100- 
fold increase in sensitivity compared to conventional assays. The same principle of 
the latex immunoassay has been used in the inhibition mode (von Schulthess et a l, 
19766), where antigen is measured by the blocking effect on antibodies which act as 
the agglutinator for latex particles coated with antigen. A 1000-fold increase in 
sensitivity is reported with this method. It compares in sensitivity with 
radioimmunoassay but uses no radiochemicals and can be performed rapidly with no
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prior separation of bound and unbound antigen with volumes as low as 1 pi (von 
Schulthess et a l, 1976a and 19766).

Another approach that has been used by Cambiaso et al. (1977) is to measure 
the agglutination of latex particles coated with antibody or antigen using particle 
counting techniques, with instruments that were designed for counting red blood cells. 
The principle is the reduction of the total number of particles when they are 
agglutinated.

Sittampalam and Wilson (1984) have demonstrated the possibility to monitor 
the growth of immunoprecipitate with time and successfully used the rate of change 
of scatter intensity to establish the amount of reactive antigen in an assayed sample. 
Savory et al (1974) have used stopped flow nephelometry to study the rate of IgG- 
anti IgG complexe formation paving the way for discrete nephelometric systems.
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3.2 Results

In this section, the experiments leading to the development of a laser light 
scattering assay for monitoring virus-like particles in clarified yeast cell homogenate 
are presented.

It is worth mentioning that the term untransformed homogenate used here refers 
to homogenate of cells not expressing VLPs, whereas the transformed cell line has 
been genetically altered to produce the particles (sections 1.1.2.1, 2.1.2 and figure 
1 . 1 ).

The light scattering experiments were performed as described in section 2.4.

3.2.1 Interaction of VLPs with IgA and IgG Type Antibodies

The objective here was to identify the type of interaction in the immunoreaction 
between VLPs and anti-VLP antibodies of IgA or IgG type using dynamic light 
scattering. Towards this goal, samples of increasing amounts of antibody and fixed 
amount of VLPs were analysed.

Expérimentation: VLP (0.84 mg/ml) and IgA antibody (0.6 mg/ml) solutions 
were thawed to room temperature before use. 20 pi aliquots of the VLP solution were 
diluted with 130 pi of deionised water filtered through a 0.2 pm filter. 0-56 pi of 
antibody were added into the diluted VLP solutions. Each antibody-VLP solution was 
pipetted into a 200 pi volume flow cell (Hellma England Ltd.) and was placed in the 
cell holder of the DLS instrument. The temperature was 20.1°C and the data 
collection time was 100 s. Scattering of the laser light by the sample was measured at 
a 90° angle and converted by the computer software to size distributions based on 
intensity, weight and number of particles present in the sample. For each sample, five 
measurements were taken, the size distributions were converted to a histogram so that 
they could be averaged. This procedure is described in section 2.4.

For the IgG type anti-VLP antibody, the quantities of VLPs and antibody added 
were chosen to give the same VLP to antibody ratio as for the experiment with the 
IgA. 200 pi of VLP solution (0.1 mg/ml) were pipetted in a cylindrical flow cell and 
antibody solution (1.3 mg/ml) was added in 5.5 pi additions. Rather than measuring a
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new sample for each level of antibody added, here a light scattering measurement was 
performed after each addition of antibody to the same sample of VLP. The light 
scattering experiment parameters were the same as for the IgA antibody and data were 
processed similarly.

Results: The result of the light scattering measurement was expressed as size 
distribution based on weight of particles present in each size class, so that the mass 
change brought to VLPs by the interaction with the antibodies would be best 
illustrated. Therefore, figures 3.2 and 3.3 show the weight-based size distributions for 
four different particle to antibody ratios for the IgA and the IgG antibody respectively.

These two figures gave evidence of a different type of interaction beween VLPs 
and each type of antibody. The IgA antibody led to a second peak appearing that 
corresponded to particles of a larger size forming. As the antibody dosing was 
increased, this peak became a larger part of the population, while mean diameter for 
both peaks increased. These observations suggested that the addition of the IgA 
antibody led to two forms of interaction, where some antibody molecules coated the 
VLP surface while others caused particles to cross link and form larger immune 
complexes.

The addition of IgG antibody led to a definite increase in VLP size that reached 
a saturation point, after which the diameter of the immunocomplexes remained 
constant (figure 3.3). There was no indication of two population of particles being 
formed and so it was proposed that this type of antibody only coated the particle 
surface.

3.2.2 Sizing Antibody of IgA and IgG Type

In an attempt to select the type of antibody most suitable to the purposes of the 
light scattering immunoassay, the light scattering properties of the IgA and IgG anti- 
VLP antibodies were established. Pure IgA and IgG type antibody solutions were 
sized by DLS, taking care to have approximately the same concentrations of antibody 
in the two assayed solutions so that the light scattering results could be comparable.

Expérimentation: For the IgA type antibody 100 pi of sample (0.5 mg/ml) were 
diluted with 100 pi phosphate buffer (O.IM KH2 PO4 , pH 7.0, filtered through 0.2 pm 
filter) and the sample was analysed in the small volume flow cell (capacity = 2 0 0  pi).
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The final concentration was 0.25 mg/ml. One measurement of 316 s duration was 
performed.

For the IgG antibody 60 pi of sample (1.74 mg/ml) were diluted with 470 pi of 
phosphate buffer. The final concentration was 0.2 mg/ml. One measurement of 900 s 
duration was followed at an angle of 90° and temperature of 20± 1.5°C. Because the 
IgG antibody scattered light much less (0.9 Kcps compared to 50.6 Kcps for about the 
same concentration of IgA) the data colection time was increased so that a reliable 
size measurement could be returned.

Results: Figures 3.4 and 3.5 show the size distributions for the IgA and IgG type 
antibodies respectively.

The sizing measurement for the IgA type antibody showed two populations of 
molecules, having a mean diameter of 62.4 nm and 239 nm respectively. The IgG 
antibody showed a typical monodisperse distribution indicating a mean diameter of
14.7 nm. For similar concentrations of antibody sample, the average intensity of light 
scattered was 50.6 KCps (kilocounts per sec) for the IgA and 0.9 KCps for the IgG.

Based on these results, the IgG type anti-VLP antibody was chosen for the light 
scattering immunoassay, since only its interaction with the particles would be detected 
and the unassociated antibody molecules would remain outside the analysis range and 
would not contribute to the light scattering signal.

3.2.3 Calibration of Assay for Quantification of Virus-Like Particles in Clarified
Yeast Cell Homogenate

The next stage aimed to the quantification of VLPs in clarified transformed 
yeast cell homogenate. The basis of the light scattering assay was the use of 
antibodies to recognize VLPs selectively, and facilitate VLP detection and 
discrimination from contaminant particles (mainly cell debris) in yeast homogenate. 
DLS was employed to relate the signal change due to the antibody-VLP 
immunoreaction to VLP concentration in the sample.

The preliminary experiment described in section 3.2.3.1 involved the use of IgA 
antibody. As mentioned in section 3.2.2, experiments showed that the most 
appropriate antibody for the purposes of the light scattering immunoassay would be
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the IgG, so later work presented in sections 3.2.3.2 and 3.2.3.3 involved the use of 
IgG type anti-VLP antibody.

3.2.3.1 Clarified Homosenate Dilution Series

This was a preliminary experiment to investigate whether the addition of anti- 
VLP antibody in a sample of transformed yeast homogenate would result in a size 
change detectable by DLS due the antibody binding on the particles. It involved 
assaying samples of a fixed concentration of antibody added to a variable 
concentration of transformed homogenate.

Expérimentation: Yeast cell homogenate (62.5 gdcw/1) was prepared as 
described in section 2.2.6. Sufficient amount of yeast cell homogenate was defrosted 
and was spun at 12000xg for 5 min in a microcentrifuge to remove whole cells and 
large cell wall fragments. IgA anti-VLP antibody aliquots were thawed from -70®C to 
room temperature before use.

Homogenate supernatant was diluted with phosphate buffer (O.IM KH2PO4, pH 
7.0, filtered through 0.2 pm filter) to create dilutions from 0.01 to 1 (homogenate 
volume before/after dilution). 200 pi homogenate of appropriate dilution was sized 
before and after the addition of 20 pi IgA anti-VLP antibody (0.6 mg/ml). The mean 
size for each sample was the average of five measurements. Size change due to 
antibody binding was evaluated by subtracting the average mean size after antibody 
addition from the equivalent parameter for the sample after antibody addition. The 
scattering angle was 90°, the sample time 10 ps, the temperature 20°C.

Results: Figure 3.6 shows the change in size evaluated by DLS due to the 
binding of antibodies to the particles.

This result showed a dependence of size increase measured by DLS to the 
concentration of homogenate in the sample analysed (Tsoka et a l, 1995), giving 
positive indication that further experiments could link the size change due to the 
specific recognition of VLPs from antibodies with the concentration of VLP, so that 
the analyte could be monitored against a background of contaminant cell debris 
particles in homogenate.
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3.2.3.2 Sizin2 Varvin2  Amounts o f Purified Virus-like Particles with a Fixed Amount 
o f Antibody

To investigate the effect of the VLP-antibody reaction on the light scattering 
signal, varying amounts of pure VLPs were assayed by DLS before and after the 
addition of the same amount of IgG antibody, in the absence of contaminating 
substances.

Expérimentation: 2.5 to 30 pi of VLP (0.92 mg/ml) were diluted with phosphate 
buffer (O.IM KH2 PO4 , pH 7.0, filtered through 0.2 pm filter) to a final volume of 
500 pi, so that the final VLP concentration in the sample ranged from 4.6 to 55.2 
pg/ml. Each sample was sized before and after the addition of 7 pi of IgG anti-VLP 
antibody (1.74 mg/ml) as described in section 2.4. The angle was 90° and the 
temperature 20 ± 1.5°C.

Results: For simplicity, only one of the particle size distributions corresponding 
to the 18.4 pg/ml VLP sample is presented graphically here. Figure 3.7 shows the 
intensity and number based size distribution of this sample before the addition of 
antibody . The distribution based on the intensity of light scattered by each size class 
showed the presence of some aggregated VLPs, while the distribution based on the 
number of particles in each size class is given to show that these aggregates formed a 
very small part of the population. The mean size for a VLP molecule was 77 nm as 
both types of distribution indicated.

Figure 3.8 shows the size distribution of the same sample after the addition of 
24 pg/ml of IgG antibody. A size increase was observed which is equal to 32.8 nm 
(approximately double the IgG diameter) suggesting that at this antibody to VLP ratio 
VLP particles were almost fully coated by the antibody molecules.

The size increase for all the analysed samples of VLP (4.6 to 55.2 pg/ml) after 
the addition of the antibody was plotted against the antibody to VLP ratio in each 
sample in figure 3.9 (for antibody to VLP ratio calculation see section 3.3.3). The plot 
resembled the immunoprecipitin curve, clearly indicating the antibody excess, 
equivalence and antigen excess region of the immunoreaction. A maximum size 
increase of 38 nm (approximately double the IgG diameter) indicated monolayer 
coverage of VLPs by the antibody molecules as the interaction mechanism.
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3,23,3 Spikins Purified Virus-Like Particles in Untransformed Homo2enate

The aim here was to generate a calibration method to relate the DLS 
measurement of homogenate samples containing varying amounts of VLPs to VLP 
concentration.

Samples of increasing VLP to particulate contaminant ratio were prepared by 
spiking increasing amount of VLP to a constant volume of untransformed 
homogenate. Each sample was assayed by DLS before and after the addition of a 
fixed amount of antibody. The levels of VLP spiked in untransformed homogenate 
were the same as the ones analysed in the absence of contaminants in the previous 
section.

Expérimentation: Untransformed homogenate (42 gdcw/1) was clarified by 
borax treatment as described in section 2.7. Volume equal to 0-30 |xl of purified VLP 
(0.92 mg/ml) was spiked in 100 pi untransformed cell homogenate and the volume 
was adjusted to 500 pi with phosphate buffer (O.IM KH2 PO4 , pH 7.0, filtered through 
a 0.2 pm filter), so that the final VLP concentration ranged from 4.6 to 55.2 pg/ml as 
shown in table 3.2.

Antibody dosing was based on Brookman et a l (1995) where for 25 pg of 
VLPs, maximum coverage (and so maximum size increase) was observed after the 
addition of 10 pg of IgG antibody.

Each sample was analysed by DLS before and after the addition of 7 pi of 
monoclonal antibody BB2 (IgG type, 1.74 mg/ml). Final antibody concentration in 
each sample was 24 pg/ml. The measurement procedure consisted of five consecutive 
measurements of 100 s duration for each sample. The size distributions corresponding 
to each measurement were converted to a histogram, were averaged and the error bars 
were set equal to the standard deviation of the individual measurements, as described 
in section 2.4. The angle was 90° and the temperature 20± 1.5°C.

SDS-PAGE was carried out for the same samples after dynamic light scattering 
to analyse the soluble protein content of each sample. A 12% polyacrylamide gel was 
used (section 2.6). Samples 1 to 8  (table 3.2) were TCA precipitated after DLS 
analysis. The pelletted sample was resuspended in 100 pi sample buffer of which 
10 pi were loaded on the gel (lanes 3 to 11, figure 3.14).
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Table 3.2: Composition o f Samples in Calibration Experiment for  
Measuring VLPs in Clarified Untransformed Homogenate

untransformed 
homogenate (pi)

VLP spiked

w

phosphate 
buffer (pi)

Final VLP 
conc. (pg/ml)

sample 1 100 0 400 0

sample 2 100 2.5 397.5 4.6

sample 3 100 5 395 9.2

sample 4 100 10 390 18.4

sample 5 100 15 385 27.6

sample 6 100 20 380 36.8

sample 7 100 30 370 55.2

5 of molecular weight marker (high molecular weight standard mixture, 
Sigma) showed a range of molecular weights from 29,000 to 205,000 (lane 1). For a 
VLP marker, 5 of pure VLP solution (0.7 mg/ml) were mixed with 5 pi sample 
buffer and loaded on the gel (lane 2).

Results: The size distributions of the homogenate samples based on the intensity 
of light scattered by each size class of particles before and after the addition of 
antibody are shown in figures 3.10 and 3.11 respectively. The distributions based on 
the number of particles in each size class are given in figures 3.12 and 3,13 (before 
and after antibody respectively).

A photograph of the SDS-PAGE gel is shown in figure 3.14. This gave an 
indication of the soluble protein components for each sample and it was clearly seen 
that the intensity of the VLP band was increasing in comparison to the background of 
contaminant soluble protein. What was also important was that the untransformed 
homogenate analysed (lane 3) showed no trace of p i -381 proving that only the spiked 
VLP existed in the samples analysed by DLS.

The size distributions before the addition of the antibody (figures 3.10 and 3.12) 
clearly showed that the VLP added appeared in the size range below 100 nm. As the 
VLP to cell particulate ratio increased, the first peak of the distribution shifted to
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lower mean diameter values due to the increasing contribution of the VLP particles to 
the light scattering signal.

By comparing the size distributions after the addition of the antibody (figures
3.11 and 3.13) with the ones before antibody addition, it was seen that the lower size 
peak of the distribution increased in mean diameter, an effect which was attributed to 
the increase in size due to antibody binding on VLPs.

Further manipulation of these data to extract quantitative information of the 
immunoreaction and develop a calibration curve for VLP monitoring is presented in 
the discussion (section 3.3.4).
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3.3 Discussion of Results

The results that were presented in section 3.2 are discussed here, with the 
intention to highlight the steps towards understanding the interaction of VLPs with 
the corresponding antibodies, so that the immunoreaction would provide the 
framework for a quantitative assay.

3.3.1 Type of VLP-Antibody Interaction

Figures 3.2 and 3.3 show the weight based size distributions of a fixed amount 
of VLP interacting with increasing amounts of IgA and IgG anti-VLP antibodies 
respectively. The size distribution of a purified VLP sample is illustrated in figure 3.7.

Most workers have reported the size of VLPs to be approximately 60 nm in 
diameter (Youngren et al., 1988; Mellor et a l, 1985c; Adams et a l, 1987a). The 
polydispersity of VLPs, as seen by DLS, seemed to be an intrinsic property of the 
particles. Bums et a l (1992) have studied the size variation of p i -381 VLPs from 
electron micrographs of negatively stained particles and from cryo-electron 
micrographs. Particle radii ranged from 15 to 25 nm and it was proposed that 
polydispersity was an intrinsic feature of VLPs, resulting from an ordered but flexible 
assembly process.

DLS data presented here (figure 3.7) suggested a mean diameter of 
approximately 77 nm for VLP. Holwill (1992) also measured purified VLPs by DLS 
and quoted a mean diameter of 83.1 nm by intensity.

As anti-VLP antibody was added to the VLP solution, rate experiments (result 
not shown) have confirmed that antibody binding to the particles was rapid compared 
to the time required to execute the measurement of each sample (approximately 
10 min). This was in accordance to experiments conducted at the University of 
Manchester (J. Brookman, personal communication). For the IgA antibody, the 
addition of antibody led to the appearance of a second larger peak and the mean size 
values for both the smaller peak and the larger peak increased with antibody addition. 
The two forms of size change suggested two mechanisms of antibody-VLP 
interaction, where the antibody molecules coated the VLP surface and also caused 
particles to cross-link to form agglomerates (Tsoka et a l, 1994).
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For the IgG, the addition of antibody led to a monolayer coverage of the 
particles. There was a smaller size increase compared to the previous type of 
antibody. There was a saturation point reached, as further addition of antibody did not 
result in further VLP size increase.

Brookman et al. (1995) have confirmed the cross-linking capabilities of the IgA 
anti-VLP antibody (named TyG5) by DLS (a large increase in the measured diameter 
at 20® compared to the 90® readings), as well as by electron microscopy. Anti-VLP 
IgG (named BB2) was found to coat the particles increasing their diameter for the 
equivalent of a monolayer coverage, and any cross-linking was absent. Furthermore, 
by establishing the epitope of the immune interaction, they have provided proof of 
antibodies binding on the outer surface of the VLP molecule, which was particularly 
important for their use in the light scattering assay.

3.3.2 Light Scattering Properties of IgA and IgG Type Antibodies with Respect 
to the Choice of Antibody for the Light Scattering Immunoassay for VLPs

In the initial stages of the dynamic light scattering assay development, it was 
suggested that an antibody that would bring about the largest possible size change of 
particles present in the assayed sample, would be the most suitable candidate. On this 
basis, the IgA type anti-VLP antibody was chosen, since its effect of cross-linking 
VLPs at an appropriate concentration would result in a larger light scattering signal 
change, thus facilitating detection of the particles in the presence of contaminants.

With the acquisition of the new, more powerful laser, it was possible to 
establish the light scattering properties of the two antibodies, as described in section
3.2.2 and shovm in figures 3.4 and 3.5.

For the IgA antibody, the intensity and weight based size distributions (figure 
3.4) clearly indicated the existence of two populations of antibody molecules in terms 
of size: one population vsdth a mean size at 62.4 nm and the other at 239 nm. From the 
weight based size distribution, it was calculated that 84.8% of the antibody molecules 
belong in the first, smaller mean size population, and 15.2% to the second, larger size 
population. This agreed well with literature information on the structure of 
immunoglobulins (Klein, 1990) which stated that for IgA more than 80% of serum 
IgA was in monomeric form and the rest was polymeric.
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The polymeric and polyvalent nature of the IgA anti-VLP antibody has been 
noted by J. Brookman (personal communication, also: Brookman et a l, 1995) and 
was based on DLS and electron microscopy experiments. This confirmed the cross- 
linking capabilities of the IgA. The possibility of larger IgA molecules binding on 
VLPs without cross-linking them was not considered a likely effect. As the polymeric 
IgA molecules possessed more than one epitopes for binding on a VLP (polyvalent 
form of antibody molecules), it was highly unlikely that an antibody molecule would 
react with only one of its multiple interaction sites when there were VLP particles 
with free epitopes in the surrounding medium.

For the IgG type anti-VLP antibody, the size distributions in figure 3.5 were 
typical of a monodisperse sample of molecule, with the intensity, weight and number 
based measurements coinciding to a large extent to the same size distribution. The 
mean size of the IgG molecules was 14.7 nm, which agreed well with light scattering 
data that quote 20 nm (Kusnetz and Mansberg, 1978) or even 15 nm (Berry, 1991) as 
the diameter of an IgG molecule. The monomeric and monovalent nature of the IgG 
antibodies also agreed well with the monolayer interaction proposed.

Considering the light scattering efficiency of the antibody molecules, for 
samples of similar concentration the IgA sample scattered light much more, whereas 
the IgG was barely detected. In the light of these observations, it was decided that the 
IgG antibody would be more suitable for the light scattering assay for VLPs. As the 
IgG size and light intensity scattered was much smaller than for the IgA, this meant 
that when the IgG would be added to the assayed sample of VLP, only the antibody 
bound to the particles would be detected as a change in the VLP size. The antibody 
molecules themselves would not contribute to the light scattering signal, especially at 
the level of addition of 7 pi at 1.74 mg/ml (equal to 12.2 pg) that was used in the 
calibration experiment (section 3.2.3.3). Furthermore, the monomeric and monovalent 
nature of the IgG antibody (Brookman et a l, 1995) resulted in a more reproducible 
binding pattern and thus a more reproducible signal change in DLS.

In addition to the above advantages, IgG is the major immunoglobulin in serum 
and can be easily isolated (e.g. ion exchange chromatography; Klein, 1990) meaning 
ease of production and yielding higher titre solutions of the antibody.
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3.3.3 Further Comments On the Interaction of Virus-Like Particles with IgG 
Type Antibody

To confirm the effect of the immune interaction between VLPs and antibodies 
on the light scattering signal, samples of purified VLP were assayed by DLS before 
and after the addition of antibody. All the parameters were the same as for the 
experiment of spiked VLP in untransformed homogenate (sections 3.2.3.3 and 3.3.4), 
except that no cellular contaminants were present.

Calculation o f stoichiometry for the VLP-antibodv interaction

From the light scattering measurement, the mean diameter for a VLP was 
approximately 77 nm (figure 3.7) giving a radius, r, equal to 38.5*10'^ m, so 
assuming that VLP is a spherical molecule the surface area was:

SAyu. =4m-^ =4%[38.5*10-']^ =1.86*10"m^ 3.5

As the epitope of IgG binding to a VLP is on the outside of the particle and because 
each particle is comprised of 300 monomers (Brookman et a l, 1995; Bums et a l, 
1992), there are 300 potential binding sites on a VLP molecule. So the area available 
for binding for an antibody molecule was:

= 3.6
300

Assuming loose cubic packing and a diameter, d ,o f l5  nm, the surface area of the IgG 
antibody was:

S A ,^  = d ^  =[l5*10-’ f  =2.25*10-“ m̂  3.7

As this number is one order of magnitude larger than the area available (equation 3.6), 
it was concluded that antibody binding was sterically hindered. At equivalence all of 
the VLP surface was covered, so for a monolayer coverage of a particle from 
equations 3.5 and 3.7

1.86*10"''
2.25*10-16 80 3.8

antibody molecules correspond to one VLP particle. If the antibody to VLP ratio was 
below 80, this would be the antigen excess zone of the analysis, if it was above this 
figure, one would operate at the antibody excess region.
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Calculation o f the antibody to VLP ratio

To calculate the VLP to antibody ratio, for e.g. 9.2 |ig VLPs (assuming VLP 
molecular weight equal to 14 MDa):

Q 9*10"^
\  =6.57* 10'" moles VLP 3.9

14*10*

and for 12.2 jxg of the antibody (assuming molecular weight equal to 150 KDa):

12.2*10 -6

= 8.13*10 moles antibody 3.10
15*10*

and so the VLP to antibody ratio was:

6 57* 10
—---------^ 124 antibody molecules per VLP particle 3.11
8.13*10'“

indicating the existence of antibody excess.

Plotting the size change of the VLP molecules due to antibody binding against 
the antibody to VLP ratio is shown in figure 3.9. An immunoprecipitin shape curve 
confirmed the validity of the above comments, as maximum size increase 
(equivalence) occured at about 80 antibody molecules per VLP. The size change 
detected agreed with the model of a partially coated particle in the region of antigen 
excess, and the maximum size observed occured in the equivalence area where 
particles were fully coated with antibody. The maximum size increase observed was 
approximately twice the diameter of the IgG antibody molecule, agreeing vdth the 
model of monolayer coverage of the VLP molecule.

3.3.4 Calibration of the Light Scattering Assay for Monitoring VLPs

The underlying principle of the DLS-based immunoassay for VLPs was that if a 
size change was effected by binding antibodies on the VLP surface, this change could 
be detected and would be similar regardless of background. In that case, VLP 
concentration could be evaluated by relating it to the DLS signal change.

To calibrate the assay, purified VLPs in varying amounts were added to a fixed 
amount of clarified (borax treated) untransformed yeast homogenate, thus creating 
samples of increasing VLP to cellular contaminant ratio. All samples were analysed
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by DLS before and after the addition of a fixed amount of antibody. On the diagrams, 
each sample is denoted by its final VLP concentration.

The light scattering measurement is presented in terms of size distribution based 
on the intensity of light scattered by each size class of particulates (figures 3.10 and 
3.11) and size distribution based on the number of particles in each size class (figures 
3.12 and 3.13) for each sample before and after the addition of antibody. As larger 
particles scatter light more and so contribute more in the light scattering signal, the 
two types of distribution presented a difference, which became more significant with 
increasing polydispersity of the measured sample.

Analysis of the light scattering data based on the number measurement showed 
increased variation. This was attributed to the errors introduced by the procedure of 
converting the intensity based distribution to a number based one. Much better 
reproducibility was observed for the intensity based data, since this is based on the 
raw signal and does not suffer from extensive scattering data manipulation. Therefore, 
although the number based distributions are given to highlight the effect of varying 
VLP to contaminant ratio on the size measurement, further data analysis was based on 
the intensity measurements.

On the diagrams related to this section, the dispersion of five measurements 
from the mean was indicated with error bars equal to the standard deviation. Using the 
^-distribution for n=5 (4 degrees of freedom) this represented a 90% confidence that 
the result was in the specified range (Mann, 1995).

Intensity based size distributions before the addition o f antibody

The average size distributions in the form of histograms based on the intensity 
measurement for each sample before the addition of antibody are shown in figure 
3.10. It was observed that the mean size of the distribution decreased with increasing 
amount of VLP spiked. As the size of the VLPs was seen to be at the lower end (70- 
100 nm, figure 3.7) of the homogenate size distribution, increasing the amount of a 
smaller size component resulted in the decreasing mean size. This effect was more 
pronounced in the first peak of the homogenate distribution where the size 
distribution of the VLPs laid.

It was also observed that with increasing amount of VLP spiked, the distribution 
of the first peak became narrower, an effect that was attributed to the narrower size
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distribution of the material added (VLP). As the size distribution of both VLPs and 
antibody-coated VLPs was found to be within the range of the smaller size peak, the 
first peak of the size distributions was considered in our attempt to relate mean size to 
VLP concentration.

To represent these observations graphically, the mean diameter corresponding 
to the first peak of the size distributions was plotted against VLP amount in figure 
3.15. The plot confirmed the above and showed that the mean size decreased with 
increasing VLP to contaminant ratio. Exponential decay model (y  = yQ + A^*e~''^‘') 

was used to fit the data (yo=80.8, Ai=59.1, ti=12.1). After linearisation of the above 
equation, the regression coefficient was found to be R=0.91. At the antigen excess 
region of the plot, the mean size (y-value) tended to a value of 80.8 nm (yo), which 
was approximately the mean diameter of the VLP molecule. This meant that at high 
levels of VLP concentration, the first peak of the homogenate distribution tended to 
coincide with the VLP size distribution.

Intensity based size distributions after the addition o f antibody

The average size distribution in the form of a histogram for the samples after the 
addition of antibody are shown in figure 3.11. The same trend that was observed 
before the addition of the antibody could be seen here. The size distribution was 
shifted to smaller mean sizes as a function of the increasing amount of VLP. This was 
especially true for the first peak of the distribution, which also became tighter and 
tended to acquire the shape and mean size of the VLP distribution.

Again, the mean size of the first peak of the distribution was plotted against 
VLP amount in figure 3.15 and the same effect of mean diameter decreasing with 
increasing VLP concentration was observed. Exponential decay was found to fit the 
data well (yo=89.6, Ai=53.8, ti=16.9) with a correlation coefficient i?=0.96. The curve 
tended to a size value of 89.6 nm in the antigen excess area (yo), which related well to 
the model of a partially antibody-coated particle that is found in the antigen excess 
region of the analysis.

Figure 3.15 provided evidence that the mean size of the first peak of the 
homogenate distribution carried quantitative information for the analyte in each 
sample both before and after the addition of the antibody. It remains to be determined 
whether the antibody provides a significant improvement in the quantification of 
VLPs in terms of sensitivity of detecting changes in VLP concentration.
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Next, several parameters are considered and assessed with respect to their 
efficiency in providing a reliable basis for VLP quantification. The comments made 
intend to show how the light scattering measurement was affected by varying 
concentration of VLP as well as by the antibody binding to analyte.

Mean size chanse due to the antibody bindins on VLPs

The size change due to antibody binding on VLPs was evaluated by subtracting 
the mean size of the first peak before antibody addition from the equivalent value 
after antibody addition. The size difference (Asize) was plotted against amount of 
VLP spiked in figure 3.16. The points on the plot represent the values determined by 
the experiment and the curve was determined by subtracting the exponential decay fit 
curves before and after antibody addition shown in figure 3.15.

It was clearly seen that there was a trend of an immunoprecipitin shaped curve. 
The greater size increase was observed at the equivalence region of the analysis, 
where the particles were fully coated and so the immunocomplexes were larger in size 
(for the information on the immunoprécipitation reaction see section 3.1.2.1 and 
figure 1.2). Comparing figure 3.16 with 3.9 it was seen that even in the absence of 
cellular contaminants, equivalence was detected at the same ratio of antibody to VLP. 
This indicated that the presence of the particulate contaminants did not affect the 
immunoreaction and its detection by light scattering and proved that size change was 
similar regardless of background.

The advantage of Asize as a calibration parameter (compared for example with 
the intensity of light scattered which is mentioned later) is the fact that it is 
independent of the preparation of the VLP containing sample that is monitored, since 
Asize corresponds only to the VLP-antibody interaction and is irrespective of the 
overall light scattering material in the sample. As a result, Asize can be used to 
monitor different preparations of homogenate or homogenate treated to different 
extents in order to remove contaminants.

On the other hand, by comparing figure 3.15 with figure 3.16 it can be seen that 
the scatter of the points around the fit curve in the latter plot was substantially higher 
than the scatter in the individual plots before and after the addition of antibody (figure 
3.15). This effect suggested amplification of errors introduced by the subtraction 
procedure to establish Asize. Therefore, the amplification of errors was a limiting 
factor for the use of Asize vs. amount of VLP as a calibration curve for monitoring 
VLP concentration.



Chapter 3. Development o f a DLS-Based Assay_________________________________ 93

Furthermore, there was also here the problem of distinguishing between the 
antigen excess and the antibody excess parts of the curve that may lead to inaccurate 
quantification. This is especially important in process conditions where previous 
knowledge of the expected VLP concentration may not be available.

The parameter (sizcp-size^)

The parameter sizeg-size^ was also considered, where sizeg was the mean size of 
the first peak of the distribution when no VLP (figure 3.10) was present and size^ is 
the equivalent parameter for each sample considered. Plotting sizeg-size^ against VLP 
amount is shown in figure 3.17. The parameter sizeg-size^ was a measure of how 
much the first peak of the homogenate distribution changed with changing VLP 
concentration in the sample, i.e. showed how sensitive the displacement of the peak 
was to changes in the analyte concentration.

Comparing the parameter sizeg-size^ before and after antibody addition showed 
that for every sample analysed there was a larger displacement of the first peak with 
VLP concentration before the addition of antibody than after itk This suggested that if 
the mean diameter of the first peak in the homogenate size distribution was to be used 
as a calibration parameter, the measurement before the addition of antibody would be 
more sensitive to analyte concentration than the one after the addition of antibody.

The plot of sizeg-sizet before antibody against sizeg-size^ after antibody (figure 
3.18) showed a good correlation of the two parameters with a correlation coefficient 
of 96.9%. This suggested that the observed change in size even before the addition of 
antibody was specific to the VLP concentration change and that it would be possible 
to calibrate the assay without the use of the antibody binding to particles.

Intensity o f lisht scattered at 9(f

Another parameter monitored was the intensity of the light scattered at 90° 
{Iggo) before and after the addition of antibody to the sample which is shown in figure 
3.19.

The plot of Iggo against VLP amount before the addition of antibody increased 
linearly, due to the particulate light scattering material increasing with increasing

* Statistical analysis showed that for a 95% confidence interval, the siieQ-size  ̂ parameter before the 

addition of antibody was significantly higher than the equivalent parameter after the addition of 

antibody.
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amount of VLP spiked. After the addition of antibody, Iggo vs. VLP presented an 
immunoprecipitin-like shape. There was a maximum in light scattered suggesting the 
equivalence region of the analysis, as at this stage the antibody-antigen complexes 
have reached their maximum size and thus scatter light more. This agreed well with 
the immunoprécipitation model (section 3.1.2.1 and 1.2.4, figure 1.2).

The main problem with using Iggo as the monitoring parameter was that the 
intensity of light scattered depended on the overall amount of particulate material in 
the sample. Therefore, a new calibration would be required for each type of VLP 
sample assayed. This problem might be overcome by subtracting the Iggo after 
antibody addition from the Iggo before antibody addition as shown in figure 3.20.

Compared to the individual measurements before and after addition of antibody 
(figure 3.19), this plot had the advantage of being independent of the preparation of 
the VLP containing homogenate, which was a desirable quality for a calibration 
parameter. However, there existed the problem of distinguishing between the antibody 
and antigen excess region of the analysis, as it is also seen with the Asize parameter 
(figure 3.16).

Intensity o f lisht scattered from the particulates below 100 nm

As shown in figure 3.7, analysis of purified VLPs showed that their size 
distribution ranged from 70 nm to 100 nm, while untransformed homogenate showed 
few particulate matter in the 0-100 nm range. It was clear from figure 3.10 that as the 
VLP content in the sample increased, the material present in the size range below 
100 nm increased. Furthermore, as the overall particulate matter increased, so did the 
intensity of light scattered from the sample at 90° {Iggo before antibody, figure 3.19). 
By combining the percent of material below 100 nm (evaluated from the intensity 
based size distribution) with the intensity of light scattered from the sample, the 
intensity of light scattered from the particles below 100 nm could be calculated and 
was characteristic of the amount of VLP present in each sample.

By evaluating the percentage of material in the 0-100 nm size range from the 
histograms (figure 3.10) and multiplying with the intensity of light scattered from the 
sample, the result gave the amount of light scattered by the particulate population 
within the 0 to 100 nm range. As shown in figure 3.21, this was clearly a linear 
function of VLP concentration (linear regression analysis gave a correlation 
coefficient of 99%).
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It is evident from what has been mentioned above, that this calibration basis 
does not take into account any aggregated VLPs that may be present. As shown in 
figure 3.7, analysis of the purified VLP sample showed the existence of some 
aggregated particles. The number based measurement showed that these aggregates 
form a small part of the population, but as they scattered light much more than 
monomeric particles, their presence was more pronounced in the intensity based size 
distribution. Elimination of aggregates (e.g. by gel filtration) and use of a 
monodisperse VLP material for assay calibration would minimise the errors of the 
reference curve.

On the other hand, as aggregation is a result of VLP processing during the 
various purification stages and especially due to the freeze-thaw cycles during storage 
and use of the purified samples, it is not likely to encounter aggregated material when 
monitoring VLPs in the production and early purification stages. Therefore, the fact 
that the assay, as it has been calibrated here, can not detect aggregates (mean size 
larger than 100 nm) is not likely to be a problem.

An advantage of this calibration method was that there was no need of antibody 
addition for the quantification of the particles, although the antibody offered specific 
recognition of the analyte and so provided the certainty that what was measured was 
indeed VLP and not any other particulate material that happened to be in the 0-100 
nm size range. Furthermore, there was no problem of distinguishing between the 
antigen and antibody region of the analysis.

3.3.5 Comparison of DLS-based Assay with Other Methods for Monitoring 
Virus-Like Particles

Rapid monitoring of VLPs during production and purification has been the 
target of considerable research effort, as an alternative to off-line techniques such as 
ELISA, SDS-PAGE and Western Blotting, since it offers distinct advantages on 
process optimisation and control (see section 1.3.1.3 for an indication of the potential 
of several analytical methods to aid rapid protein monitoring during developing a 
protein purification process).

Considering the rapid analyses for VLP monitoring, Milbum (1992) developed 
a reverse phase-HPLC assay for the measurement of the p i -381 protein of 5620 Ty-
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VLPs. The assay was reported to be simple and fast to carry out and was proven to 
have a good quantitative capability. However, it was inferior in terms of sensitivity, as 
it required approximately 10 pg of p i -381 for accurate quantitation, and it was not 
able to cope with a large number of samples. Furthermore, with this assay sample 
preparation prior to analysis required dissociation of the particles, so information on 
the quality of the VLPs in the sample was not possible.

Holwill (1992) used dynamic light scattering to detect VLP in the presence of 
cell debris. The difference in the raw signal (in the form of correlelograms) due to 
homogenate plus a product and homogenate alone was evaluated so that this 
difference would provide a measure of the amount of product present. The problem 
here was that the technique was proven to be suitable only for pure preparations of 
particles, as more than 5% of contaminants prevented quantitation of the analyte.

Significant improvement was achieved with the light scattering assay presented 
in this chapter. The assay was based on the unique particulate properties of VLPs, and 
so monitoring in a high background, multicomponent environment such as partially 
clarified yeast homogenate was achieved. The technique was very sensitive since VLP 
quantities as low as 4.6 pg/ml could be measured (table 1.2 shows typical VLP 
concentrations in process streams) and the use of the antibody established the 
specificity of the assay. The time of analysis was of the order of a few minutes and 
automating the procedure of sampling through to measuring can reduce the time 
required between taking a sample and implementing decisions based on product 
monitoring.

Given the above points and especially due to the ability of monitoring in a high 
background sample, the assay could be applied even in the early stages of downstream 
processing. Cell disruption can be a possible candidate, where a sample preparation 
stage of centrifugation or borax flocculation (see chapter 5) would be the only 
pretreatment required to ensure that larger cellular debris and whole cells do not 
compromise the assay performance.

Monitoring during fermentation could also be attempted. If product 
concentration is low in the fermentation broth, sample preparation can include a 
centrifugation step to concentrate the cells prior to cell disruption to release VLPs. 
Here, a quite lengthy sample preparation can be tolerated, as fermentation is a 
relatively long process where VLP concentration changes slowly.
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Finally, monitoring subsequent stages of VLP purification (e.g. 
chromatographic separation) provides an easier target, as most contaminating 
particulates would have been removed. Employing DLS as the monitoring basis can 
also provide quality information on the integrity of VLPs, as the size distribution 
measured can give an indication of possible aggregation or dissociation of the 
particles.
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3.4 Conclusions

This chapter details efforts towards understanding the immune interaction 
between VLPs and anti-VLP antibody molecules, as well as calibrating the laser light 
scattering immunoassay for VLP monitoring in clarified yeast cell homogenate.

The principle of the light scattering assay was that if a size change would be 
effected by the specific binding of antibodies on the VLPs surface, this change could 
be detected by DLS and related to the concentration of the VLPs in the sample. The 
choice of antibody was based on the rationale that the potential molecule should 
specifically recognise VLPs but should not itself contribute to the light scattered by 
the sample, conditions that were satisfied by the IgG type anti-VLP antibody.

As only particulate contaminants (mainly cell debris) scatter light (soluble 
contaminants do not contribute to the light scattering signal), the challenge faced in 
this chapter was to show the applicability of the DLS assay in monitoring VLPs in 
homogenate. Therefore, a model system of homogenate with varying expression of 
VLPs was created by spiking different levels of analyte to a constant amount of 
contaminating material (borax clarified untransformed yeast homogenate).

Samples of varying VLP to cellular particulate contaminant material ratio were 
analysed by DLS before and after the addition of the anti-VLP antibody. Several 
calibration methods were considered. The amount of light scattered by the 0-100 nm 
population increased linearly with the amount of VLPs spiked and was found to be 
the most reliable calibration method of the light scattering assay of VLPs. The use of 
the antibody was not shown to provide an advantage to the quantification of VLPs in 
terms of the sensitivity of product detection.

The assay was shown to provide a significant improvement over existing 
methods for rapid monitoring of VLPs. It was demonstrated that the assay is fast, 
sensitive and able to monitor VLP in a high background process stream, thus allowing 
monitoring in the early stages of production and purification.
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Figure 3.1: Diagram showing the component parts of the dynamic light scattering
system. The arrows show the flow of information and the direction of the incident and 
scattered signals.

Laser light is directed through the sample which is held in a vat filled with filtered 
water to reduce flare from the interfaces. The light scattered from the sample at an 
angle 0  is collected by a lens and sensed by the detector, which can be adjusted to 
measure the light scattered at any angle from 10 to 150°. For the experiments 
described in this thesis 0  was equal to 90°. The signal is then processed by the 
correlator and the result of the light scattering measurement is displayed on the 
computer in the form of size distribution based on the intensity of light scattered, 
number or weight of particulates in each size class.
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Figure 3.2: Weight-based size distributions for different levels of IgA antibody
added to a pure VLP solution. Analysis involved samples of a fixed amount of VLP 
with varying amounts of antibody added. The antibody to VLP ratio is given on a 
weight basis. Each histogram was the average of five measurements on the same 
sample and the error bars were set equal to the standard deviation of the five 
measurements fi*om the mean value^.

A second peak corresponding to particles of a larger mean diameter gradually 
appeared and the mean diameter corresponding to both peaks increased vrith antibody 
addition. It was proposed that antibody both coated and cross linked the particles (see 
section 3.2.1 and 3.3.1).

^For n=5 (five measurements for each sample and so 4 degrees of freedom), this represented a 90% 

confidence that the result was in that range.
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Figure 3.3: Weight-based size distributions for different levels of IgG antibody
added to a pure VLP solution. Analysis was carried out essentially as for figure 3.2. 
Again, antibody to VLP is represented as a weight ratio.

The plot suggested the absence of cross-linking interactions and it was proposed that 
antibody particles merely coated the VLP surface (see section 3.2.1 and 3.3.1)
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Figure 3.4: Size distributions of IgA type anti-VLP antibody based on intensity of

light scattered ( - □ -  ), weight (“ • “  ) and number ( -A -  ) of light scattering species 
in the sample. One DLS measurement of 316 sec data collection time was followed 
for a 0.25 mg/ml solution of IgA anti-VLP antibody. Two populations of particles 
were seen with mean diameter at 62.4 and 239 nm.
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Figure 3.5: Size distributions of IgG type anti-VLP antibody based on the intensity

of light scattered (“ ■ “ ), weight ( - 0 - )  and number ( -A -  ) of light scattering species 
in the sample. The DLS analysis involved one measurement of 900 s duration and the 
concentration of IgG in the sample was 0.2 mg/ml. The sample presented a 
monodisperse distribution with the three distributions coinciding to a mean diameter 
of 14.7 nm.
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Figure 3.6: Size increase effected by the addition of a fixed amount of IgA
antibody to different dilutions of VLP homogenate. Dilution is represented as the 
volume ratio of homogenate prior to dilution over the volume after dilution (i.e. x=l 
represents no dilution and x=0.2 a 5-fold dilution). Each sample of homogenate 
diluted to different extent was measured five times before and after the addition of a 
fixed amount of IgA anti-VLP antibody (equal to 12 pg) and the average of the five 
measurements was used for calculations.

The mean size after antibody addition to the sample was subtracted from the 
equivalent value before antibody addition to yield Asize. The plot showed dependence 
of size increase on homogenate concentration in the assayed sample.
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Figure 3.7: Intensity (upper plot) and number (lower plot) based size distributions
of a purified VLP sample. Analysis involved five DLS measurements on the VLP 
sample before the addition of antibody and the error bars have been set equal to the 
standard deviation of the individual measurements around the mean. VLP 
concentration in solution was 18.4 pg/ml.

The intensity measurement showed some aggregated particles (larger mean diameter 
peak), while the number based measurement showed that these are a very small 
(negligible) number of the population. Mean diameter of a VLP molecule was 77 nm.
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Figure 3.8: Intensity (upper plot) and number (lower plot) based size distributions
of 18.4 pg/ml of VLP interacting with 24 pg/ml IgG anti-VLP antibody. DLS analysis 
was performed as for the sample before the addition of antibody (figure 3.7).

The antibody caused an increase in mean diameter of the particles equal to 32.8 nm. 
As this size was approximately double the antibody diameter (14.7 nm, figure 3.5) the 
particles were coated fully with antibody molecules.
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Figure 3.9: Size increase of a purified VLP sample due to antibody binding against
the antibody to VLP ratio in the sample. Analysis involved samples of 4.6-55.2 pg/ml 
VLP before and after the addition of 24 pg/ml of antibody as described in figures 3.7 
and 3.8. The VLP size increase was plotted against the antibody to analyte ratio in the 
sample. Calculations to establish AbA^LP are detailed in section 3.3.3. The error bars 
were set equal to the standard deviation which was calculated based on the standard 
deviations of the size measurements before and after the addition of antibody^.

The plot clearly resembled the immunoprecipitin plot indicating the antibody excess, 
equivalence and antigen excess region of the analysis.

 ̂ For calculating the standard deviation of a parameter that is based on the difference between two 

populations, see Mann 1995.
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Figure 3.10; Intensity based size distributions for increasing levels of VLP spiked in 
a constant amount of clarified untransformed yeast homogenate measured before the 
addition of antibody.

VLP ranging from to 0 to 55.2 pg/ml was analysed in a constant cellular contaminant 
background (VLP concentration is indicated as the final concentration in the assayed 
sample). Each sample was analysed five times, the results were averaged and the error 
bars were set equal to the standard deviation of the measurements around the mean.

As the VLP in the sample increased, the lower size peak of the homogenate 
distribution shifted to lower mean diameter.
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Figure 3.11 : Intensity based size distributions for increasing levels of VLP spiked in 
clarified untransformed yeast homogenate measured after the addition of antibody. 
The same samples referred to in figure 3.10 were analysed in the same way after the 
addition of a fixed amount of 24 pg/ml antibody.

Compared to the previous figure, the antibody binding on VLPs caused an increase in 
the mean size of the lower peak of the distribution.
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Figure 3.12: Number based size distributions for different levels of VLP spiked in 
clarified untransformed yeast homogenate before the addition antibody. The samples 
analysed, as well as the analysis followed were the same as for figure 3.10.

The same trend of the first peak of the distribution shifting to lower mean sizes as the 
ratio of VLP to contaminant particles increased was seen. This effect was even more 
pronounced with this type of size distribution (as compared to the intensity based 
measurement), because the effect of larger particles contributing more to the light 
scattering signal was eliminated.
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Figure 3.13: Number based size distributions for different levels of VLP spiked in 
clarified untransformed yeast homogenate after the addition of a fixed amount 
(24 pg/ml) of antibody. The samples analysed and the analysis followed were the 
same as for figure 3.11.

Compared to the previous figure (3.12), the first peak of the distribution was seen to 
increase in diameter due to the antibody binding on VLPs.
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Figure 3.14: SDS-PAGE of samples with varying VLP to contaminant cellular 
protein ratio. The samples have the same composition as the ones analysed by DLS 
(figures 3.10 to 3.13, see also table 3.2 for sample composition). The untransformed 
homogenate (lane 3) did not show presence of any VLP protein and the VLP content 
of the samples was seen to increase with increasing amount of VLP spiked.

Lane 1: molecular weight marker^, lane 2: VLP marker (5pl, 0.7 mg/ml), lane 3: 
untransfbrmed homogenate, lane 4: 4.6 pg/ml spiked in untransfbrmed homogenate, 
lane 5: 9.2 pg/ml VLP spiked, lane 6: 18.4 pg/ml VLP spiked, lane 7: 27.6 pg/ml 
VLP spiked, lane 8: 36.8 pg/ml VLP spiked, lane 9: 55.2 pg/ml VLP spiked.

"^molecular weight o f  markers (from top to bottom o f  gel): 205 KDa, 116 KDa, 97.4 KDa, 66 KDa, 

45 KDa and 29 KDa. p l-381 (VLP monomer protein, lane 2) approximately 55 KDa.
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Figure 3.15: Mean size of the first peak in the homogenate size distribution before 
( - • - )  and after ( -0 - )  the addition of antibody (from figures 3.10 and 3.11 
respectively) plotted against the VLP content.

Samples analysed involved spiking increasing amounts of VLP to constant 
untransfbrmed homogenate, to create samples of increasing VLP to contaminant ratio. 
The error bars were set equal to the standard deviation of five measurement from the 
mean value (90% confidence interval).

The mean diameter of the first peak in the homogenate size distributions decreased 
exponentially^ with VLP spiked indicating that this parameter carried quantitative 
information for the amount of VLP in the sample analysed.

^linearisation o f  the exponential decay equation ( y  = yQ + A ^ * e  ) permitted regression analysis 

that showed the correlation coefficient o f  the fit curve to the data to be equal to 0.97 and 0.96 for the 

data before and after the addition o f  antibody respectively.
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Figure 3.16: Size change observed in the first peak of the homogenate size 

distribution due to antibody binding in samples of increasing VLP to cellular 

contaminant ratio plotted against VLP content.

The points represent the values determined by experiment. The line was determined 

by subtracting the exponential decay fit lines in figure 3.15 and showed how Asize is 

theoretically expected to vary with VLP concentration. Error bars were equal to the 

standard deviation.

The size change followed an immunoprecipitin pattern with increasing analyte and 

agreed well with figure 3.9 where VLPs were analysed in the absence of 

contaminants. There was a high scatter of points around the fit line indicating 

amplification of errors due to the subtraction procedure introduced in the analysis.
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Figure 3.17: Size^ is the mean size of the first peak of the intensity based size 
distribution (from figure 3.10 and 3.11) for 0 VLP spiked in untransfbrmed 
homogenate and size^ is the same parameter for each sample considered. Their 
difference represented the increase of the lower peak mean diameter from the mean 
diameter when no VLP was present in the sample and was plotted against analyte 
concentration in the sample.

samples before the addition of antibody, -O -  samples after the addition of 
antibody.

The plot suggested that size change measured before the addition of the antibody was 
more sensitive to changes in VLP concentration as exhibited by the higher sizeQ-sizCf 
values.
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Figure 3.18: The parameter sizeg-size^ (shown in figure 3.17) after the addition of 
antibody was plotted against the same parameter before antibody addition.

There was a good correlation between the two parameters (correlation 96.9%) 
indicating that size change of the lower size peak in the distributions before the 
addition of antibody (figure 3.10) was specific to the VLP content of the sample 
assayed.
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Figure 3.19: Intensity of light scattered at 90° before ( - # - )  and after the addition 
of antibody ( - 0 -  ) to the sample against the VLP content of the sample. Error bars 
equal the standard deviation from the mean value.

Before the addition of antibody, I ç q o  increased linearly as the concentration of 
particulate material in the sample increased. The dotted line is the linear regression 
line (correlation coefficient R=0.91). After the addition of antibody, the plot presented 
an immunoprecipitin pattern, as immune complexes were largest at equivalence and 
thus scattered more light. The intensity of light scattered was measured in kilocounts 
per second (KCps).
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Figure 3.20: Change of light scattered due to antibody binding to VLPs with respect 
to the VLP amount in the sample.

The immunoprecipitin pattern of the plot indicated the equivalence region of the 
analysis at around 18 pg/ml VLP. At this concentration immune complexes have 
reached their largest size and so the increase in light scattered was at a maximum.
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Figure 3.21: Intensity of light scattered from the 0 to 100 nm size range of the size 
distributions in samples of increasing VLP to particulate contaminant ratio plotted 
against VLP amount in each sample.

The plot clearly showed linear dependency on the VLP content of the sample 
analysed. The doted line represents the linear fit (correlation coefficient Ĵ =0.99). 
Each sample was analysed five times and the error bars have been set equal to the 
standard deviation of the five measurements around the mean. The intensity of light 
scattered was measured in kilocounts per second (KCps).



Chapter 4

Development of an Optical Immunoassay for Monitoring Virus-like 
Particles Using the lAsys Biosensor

This chapter presents work towards the optimisation of monitoring VLPs with 
the Fisons Applied Sensor Technology (FAST) LAsys optical biosensor. After 
outlining the basic principles of operation for the biosensor in section 4.1, 
experiments with VLPs are described (section 4.2). Discussion of the results (section 
4.3) involves an assessment of the assay performance that leads to the selection of 
assay variables for the optimal monitoring of VLPs, that are also outlined in the 
concluding section 4.4.

4.1 Optical Biosensing Systems-Background

Biosensors, meaning sensors which incorporate biological material in their 
structure (Clark, 1989) provide analytical tools for the characterisation of 
biomolecular interactions and for the development of tests for specific analytes 
covering a wide range of biomolecules and macromolecular complexes.

Biosensors rely on immobilisation of a specific capture molecule at the surface 
of the device and detection of specific analyte binding via an appropriate transduction 
event. Transducing systems reported to-date for direct detection of antibody-antigen 
reactions include potentiometric, gravimetric, acoustic and optical devices (Buckle et 
a l, 1993). Of these, some of the most recent developments have been made in optical 
sensing techniques, particularly systems based on internal reflection spectroscopy. 
The two optical techniques most widely used for measuring such interactions are 
surface plasmon resonance and the resonant mirror. These methods use the 
evanescent field to probe interactions occurring within a few hundred nanometers of 
the sensor surface and provide real time analysis of biological interactions in the 
absence of labelled reagents.

lAsys™, a commercial product of Fisons used in this study, utilised the 
principle of the resonant mirror (RM). Below, the optical theory behind this type of 
biosensing technique is addressed. More detailed description of the device operation
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and performance features relevant to its use as a biosensor have been given by Cush et 
al. (1993).

4.1.1 The Evanescent Field

When a light beam irradiates the interface between two media with refractive 
indices n\ and «2 » striking from the medium of higher refractive index («i>«2 ) the 
wave is completely reflected and the system is said to undergo total internal reflection 
(Sutherland, 1989) when the angle of reflection, 0, is larger than the critical angle 0̂ :

= arcsin(«i/«2) 4.1

which is the angle at which the refracted beam is directed along the interface of the 
two media.

At total internal reflection, the electric field does not disappear discontinuously, 
but penetrates a distance into the medium of lower refractive index («2 ). The field 
dies away exponentially and it is termed the evanescent field. This is shown 
schematically in figure 4.1 A.

The evanescent field amplitude, E, is largest at the surface interface (£q) and 
decays exponentially with distance, z, from the surface:

E = £o*exp(-z/i/J  4.2

The penetration distance, dp, is defined as the distance required for the electric field 
amplitude to fall to exp(-l) of its value at the surface. For the resonant mirror, this 
characteristic distance dp is 100 nm (Yeung et a l, 1995).

The evanescent wave is the "sensing" component and can optically interact with
compounds close to or at the surface. This optical interaction can be followed as a
change in the intensity of light which exits from the optically denser medium.

As dp is a function of the two refractive indices («;, «2 ) and the incident angle 
{6), by appropriate choice of « 2  9 one can select a dp to promote optical
interaction mainly with compounds close or affixed at the interface and minimally 
with bulk solution. In other words, when operating at total internal reflection, a 
response will be sensitive to only that region within dp of the interface, the evanescent
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field thus conferring surface selectivity to the system. In refractive index sensors such 
as the resonant mirror, it is the thin layer refractive index that is measured.

4.1.2 Waveguiding

In order to enhance the sensitivity of biosensing, multiple reflection elements or 
waveguides are used. In a waveguide, a region of high refractive index is bounded on 
either side by a low refractive index cladding. The light is constrained within the high 
index layer through successive total internal reflections at the low index boundaries. 
An illustration of waveguiding is given in figure 4. IB.

The number of reflections is a function of the length, the thickness of the 
waveguide and the angle of incidence. The longer and thinner the waveguide, the 
larger the number of reflections and the more frequently the evanescent wave interacts 
with the surface layer of antibody-antigen complexes. Increasing the number of 
reflections enhances the sensitivity of the biosensing arrangement.

Guiding occurs only at discrete angles. The condition for a wave to be guided 
depends on the two refractive indices, n; and «2 , the guide thickness, d, the reflection 
angle, 6. Very thin guides where conditions for wave propagation are fulfilled for only 
one angle between 6  ̂ and 90 degrees are called monomode. The effect of the 
evanescent wave causes the reflecting waves to penetrate a small distance into the low 
refractive index material, thus extending the effective width of the waveguide.

To understand how the above relate to the resonant mirror, the single angle 
where wave propagation occurs is extremely sensitive to the physical parameters of 
the system; any small change to the refractive index, results in a change of angle, 
6. If these refractive index changes are a result of protein binding, then we have a 
biosensor.

4.1.3 The Resonant Mirror: Sensing Principle

The optical principles utilised by the resonant mirror have been described (Cush 
et a l, 1993, Davies et a l, 1994, Yeung et a l, 1995) and are outlined here with 
reference to figure 4.2.
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The resonant mirror consists of a high refractive index monomode waveguide 
separated from a prism block via a low index spacer. The thickness and refractive 
indices of these inorganic oxide layers are formulated to maximise the device 
response. In operation, laser light with equal intensities of transverse magnetic (TM) 
and transverse electric (TE) polarisations is swept across the prism. Some of the light 
will tunnel across the spacer and at one incident angle, the resonant angle, will 
propagate along the waveguide before tunnelling back out and exiting the prism. At 
the resonant angle, the propagating light sets up an intense evanescent field at the 
surface of the waveguide, which decays exponentially into the sample.

At exactly the resonant angle, the TE shifts phase relative to the TM mode by 
half a wavelength, so that the resultant polarisation of the beam is rotated 90 degrees 
from that of the original beam. Light that has undergone resonance can be selected by 
means of a suitably oriented polariser. Both incident polarisations (TE and TM) can, 
with the appropriate resonant mirror formulation, undergo resonance and be 
simultaneously detected. Monitoring the positions of both resonance positions would 
allow the determination of both refractive index and thickness. However, the 
resonance angles of the two modes are widely separated and so the system is 
optimised to track the TE resonance. The change in an optical value combining 
refractive index and thickness is therefore measured. The resonant angle strongly 
depends upon the refractive index/thickness of the sample within the evanescent field, 
so that, for example, when a protein which has a higher refractive index than the 
buffer enters the evanescent field, the local refractive index/thickness is increased 
resulting in a resonance angle shift.

4.1.4 Antibody Immobilisation

The immobilisation of one component of the immunological binding pair to the 
sensor surface is a key factor to the successful development of the optical 
immunoassay. The immobilisation procedure must meet requirements of 
reproducibility, high protein uptake, retained immunological activity and stability. 
Antibody (or other protein) molecules can either be immobilised by direct adsorption 
on the sensor surface, or indirectly coupled to an intermediate layer attached to the 
device. Among indirect immobilisations, the most popular choices are carboxymethyl 
dextran and aminosilane derivatised surfaces used to capture the ligand molecules.
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For the majority of applications, immobilisations are performed indirectly via a 
carboxymethylated dextran matrix. This can be envisaged as an open network of 
polysaccharide upon which biomolecules can be chemically immobilised. The 
original dextran has a number average degree of polymerisation of about 3000 and is 
carboxylated in solution to about 0.5 carboxylic acid groups per glucose residue. The 
matrix thickness is estimated to be 200-400 nm (Yeung et a l, 1995).

The main advantages over direct coupling to the surface is that it increases the 
volume in which refractive index/thickness may be changed, it preserves the activity 
of the immobilised biomolecules since they are solvated essentially as in solution, 
proteins may be greatly concentrated by incorporating more specific interaction sites 
per surface area than directly on the sensor surface (Davies et a l, 1994, Yeung et a l, 
1995). The matrix enhances the immobilisation capacity of the biomolecules 
compared to a monolayer immobilisation and the use of an extended coupling matrix 
more than compensates for the loss in sensitivity due to adsorption further away from 
the sensing surface. The use of a hydrogel (approximately 97-98% water) means that 
the interactions occur in a more native environment, allowing for better accessibility 
of biomolecules (Lundstrom, 1994).

For high molecular weight or large ligands (e.g. cells) permeation of the 
carboxymethyl dextran matrix may not be sterically possible. In these cases covalent 
immobilisations are usually performed on the aminosilane derivatised sensor surface. 
This is a planar surface that lacks polymeric coating.

Buckle et a l (1993) have undertaken a comparative study on various coupling 
methods and have found that immobilisation via carboxymethyl dextran was the most 
effective technique, with immobilisation via silanes also yielding improved results 
compared to adsorption directly on surface. They have proved that carboxymethyl 
dextran results in the equivalent of at least 9 monolayers of active antibody on the 
sensor surface. This means that the change in response for carboxymethyl dextran is 
much larger and thus easier to measure (Edwards et a l, 1995).

4.1.5 Applications of the Resonant Mirror to Immunoassays

Bimolecular interaction analysis using optical biosensor technology has been 
commercially available since 1990 and the number of publications in this field is
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rapidly increasing. Uses for such instruments range from real-time assays on high 
value biological materials, such as recombinant interferon or monoclonal antibodies 
in bioreactor broths, to the rapid determination of biomolecular association and 
dissociation rate constants (Yeung, 1995).

The resonant mirror provides a generic tool that can be utilised to study, in a 
quantitative manner, many different dynamic molecular interactions in real time 
allowing affinity measurements, kinetic analyses and concentration determinations. 
Some examples are given below.

Buckle et al (1993) have demonstrated the potential of the RM for real time 
monitoring of binding effects. Human IgG was immobilised on the sensor surface and 
binding of consecutive layers of anti-IgG, protein A and a fourth layer of IgG was 
followed. This also showed that multiple layer measurements may be made across the 
device width (Cush et a l,  1993).

The same group have also demonstrated the broader applicability of the RM to 
studies on molecular interaction in an assay for the proteolytic action of the enzyme 
trypsin in immobilised IgG and the specific inhibition of enzyme activity by a  1-anti
trypsin.

Because the biosensor can collect data rapidly, kinetic and affinity 
measurements for the binding effect can be determined. Yeung et a l (1995) have 
established the relative binding strengths of different IgGs on immobilised protein A 
from Staphylococcus aureus. The results were found to be far more discriminating 
than equivalent results obtained by usual precipitin type assays.

Kinetic measurements of human serum albumin (HSA) binding to anti-HSA, 
tumor necrosis factor (TNF) to anti-TNF (Edwards et a l, 1995), anti-lysozyme 
antibodies and antibody fragments to hen egg lysozyme (Yeung et a l, 1995) have 
yielded rate constants for the binding events. Edwards et a l (1995) note that kinetic 
data from biosensors may show deviations from what is expected for interactions in 
free solution with the association time course often containing more than one 
exponential phase. Discrepancies from behaviour in solution arise if movement of 
material through the matrix is retarded compared to the bulk phase, due possibly to 
the close spacing of binding ligand that favours multiple interactions during transit to 
and from the surface (Yeung et a l, 1995).

Especially significant for industrial process control is the real-time 
determination of product concentration during bioprocesses. Gill et a l (to be
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submitted) have rapidly monitored the recombinant antibody fragment formation 
during the course of an E. coli fermentation using hen egg lysozyme immobilised on 
the sensor surface.

Reported sensitivities for immunoassays on the RM are in the nM range (Buckle 
et a l, 1993). The specificity and sensitivity of the system can be further improved by 
the use of sandwich or multi-site immunoassays, competition type assays and, by the 
use of enhancer particles, such as colloidal gold particles (Buckle et a l,  1993).

The advantages of optical immunoassays based on internal reflection biosensors 
lie mainly on their ability to monitor biological interactions in real time in the absence 
of labelled reagents. Surface reactions are monitored with high sensitivity, without 
major interference from the bulk of the solution, since the use of antibodies as 
reagents allows the specific measurement of a compound. Conventional 
immunoassays require the separation of antibody-bound from unbound material, 
which is a source of assay imprecision and is technically demanding, and so optical 
biosensing systems are a major contribution into producing non-separation 
immunoassays (Sutherland and Dahne, 1989). Finally, they are versatile, easy to use 
systems, capable of analysing relatively impure samples containing small amounts of 
analyte and so they can be increasingly popular in the academic and industrial 
research and implementation.
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4.2 Results

This section involves a description and discussion of the experiments aiming 
towards finding the optimal conditions for the quantification of VLPs using the Fisons 
Applied Sensor Technology (FAST) lAsys biosensor.

Initial investigations involved direct immobilisation of anti-VLP antibody on 
carboxymethyl dextran (CMD) and aminosilane (AS) derivatised surfaces. In order to 
prolong the stability of the biosensor antibody surface, a sandwich assay was 
designed, where rabbit antimouse Fc specific (RAM Fc) antibody was immobilised 
both on CMD and AS to capture anti-VLP antibody before sample analysis.

4.2.1 Anti-VLP Antibody Immobilised on Carboxymethyl Dextran

Experimentation: IgG type antibody raised against VLPs (abbreviated BB2) was 
covalently immobilised on the carboxymethyl dextran surface of the optical biosensor 
cuvette by applying 200 pi anti-VLP antibody at 25 pg/ml and allowing to interact 
with the surface for 10 min as described in section 2.5 of the Materials and Methods 
chapter.

Serial dilutions of VLP stock solution (0.92 mg/ml) with acetate buffer (0.0IM 
CHsCOONa, pH adjusted to 5 with glacial CH3COOH) were prepared. VLP 
concentrations of 1.1, 3.3, 10, 30 and 90 pg/ml were assayed (so as to reach the lower 
detection limit of the method). Each concentration was assayed once and presentation 
of each VLP solution on the sensor surface was done in random order of 
concentration to reduce systematic errors. For elution of analyte 10 mM HCl for 3 
min was used. The control experiment involved applying 30 pg/ml of VLP on hen egg 
lysozyme immobilised on CMD surface.

Results: The amount of protein immobilised was equal to a 2000 arc sec shift in 
resonance. Assuming that 1 ng/mm^ of immobilised protein gave a response of 163 
arc sec (Davies et a l, 1994), the above change in resonance was equivalent to 
12.3 ng/mm^ of protein immobilised on the sensor surface.

For the VLP interaction with the surface immobilised antibody, the plot of 
resonance against time of interaction was clearly dependent on VLP concentration, as



Chapter 4. Development o f an Optical Immunoassay for Monitoring VLPs___________ 128

shown in figure 4.3. The initial part of the interaction profile showed a lag in 
registered response which was attributed to mass transport problems for passage of 
the analyte through the carboxymethyl dextran coating of the sensor surface.

The binding curves were analysed with FASTfit software to obtain the initial 
rate of VLP binding on the immobilised antibody. The part of the binding curve 
considered in the analysis was selected to be away from the part where mass transport 
problems were seen. The rate of analyte binding to immobilised antibody was a linear 
function of VLP concentration, as shown in figure 4.4. Each concentration was 
performed once. The error bars on the calibration plot (figure 4.4) correspond to the 
error of the individual measurement as given by the data analysis program. Errors 
were quite low, indicating a good fit of exponential model to the binding data.

As the interaction profiles indicated mass transport problems of VLP through 
the CMD matrix, a new series of experiments using an aminosilane type coupling 
surface was followed to investigate whether transport limitations would be overcome.

4.2.2 Anti-VLP Antibody Immobilised on Aminosilane

Experimentation: Anti-VLP IgG antibody (250 pg/ml, 200 pi) in 10 mM 
phosphate buffer (pH 7.7) was applied on an aminosilane derivatised surface.

VLP solutions of five concentrations ranging from 2.8 to 45 pg/ml were applied 
on the sensor surface in random order of concentration. Each solution of a certain 
concentration was assayed four times. The first analytical run preceded the second by 
approximately 2.5 days (a weekend) during which time, the sensor surface was kept at 
4°C. The second, third and fourth analytical runs were done on the same day.

Results: The antibody immobilisation procedure lead to an approximately 300 
arc sec shift in resonance (2 ng/mm^ of protein) bound on the sensor surface.

The initial rate of VLP binding to the antibody surface was obtained by analysis 
of the binding data and was found to be linear vsdth VLP concentration, as shown in 
figure 4.5. There was a loss of antibody activity which was observed as a distinct 
decline of surface sensitivity with time, with the most marked decrease during the 
longer term (weekend) storage of the cuvette.
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As storage and repeated regenerations of the surface seemed to strip off the 
antibody from the sensor surface, thus causing a declining signal, a sandwich assay 
was proposed to overcome the problem and is described in the following two sections.

4.2.3 Rabbit Antimouse Fc Specific Antibody Immobilised on Carboxymethyl
Dextran to Capture Anti-VLP Antibody

The sandwich assay involved the immobilisation of rabbit antimouse Fc specific 
(abbreviated RAM Fc) antibody on the sensor surface to capture the anti-VLP 
antibody before a VLP sample was to be assayed. RAM Fc appeared to be stable to 
repeated regeneration. This approach although more costly in terms of anti-VLP 
antibody permitted more reproducible data to be achieved over a prolonged time 
course, when several analyses on a specific surface are required (e.g. during the time 
course of a fermentation).

Experimentation: RAM Fc (200 pi, 50 pg/ml) in acetate buffer (pH 5) was 
immobilised on CMD via a 10 min interaction as described in section 2.5.

Anti-VLP antibody was then captured on the RAM Fc surface. Second antibody 
solution (43 pg/ml) was allowed to bind on the first antibody for 5 min and excess 
antibody was washed away with buffer (PBS/T). VLP solution was then allowed to 
interact for another 5 min, before both VLP and second antibody were washed off the 
surface by acid (10 mM HCl, 2 min) to allow for a new cycle of antibody-antigen 
binding to occur.

VLP solutions with concentration ranging from 2.5 to 20 pg/ml were allowed to 
interact with the bound antibody for 3 min and the binding profile was analysed. Each 
VLP concentration as assayed three times in random order.

Results: For the immobilisation procedure, after buffer and two acid washes, the 
protein bound was equivalent to a 830 arc sec shift in resonance (approximately 
5 ng/mm^ RAM Fc immobilised).

The initial rate of VLP binding to antibody against VLP concentration was 
shown in figure 4.6 and provided a linear calibration plot. The points in figure 4.6 are 
the mean of the three measurements, while the error bars represent the standard 
deviation around the mean value.
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In figure 4.7 the response for 20 pg/ml VLP applied directly on RAM Fc was 
compared to the response for the same VLP solution after anti-VLP antibody was 
bound on RAM Fc. There was a bulk refractive index change when sample was 
injected on the RAM Fc surface, but after a buffer wash the baseline returned to its 
initial position, indicating that there was no binding occurring. This figure provided 
proof of specific VLP recognition.

4.2.4 Rabbit Antimouse Fc Specific Antibody Immobilised on Aminosilane to
Capture Anti-VLP Antibody

The same assay conformation was tested on an aminosilane surface. This 
surface permitted entry of assayed particles further in the sensitive region of the 
sensor, so as to significantly improve the sensitivity of the assay.

Expérimentation: RAM Fc (200 pi, 260 pg/ml) was immobilised on 
aminosilane by a 10 min interaction on the activated surface.

For each binding experiment, anti-VLP antibody (43 pg/ml) was bound on 
RAM Fc via a 5 min interaction, which was followed by applying VLP solution of 
appropriate concentration for another 5 min. It was observed that 10 mM HCl was not 
regenerating the surface properly, so 50 mM HCl for 2 min was used for elution of 
second antibody and analyte. VLP of concentrations from 2.8 to 45 pg/ml were 
assayed (3 min) in random order three times and the results were averaged.

Results: Approximately 400 arc sec (2.5 ng/mm^) of protein were immobilised 
on the sensor surface.

Initial rate of binding plotted against concentration gave the calibration line in 
figure 4.8. The error bars represent the standard deviation around the mean for three 
measurements.

The control experiment involved 22.5 pg/ml VLP solution applied on RAM Fc 
(result not shown). There was no significant shift in resonance registered confirming 
the specificity of response registered.
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4.3 Discussion of Results

This section involves an appraisal of the various assay formats studied on the 
optical biosensor with the intention to conclude on the assay variables best leading to 
quantitation of VLPs.

4.3.1 Comparison of Antibody Immobilisation Strategies and Their Effect on
VLP Binding to the Resonant Mirror

Successful antibody immobilisation plays an important role on the performance 
of the immunoassay. Previous studies (Buckle et a l, 1993) have shown that coating 
the sensor surface with a ''hydrogel" (hydrophilic polymer) such as carboxymethyl 
dextran, and then covalently attaching the antibody to the carboxyl functions not only 
greatly enhanced the proportion of active antibody and packing density by 
approximately 40 fold, but also improved the response of the sensor to the 
complementary antigen compared to direct adsorption on the sensor surface.

On the other hand, potential steric problems created by binding large molecular 
weight analytes, such as VLPs that have a mean diameter of approximately 70 nm, 
might compromise assay sensitivity. Therefore, a comparison of the assay performed 
on carboxymethylated dextran and aminosilane type surface was attempted, in terms 
of both protein immobilisation and sensitivity of response when VLP was bound on 
the sensor surface.

Efficiency o f Protein Immobilisation

The amount of anti-VLP antibody immobilised on CMD and AS varied greatly 
with the type of surface modification and the immobilisation chemistry used. A much 
larger resonance shift was seen with the CMD than with the non-dextran-coated 
surface for both anti-VLP and RAM Fc antibodies immobilised. The relative amounts 
of protein immobilised in each case are shown in Table 4.1, in terms of resonance 
shift when immobilising each antibody.

It should also be bom in mind that the more effective immobilisation of protein 
on CMD occured against the much lower concentration of antibody used for 
immobilisation compared to immobilisation on AS. For the direct assay format, the
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concentration of anti-VLP applied on the sensor surface was approximately 10 times 
lower on CMD and for the sandwich type assay about 5 times lower (Table 4.1).

Sensitivity o f Response for VLP Bindins

Next, an assessment of the sensitivity of the assay in the case of each surface 
was attempted. If one compared the shift in resonance due to the same amount of 
VLPs binding on each surface, the largest response would be observed on the AS 
surface. This was exhibited as a higher slope of the calibration line, which indicated 
that for the same VLP concentration range, the AS surface gave a higher shift in 
resonance and was thus more sensitive in quantifying the particles. Table 4.1 shows 
the slope of the calibration lines for both the direct and the sandwich type assay 
conformations on the two types of surfaces tested.

The same conclusion concerning the relative sensitivities can be drawn by 
comparing the resonance shift obtained on the two surfaces for the same 
concentration of particles interacting with surface immobilised antibody for the same 
period of time (3 min), shown in Table 4.1. More than a doubling in the shift in 
resonance was achieved on AS, even though the amount of antibody available for 
interaction was much less than the one on the CMD-coated cuvette.

The observed difference in sensitivity was attributed to the distance of the 
particle from the sensor surface once it has been bound to the anti-VLP antibody, i.e. 
the position of the analyte within the evanescent field. This distance was smaller in 
the absence of coating surface, accounting for a higher sensitivity of the assay for AS 
surfaces.

Repulsion or attraction between charged groups on the dextran and the analyte 
was possible, therefore controls were performed where sample was applied in the 
absence of anti-VLP antibody. It was observed that non-specific interactions appeared 
to be low, providing proof of specific VLP recognition.

For CMD this large difference between the amount of antibody immobilised 
being much higher and antigen binding giving much smaller response compared to the 
non-coated surface meant that fewer particles appeared to be binding to the dextran. 
This lead to the conclusion that a large part of the antibody was not available to the 
particles, most possibly due to steric hindrance of the particles by the dextran matrix.
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4.3.2 Mass Transport Limitations

Here, the concept that CMD poses limitations to the transport of VLPs to the 
sensitive region of analysis is investigated further.

Consider the interaction between surface immobilised protein, A, also referred 
to as the ligand, and its specific partner, B, also mentioned as the ligate:

ka
A + B^-^ AB

kd

where k^ is the association rate constant and k^ the dissociation constant rate. Theory 
suggests (O' Shannessy et a l, 1993) that the rate of change in biosensor response, 
dR/dt, is:

dRldt = k , [ B ] R ^ - R [ k X B ] ^ k , )  4.3

where [B] is the concentration of ligate in solution (which is present in excess and 
can be considered to remain constant) and Rff^ax is the maximum response that will be 
seen at high concentrations of ligate that saturate the ligand sites and depends on the 
initial active ligand concentration immobilised initially on the surface. Linearisation 
of the above equation as dR/dt versus R produces a line with slope equal to the 
observed rate constant:

>̂obs = K[B] + K  4.4

In the case where the system is mass transport limited, will be close to zero and 
the plot of dR/dt vs. R will be parallel to the x-axis. What happens in this case is that 
mass transport limitations from the coupling matrix impose binding of ligand to the 
immobilised ligate to be faster than the delivery of ligand from solution to the 
reacting surface. In the extreme case where reaction is completely hindered, the rate 
of change of response, dR/dt, becomes constant with response, R.

Indication of mass transport limitation was given by following VLP association 
to dextran immobilised anti-VLP antibody. This presented an initial lag phase before 
binding could occur as normal, as it can be clearly seen in figure 4.3, with the effect 
being more pronounced at the smaller concentrations of analyte.

To prove mass transport limitations, the binding curves of 30 pg/ml VLP 
interacting with anti-VLP antibody immobilised on CMD and AS were analysed by 
plotting the rate of change of response, dR/dt, against response, R, for each surface
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shown in figure 4.9. As seen fi-om this figure, VLP binding on AS was essentially not 
limited by mass transport phenomena. In the case of CMD, mass transport limitation 
was more pronounced. There were two distinct parts on the curve: the initial part 
being parallel to the x-axis indicated mass transport limitations. The second part of 
the curves declined, indicating that mass transport of analyte to the sensing surface 
was overcome. Through the time course of the experiment, stirring the analyte 
solution in the cuvette facilitated passage of VLPs through the coupling matrix to the 
sensing zone of analysis.

The observation that it was the initial part of the binding curve that presented 
the most significant mass transport problems, revealed an additional problem as the 
analysis of binding data was based on the initial rate of analyte binding to 
immobilised antibody. This part of the interaction profile was considered in the 
analysis, and so mass transport affected greatly the results of analyte binding on 
CMD. This fact also provided another explanation for the smaller sensitivity of the 
CMD surface for the quantification of VLPs. To minimise the problem one had to 
select the part of the binding curve where the mass transport problem had been 
overcome (i.e. away from the initial part) for the analysis of the interaction data, and 
also before the part where binding was saturated.

Other workers have commented on the mass transport problems posed by 
carboxymethyl dextran matrices. Edwards et al (1995) have performed kinetic 
analyses of HSA binding to immobilised anti-HSA and have shown that binding on 
dextran coated surfaces generated biphasic binding curves (binding curve was fitted 
with a double exponential function) indicating that binding of antigen to antibody was 
sterically hindered. Some binding sites might be inaccessible or present restricted 
access, in addition to binding of ligate that might occlude binding at other sites. This 
meant that complete saturation of all available sites would cause local rearrangements 
of ligand/ligate pairs before all sites could be occupied. Biphasic association kinetics 
were attributed to a conformational change of the ligand, the ligate or the surface, in 
order to expose hidden binding sites for further analyte binding. It was shown that 
steric phenomena could be overcome by binding to ligand immobilised via an 
aminosilane linker, in which case binding data have a single exponential phase.

Watts et a l (1994) have detected Staphylococcus aureus cells, which expressed 
protein A at their surface by binding to human IgG. Comparing dextran coated and 
aminosilane surfaces, the largest shift in resonance position due to cell binding was 
observed in the aminosilane surface, although the amount of IgG immobilised was 3-4
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fold less than on dextran. As the shift in resonance due to a single cell binding was 
found to be similar on all surfaces, fewer cells appeared to be binding on the dextran 
surfaces due to steric hindrance from the dextran matrix, leading to a high proportion 
of IgG molecules not being available to the cells.

4.3.3 Comments on the Sandwich Type Assay Conformation

After overcoming mass transport limitations by selecting to work on AS type 
sensor surface, the major problem to overcome was the loss of immobilised antibody 
activity. Figure 4.5 clearly demonstrated this effect: the rate of VLP binding on 
immobilised anti-VLP vs. VLP concentration fell approximately four fold with time. 
The higher decrease in signal (about 2.3 fold) was observed between the first and 
second analytical run. Between these runs the antibody surface was stored for a 
weekend at 4°C. The last three runs were performed on the same day. Therefore, it 
appeared that the main reasons for loss of activity are: 1) time/storage at 4®C and 2) 
repeated regenerations of the antibody immobilised surface.

RAM Fc was proven to be much more stable to repeated regeneration. It was 
immobilised first on CMD and then on AS to capture anti-VLP each time a VLP 
solution was assayed. This protocol was proven to provide much more reproducible 
binding data over a prolonged period of time. This quality is especially beneficial in 
the process environment, where several analyses may be required for monitoring 
product during the course of a lengthy unit operation.

Davies et a/.(1994) have commented on the use of a capture antibody such as 
RAM Fc. This approach has the advantage that different binding partners may be used 
and it has been shown that the RAM Fc surface could be regenerated many times to 
allow assessment of the second and subsequent binding partners to be carried out in 
the medium of interest.

As discussed for the direct assay format, the AS surface presented poorer 
protein immobilisation efficiency, but was more sensitive to VLP changes in 
concentration than CMD. Table 4.1.B showed that RAM Fc was more efficiently 
immobilised on CMD, as a higher resonance shift was achieved with a lower 
concentration of RAM Fc during immobilisation. On the other hand, a higher change 
in resonance due to VLP binding, as well as an approximately 4 fold higher slope of
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the calibration line for AS, showed that a non-dextran coated surface permitted a 
more sensitive assay approach for VLPs.

During the course of the experiments performed, the amount of anti-VLP 
antibody bound on RAM Fc decreased with time. For the AS surface, it changed from 
above 70 arc sec initially to less than 50 arc sec in the final analyses. This may be 
attributed most probably to the RAM Fc antibody being stripped off the surface 
through repeated regenerations.

However, subsequent VLP binding on anti-VLP antibody did not show a similar 
declining response. This indicated that even at the lowest amount of antibody bound, 
VLP yielded the same surface coverage as for the higher amount. In the latter case, it 
seemed that there were redundant anti-VLP antibody molecules, i.e. molecules that do 
not interact with ligate.

One could argue that the sandwich type format was a more complex 
conformation, and there was always the risk of essentially doubling the errors, as the 
successful assay performance depended upon reproducible binding of both anti-VLP 
antibody and VLP on sensor surface. However, practice has shown otherwise, as VLP 
binding showed to be reproducible during the time span of our experiments. 
Furthermore, VLP binding remained reproducible despite anti-VLP antibody capture 
declining with time.

4.3.4 Use of the Optical Biosensor Immunoassay for VLP Monitoring

The advantages conferred by the optical biosensor laid mainly on the reduced 
time needed to perform the analysis. For the sandwich type format, approximately 10 
min were required for quantitative information to be obtained, which is considered 
rapid enough to allow control actions to be applied on an on-going process.

The detection limit was 2.5 pg/ml for the optimised assay conformation. This 
was a significant improvement over existing methods for rapid analyses (see section 
3.3.5) and was low enough for monitoring chromatography elution fractions. 
Reproducibility of binding was much improved by the sandwich type assay with a 
linear fit correlation coefficient equal to 98.5%.

The assay offered considerable advantage to the existing rapid analyses of 
VLPs, such as reverse phase-HPLC and DLS-correlelogram method that are
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mentioned in section 3.3.5. The detection limit was much lowered and the greater 
automation of the assay has the potential to increase the assay precision while 
decreasing technical demands for routine laboratory use. It also had the ability to 
handle a large number of samples, as with the optimised approach 29 samples were 
assayed without problems on assay performance, while with the RP-HPLC assay only 
10-25 samples could be analysed before severe fouling problems occurring.

As the reliability of the assay has only been tested on pure preparations of 
VLPs, the level of contaminants tolerated remains to be investigated, in order to 
determine how upstream in the production and purification chain it can be used. Such 
an attempt is presented in chapter 5 (section 5.3), where the assay use to monitoring 
of VLPs in PEG precipitation samples is described.
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4.4 Conclusions

With analytes of high molecular mass, such as VLPs, passage of the anal}te to 
the sensitive region of the optical biosensor is particularly significant in optimising 
the assay performance. Therefore, a comparison of AS and CMD coupling matrices 
was carried out. It was shown that CMD was more effective in immobilising protein 
applied on the biosensor sensing surface, thus maximising the ligand density. On the 
other hand, mass transport of VLP through the matrix was observed to be significantly 
hindered. As a result, the sensitivity of immunosensing for VLPs on CMD was 
considerably lower than on AS.

The major problem of the immunoassay when performed on AS was the 
stability of the antibody surface when anti-VLP antibody was directly immobilised. 
Storage of the biosensor cuvette, as well as repeated regenerations of the surface 
resulted in a gradual loss of surface activity. The sandwich assay format, where RAM 
Fc was immobilised and used to capture anti-VLP antibody each time a sample was 
assayed, was shown to be more reproducible for a prolonged period of time. Even 
though capture of anti-VLP antibody declined over the course of a few days 
experiments, VLP binding remained reproducible. It was believed that even in the 
case of lower anti-VLP capture, surface coverage of the sensing surface by VLP 
binding was the same as for higher amounts of anti-VLP, thus generating a 
reproducible resonance shift.

Compared to the existing available methods for VLP monitoring, the optical 
biosensor assay was shown to provide an improvement in terms of the speed of 
measurement, as well as the assay sensitivity and versatility. The effect of impurities 
on the assay performance remains to be addressed. The specificity of interaction 
between the antibody and the antigen has the potential to improve discrimination 
between the analyte and the contaminants, for axample in the case of detecting VLPs 
against contaminant proteins. In such cases, the possibility of the contaminants (e.g. 
cell debris) interfering with the immunoreaction to either “mask” or prevent the 
ligand-ligate reaction has to be investigated.
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evanescent field

Figure 4.1: A. Schematic representation of the evanescent field in the interface
between two media of refractive indices n\ and « 2

B. Schematic representation of a waveguiding structure.
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Figure 4.2: Schematic representation of the resonant mirror (from Davies et a l,
1994). A detailed description of the biosensing principle is given in 
section 4.1.3.
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Figure 4.3: VLP interaction with carboxymethyl dextran immobilised anti-VLP
antibody.

There was an initial lag phase in VLP interacting with the surface attributed to mass 
transport limitations posed by the dextran matrix. The plot showed dependency of 
registered response with VLP concentration.
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Figure 4.4: Initial rate of VLP binding to carboxymethyl dextran immobilised anti-
VLP antibody against VLP concentration. Each VLP concentration was assayed once 
in random order. The binding data analysed were selected to be in the region where 
mass transport problems have been overcome. The error bars represent the error of the 
exponential model fitted to the binding data by the analysis software.

Initial rate of ligate binding on immobilised ligand was seen to be linear v^th VLP 
concentration..
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Figure 4.5: Initial rate of VLP binding to aminosilane immobilised anti-VLP
antibody against VLP concentration for different analytical runs. Solutions were 
assayed in random order to minimise systematic errors.

first analytical run, second analytical run, -A -  third analytical run, 
fourth analytical run.

There was a declining sensitivity of response with time indicating loss of activity of 
the antibody surface with time.
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Figure 4.6: Initial rate of VLP binding to anti-VLP antibody captured on
carboxymethyl dextran immobilised RAM Fc antibody plotted against VLP 
concentration. The error bars correspond to the standard deviation of three 
measurements around the mean.

There was a good linearity between the rate of binding and VLP concentration. The 
linear regression line did not pass through the origin possibly due to the effect of mass 
transport limitations on the interaction profiles.
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Figure 4.7: Interaction profile for VLP assayed on RAM Fc (dotted line) and RAM
Fc captured anti-VLP antibody (solid line). The surface used was carboxymethyl 
dextran and the concentration of the VLP solution 20 pg/ml.

There was no binding of VLP on the control (RAM Fc) surface, demonstrating the 
specificity of the interaction of VLP to anti-VLP antibody.
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Figure 4.8: Initial rate of binding between VLP and anti-VLP antibody captured on
aminosilane immobilised RAM Fc antibody plotted against VLP concentration. Each 
concentration was assayed three times and the error bars represent the standard 
deviation of the measurements from the mean.

There was a good linearity of response with analyte concentration. The calibration 
line passed through the origin (compare to figure 4.6). The surface was used for 4 
weeks without loss of sensitivity in measuring VLP concentration being observed.
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Figure 4.9: Derivative analysis plot for the interaction between VLP and
carboxymethyl dextran immobilised anti-VLP (upper plot) and aminosilane 
immobilised anti-VLP (lower plot). VLP solution (20 pg/ml) was assayed on CMD 
and AS anti-VLP immobilised antibody and the rate of response change {dR/dt) was 
plotted against response {R).

The initial part which was parallel to the x-axis indicated mass transport problems. 
The plots showed considerably higher mass transport limitations for carboxymethyl 
dextran interactions.
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Table 4,1:

Effect o f the Coupling Matrix on the Efficiency o f  Antibody Immobilisation and 
Subsequent Response o f  the Biosensor to VLP binding

A. Direct Assay Format

Surface Concentration o f Resonance Slope o f Resonance
type anti-VLP antibody shift during calibration shift fo r VLP

for immobilisation immobilisation curve binding^

pg/ml arc sec arc  ̂sec* ml 
s*pg

arc sec

CMD 25 2500 0.04 118

AS 250 300 0.09 320

B. Sandwich Assay Format

Surface Concentration o f Resonance Slope o f Resonance
type RAM Fc antibody shift during calibration shift for VLP

for immobilisation immobilisation curve binding^

pg/ml arc sec arc* sec* ml 
s*pg

arc sec

CMD 50 830 0.012 12

AS 260 400 0.05 46

refers to 30 ^g/ml of VLP interacting for 3 min with the antibody surface, 

refers to 10 |ig/ml of VLP interacting for 3 min with the antibody surface.



Chapter 5

Polyethylene Glycol Precipitation of VLPs in Borax-Clarified 
Yeast Homogenate

In this chapter the efficiency is examined of using polyethylene glycol (PEG) to 
precipitate selectively VLPs from clarified yeast homogenate, thus removing them 
away from other contaminating proteins. Background information on borax 
flocculation and PEG precipitation with respect to their use in downstream processing 
of yeast homogenate is given in section 5.1. The experiments aiming to the 
characterisation of cell disruption and borax treatment in terms of recovery of VLPs 
in the supernatant, as well as to defining the precipitation profile of VLPs are 
described and discussed in section 5.2. Real-time monitoring of the PEG precipitation 
process using the DLS based assay and the optical biosensor is attempted in section 
5.3. Finally, some concluding remarks are given in section 5.4.

5.1 Borax Flocculation and Polyethylene Glycol Precipitation-Background

The initial steps in recovering intracellular recombinant products from the cell 
environment are in principle very similar. At laboratory scale, the purification of 
VLPs is a four step purification process illustrated in figure 5.1. After fermentation, 
the cells are harvested by centrifugation and disrupted to release the intracellular 
contents. Subsequently, VLPs are purified from soluble protein contaminants by 
differential ultracentrifugation and are then separated from high molecular weight 
contaminants by gel filtration. This purification procedure is described in detail in 
section 2.3.

On a large scale process, differential ultracentrifugation is difficult to scale up 
with the major problems being low step yields as well as expensive and sophisticated 
centrifuges (Reimer et a i, 1967). Instead, column chromatography steps have been 
developed to recover VLPs from contaminants. This is illustrated in the example in 
figure 1.3 (section 1.3.1.4) where a large scale production and purification process of 
hybrid VLPs (p24 VLPs) is shown. Initial clarification involves centrifugation and 
depth filtration to remove cell debris and contaminating solids. High resolution
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purification includes mainly chromatographic steps to separate VLPs from 
contaminating proteins, nucleic acids and carbohydrates to high product purity.

Of the chromatographic techniques employed for VLP purification affinity 
chromatography is potentially the most powerful (Bonneijea et a l,  1986). Due to the 
high antigenicity of the VLPs (Adams et a l,  1988), affinity columns bearing anti-VLP 
antibodies as ligands may prove particularly effective for particle purification.

Although affinity chromatography is often capable of purification factors as 
high as 1000 fold, this technique is generally employed late in the purification 
sequence, where the maximum purification obtained is limited by the maximum 
theoretical purification available (Bonneijea et a l, 1986). In most cases, 
chromatographic separation steps can not be used in early stages of the purification 
because of non-protein contaminants such as nucleic acids, lipids and fine cell debris 
particulates that can severely foul high cost affinity supports. It is therefore necessary 
to selectively remove non protein contaminants from crude homogenate prior to 
chromatographic separation, so that the purification power of chromatography can be 
exploited by using the technique in the early stages of the purification process.

5.1.1 Borax Flocculation of Cellular Debris

The specific cross-linking of polyhydroxy compounds by boron oxyanions 
provides the basis of selectively aggregating and removing carbohydrate-containing 
cell debris from a crude homogenate while leaving protein in solution.

5.1.1.1 Mechanism o f Flocculation

Solutions of borax contain two species of boron oxyanion in equilibrium: a 
planar trigonal form (figure 5.2.A) and a tetrahedral form (figure 5.2.B) which is 
favoured at high pH (Edwards et a l, 1954).

Boron oxyanions are known to form complexes with polyhydroxy compounds 
such as mannitol and sorbitol (Deul et a l, 1948). Physicochemical studies have 
indicated that 1,2 diols with their hydroxy groups in the cis position form 5-
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membered cyclic ester compounds with borates (figure 5.2), At higher diol to borate 
ratios spirane type complexes are formed with a central boron atom contributing to 
two 5-membered rings thereby cross-linking two diols (Mazurek and Berlin, 1963). 
Cis 1,3 diols are thought to form the analogous 6-membered ring structures although 
the complexes formed are less stable than those involving 1,2 diols (Bonneijea et a l, 
1988). Flocculation is inhibited under acidic conditions, presumably because of the 
formation of trigonal boron oxyanions that are unable to form spirane type complexes.

5.1.1.2 Applications in Downstream Processin2

The removal of microbial cell debris following mechanical cell rupture and 
before product recovery is one of the most difficult downstream operations in which 
to achieve high efficiency. Centrifugation, dead-end filtration and cross-flow 
microfiltration have all been employed for this purpose, but in each case success has 
been limited. Industrial centrifuges lack the high gravitational fields needed for 
complete clarification and the cell debris produced is often poorly dewatered 
(Bonneijea et a l, 1988). Dead-end filtration requires filter aids which risk product 
contamination and fouling of cross-flow membranes by cell debris reduces flux rates 
and causes protein retention. Although the problems are eased by avoiding extensive 
breakdown of the cell wall material, this must be at the expense of good release of 
intracellular contents from whole cells.

The ability to flocculate yeast cell debris with borax is therefore an important 
advance, since the floes produced are readily removed by very low g  centrifugation 
(Bonneijea et a l, 1988). Borax flocculated cell debris have been efficiently removed 
from yeast cell homogenate on a pilot plant scale (Bentham et a l, 1990). The cell 
debris containing sediment produced is highly dewatered and non-glycosylated 
proteins were recovered in the supernatant in high yield, due to the selectivity of the 
reaction with 1,2 cis-diols.
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5.1.2 Polyethylene Glycol Precipitation of Proteins

Proteins in an aqueous mixture can be separated from one another by 
differential changes in their individual solubilities on the addition of a particular 
reagent, a process commonly called precipitation.

A number of non-ionic water soluble polymers are effective in precipitating 
proteins. Of these, polyethylene glycol (PEG) is the most suitable precipitating agent 
because of its selectivity, low intrinsic viscosity and minimal dénaturation of protein 
at low temperature (Poison et a l, 1964). PEG has found increasingly widespread 
application in the fractionation of human serum proteins (Poison et a l, 1964; Hao et 
a l, 1980), in purification of crude enzyme extracts (Foster et a l, 1973) and in the 
precipitation of viruses (Juckes, 1971).

The advantage of PEG as a precipitating agent stems primarily from its benign 
chemical properties. Unlike ethanol and other organic precipitating agents, PEG has 
little tendency to denature or otherwise interact with the proteins even when present at 
high concentrations and at elevated temperatures and, in fact, acts to stabilise proteins 
(Ingham, 1990), is neither corrosive nor toxic, not flammable and has very low heat of 
solution in water so that very large temperature increases do not accompany addition 
of the reagent. Furthermore, minor variations in temperature do not strongly influence 
the precipitation of a given protein (Juckes, 1971; Foster et a l, 1973; Ingham, 1978).

5.1.2.1 Mechanism o f Polyethylene Glvcol Precipitation

The mechanism of precipitation by PEG is not fully understood, but it is 
generally attributed to an exclusion process whereby proteins are sterically excluded 
from regions of the solvent occupied by the network of the polymer. Studies with 
purified proteins indicate that the dependence of solubility on PEG concentration is 
exponential (Juckes, 1971; Atha and Ingham, 1981). Semi-log plots of solubility data 
are usually linear according to the following equation which is analogous to the 
salting-out curve:

\ogS = \ogSQ~pC 5.1

where S  is the protein solubility in the presence of PEG at concentration C (% w/v) 
and Sq is the apparent intrinsic solubility obtained by extrapolation to zero PEG. The
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slope P'lSdi constant which is influenced mainly by the size of the protein and the 
molecular size of PEG.

Studies on the solubility of albumin (Ingham, 1978) support the concept that 
under conditions where variables other than size are reasonably constant, increased 
protein size enhances precipitation. Miekka and Ingham (1978) have also 
demonstrated that conditions which promote self association of proteins also enhance 
their precipitation by PEG, although this may be attributed to the lower intrinsic 
solubility of the oligomers.

The concentration of PEG required for precipitation decreases as the degree of 
polymerisation increases, so that PEG 4000 is substantially more effective than PEG 
400. The slope p  tends to broaden at lower PEG molecular weights and the sharpest 
separation has been observed for PEG of molecular weight between 4000 and 6000 
(Ingham, 1978). In some cases, improved resolution was obtained with low molecular 
weight polymers due to the lower viscosity of the solution and the greater ease with 
which lower molecular weight PEG can be removed from solution.

The slope of the solubility curve, /?, appears to be relatively insensitive to 
solution conditions which primarily affect Sq. Ingham (1978) demonstrated that the 
concentration of PEG required to precipitate albumin is at a minimum near the 
isoelectric point at pH 4.5. A similar dependence of solubility in PEG on pH has been 
found for plasma proteins (Hasko et a l, 1982). In some cases, pH has been found to 
affect the slope of the precipitation curve, p  (Juckes, 1971 ; Foster et a l, 1973). Juckes 
attributed the increase in value of to an increase in Stokes radius of the molecule 
due to the change in pH.

Temperature affects mainly Sq, as increased solubility is seen at increased 
temperature (Juckes, 1971). Ingham (1978) has shown that the concentration of PEG 
required to precipitate albumin was only slightly dependent on temperature between 
4®C and 30®C. The same conclusion was drawn by other workers (Juckes, 1971; 
Foster et a l, 1973) leading to the idea that temperature is not a useful means of 
manipulating protein fractionation by PEG and that minor fluctuations around room 
temperature would not have a significant effect on precipitation.

The effect of varying the ionic strength on PEG precipitation is more complex 
and depends on the protein in question. Poison et a l (1964) stated that changing the 
ionic strength had little effect on the selectivity of y-globulin and fibrinogen
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separation, whereas Foster et a l (1973) found that ionic strength strongly influenced 
Sq and p  for a number of yeast enzymes. Generally, solubility increases with 
increasing ionic strength, but the precipitation profile changes differently for different 
proteins. Above a certain ionic strength, phase separation takes place leading to two 
liquid phases.

For low total protein concentration and in solutions of pure proteins, changing 
the initial protein concentration affects the position of the precipitation curve and the 
concentration of PEG required for precipitation decreases as protein concentration 
increases with little change in the steepness of the curve (Foster et a l, 1973; Ingham 
1978). At higher protein concentration and for crude mixtures of proteins, protein- 
protein interactions become significant. Foster et a l (1973) have shown that for yeast 
enzymes the position and the steepness of the precipitation curve depends on the total 
protein concentration above 10 mg/ml protein.

The above findings are consistent with the proposed mechanism of steric 
exclusion for precipitation. The influence of protein size and PEG molecular weight 
on the precipitation profile strengthens this view. Manipulation of the solution 
conditions such as the ionic strength and pH appear to improve the fractionation of a 
mixture of proteins only to the extent that their intrinsic solubilities diverge.

The theory of preferential protein-solvent interactions (Arakawa and Timasheff, 
1985) has been extended to account for the precipitation of proteins by PEG. Studies 
on the preferential solvent interactions between polyethylene glycols and five proteins 
showed that the proteins were preferentially hydrated, in other words PEG is excluded 
from the protein domain. The introduction of protein to a solution of PEG 
thermodynamically destabilises the solvent system. The magnitude of instability was 
found to increase with increasing concentration of the polymer and PEGs of higher 
molecular weight are more destabilising. It was concluded that in a polyethylene 
glycol system the presence of protein leads to unfavourable thermodynamic 
interactions, which in turn leads to phase separation (Lee and Lee, 1981). Arakawa 
and Timasheff (1985) suggest that steric hindrance contributes to the strong exclusion 
of PEG from the protein surface. Atha and Ingham (1981) found that while the 
exclusion of PEG by albumin could be explained by a simple excluded volume 
model, the exclusion of protein out of solution by PEG was more complex.

Although a quantitative explanation of the mechanism of precipitation has not 
been found, PEG appears to act as an inert solvent sponge which indiscriminately
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raises the effective concentration of all proteins, those of larger size being more 
sensitive than smaller ones.

5.1.2.2 Removal o f Polyethylene Glvcol

Difficulties in the removal of PEG from protein precipitates have hindered 
progress in the development of large scale fractionation methods involving PEG 
(Ingham, 1990). The non compact configuration of the linear PEG molecule gives it a 
relatively large exclusion radius rendering it difficult to remove from globular 
proteins of the same or even larger molecular weight using conventional gel filtration 
methods. The most convenient and widely used method for bench scale removal of 
PEG from proteins is to adsorb the protein on an ion-exchange or affinity support. 
PEG, which has little attraction for such materials, will pass through the column 
unadsorbed (or be retained in the supernatant, if a batch procedure is used). In many 
cases an adsorption step is a scheduled part of the purification scheme, so that no 
additional step is required for PEG removal.

Another method for PEG removal is ultrafiltration with the most significant 
problem being the irreversible binding of protein on the membrane used and viscous 
drag effects contributing to the partial rejection of PEG by filtration membranes 
(Ingham and Busby, 1980).

The addition of divalent anions (sulphate or phosphate) is another approach to 
removing PEG by producing two aqueous phases, a lower salt rich phase and an upper 
polymer rich phase. Ingham and Busby (1980) have shown that 90% of the protein in 
a sample of 20% PEG 4000 supernatant of human plasma was distributed in the lower 
phase, whereas 98% of the PEG was recovered in the top phase. Phase separation 
occurred spontaneously without a centrifugation step and so such a step could be 
integrated into a large scale processing sequence.

5.1.2.3 Applications in Downstream Processine

Precipitation as a downstream processing unit operation achieves separation by 
conversion of solutes to solids which can be subsequently removed by a solid/liquid
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separation step. Precipitation results in both concentration and purification of the 
process stream and therefore it can be used as a fairly crude separation step early in 
the sequence of a purification scheme reducing the volume going to later stages. It 
may provide an effective purification step for complex mixtures of proteins such as 
cell homogenates in the purification of intracellular proteins. Other advantages of 
such a unit operation is that it can be easily scaled up, can be run continuously, uses 
simple equipment and can be based on a number of alternative précipitants.

The use of the most commonly used précipitants, inorganic salts and organic 
solvents have limitations. Ethanol possesses inherent denaturing properties so that 
subzero temperatures are needed when fi*actionating proteins with this reagent (Cohn 
et a l, 1946). The possibility of working without rigorous temperature control has 
stimulated considerable interest in PEG as an alternative to organic solvents (Hao et 
a l, 1980).

Another advantage of PEG over ethanol or ammonium sulphate is the shorter 
time required for the precipitated proteins to equilibrate and achieve a physical state 
suitable for large scale centrifugation (Hao et a l, 1980; Ingham, 1990). With ethanol 
it is often necessary to age the suspension for several hours to ensure complete 
precipitation and to improve the condition of the solid phase with respect to ease of 
recovery during centrifugation. With PEG, precipitation is complete within a few 
minutes and centrifugation can be carried out immediately. This short equilibration 
time reduces problems of contamination and degradation, allowing greater flexibility 
in scheduling and shorter processing times (Hao et a l, 1980).

PEG precipitation has the disadvantage that there is little known in general 
about the fractionation process to allow for the separation of a certain protein from a 
mixture. The application of the method has been empirical, focusing on the stepwise 
addition of PEG to a sample and subsequent analysis of the resulting fractions.

For the precipitation of VLPs in specific, the technique seems to be particularly 
favoured by the large molecular weight of the particles. Juckes (1971) determined that 
fractionation of viruses is extremely sharp, as larger proteins (such as viruses) are 
precipitated between narrower limits and these limits are less dependent on protein 
concentration.
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5.2 Characterisation of VLP Recovery During Cell Disruption, Borax 
Flocculation and PEG Precipitation

In this section, the main aim was to define the polyethylene glycol precipitation 
profile for VLPs in borax treated transformed S. cerevisiae cell suspension using an 
off-line method, namely SDS-PAGE. The success of this application largely depended 
on the previous downstream processing steps leading to the precipitation experiment 
and so the recovery of VLPs during cell disruption and borax flocculation was 
evaluated prior to characterisation of precipitation.

5.2.1 Results

Initial investigations involved optimisation of VLP recovery during cell 
disruption in a high pressure homogeniser and are described in section 5.2.1.1. The 
effect of the borax flocculation treatment on product recovery in the supernatant is 
examined in section 5.2.1.2. Finally, PEG precipitation of VLPs in centrifugally and 
borax clarified homogenate is illustrated in sections 5.2.1.3. and 5.2.1.4 respectively.

5.2.L I  O ptim ised  R elease  o f  p l-3 8 1  P u r in e  H o m o sen isa tio n  o f  S . cerevisiae  

E x p re ss in s  VLPs

Expérimentation: The Lab40 high pressure homogeniser was used for the 
disruption of yeast cell homogenate. The general procedure for homogenisation was 
described in section 2.2.6.

To determine the release of VLPs with increasing number of passes through the 
homogeniser, stationary phase transformed cells were homogenised at a cell 
concentration of 110 g dcw/1, with 6 passes through the homogeniser at an operating 
pressure of 1200 bar. A number of passes equal to 6 was enough to obtain a constant 
value of total protein concentration, indicating complete disruption.

Samples were taken before homogenisation and after each pass and were 
centrifuged (9000xg, 10 min) to remove whole cells and cell debris. Supernatant total
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protein concentration was determined by the Bradford Protein Assay. For each sample 
10 pi were mixed with 90 pi of sample buffer and 10 pi of this mixture were loaded 
on a 12% polyacrylamide gel to perform SDS-PAGE.

Densitometric analysis was used to determine the level of pl-381 protein 
(which is a measure of VLP protein) in each sample as a percentage of total protein 
present. This information combined with the total soluble protein evaluated allowed 
an estimation of VLP protein (mg/ml) in each sample.

The samples were also assayed by dynamic light scattering as described in 
section 2.4, to get an assessment of any possible structural damage occurring to the 
particles with increasing number of passes through the homogeniser. Volume of 
sample equal to 20 pi was diluted to 500 pi final volume with phosphate buffer and 
five measurements were performed on each sample. The five measurements 
corresponding to the same sample were averaged. From the average size distribution 
the percentage of material in the 0 - 1 0 0  nm size range was evaluated and multiplied 
with the total intensity of light scattered from the sample to yield the intensity of light 
scattered from the 0 - 1 0 0  nm population.

Results: A  picture of the SDS-PAGE gel for the samples taken after each pass 
through the high pressure homogeniser is shown in figure 5.3. The same volume of 
sample was TCA precipitated and loaded on the gel, and so the intensity of bands 
corresponding to the samples for V=0-6 could be directly compared to get an estimate 
of VLP and total protein content in each sample. It was clear that the pl-381 protein 
increased from 0 to 4 passes and then remained approximately constant. 
Densitometric analysis of the gel permitted quantification of the VLP protein as a 
percentage of the total protein content in each sample/lane.

Figure 5.4 shows the total protein (mg/ml) as well as VLP protein as a 
percentage of total soluble protein (from densitometry) for each number of pass. From 
these two parameters, the concentration of pl-381 protein (mg/ml) was estimated and 
was also plotted in figure 5.4. VLP concentration as a percentage of total protein 
increased with number of passes up to N=4 and there was a small decrease in 
subsequent passes. This indicated that there was a lag phase in VLP release compared 
to total protein release at the lower number of passes that might be attributed to the 
inability of the particles to exit partially fragmented cells.



Chapter 5. Polyethylene Glvcol Precipitation o f VLPs___________________________ 159

Extensive disruption treatment may have an impact on the structural integrity of 
VLPs, i.e. particle dissociation. The dynamic light scattering measurement might give 
an indication of damage to the particles through extensive disruption treatment by 
evaluating the percentage of light scattered by the population of particles below 
100 nm which was the basis of VLP detection by DLS (section 3.3.4). In the case of 
damage to the structure of VLPs, the light scattered would be expected to decrease 
accordingly.

Figure 5.5 shows a plot of the intensity of light scattered by the particles against 
the number of passes through the homogeniser. The plot showed a maximum of light 
scattered at V=3-4 and suggested that at that number of passes there was the least 
possibility of particles dissociating.

5.2.1,2 E ffe c t  o f  B o ra x  T rea tm en t on V irus-like P artic les in  H o m o sen a te

Experimentation: Transformed yeast cell paste was defrosted and resuspended 
in phosphate buffer (O.IM KH2 PO4 , pH 7.0) to produce a cell suspension of 110 g 
dcw/1. The suspension was homogenised using the Lab40 high pressure homogeniser 
at 1200 bar operating pressure and 4 passes, as described in section 2.2.6. The 
homogenate was split to two halves and the pH was adjusted to 7.0 in one half and 7.4 
in the other.

Borax solutions of two concentrations (50 mM and 100 mM) and two pHs (7.0 
and 7.4) for each concentration were prepared. Homogenate (0.25 ml) was mixed with 
equal volume of borax (final concentration 25 mM and 50 mM) and each flocculation 
reaction was carried out at the two pHs mentioned above. The control consisted of 
adding phosphate buffer at the required pH in the place of borax (i.e. 0 borax 
concentration). Borax flocculation was performed as described in section 2.7. Each 
sample was prepared in duplicate, so that two pellet samples could be generated after 
centrifugation.

Total protein estimation on the supernatant samples gave a similar value for all 

samples, equal to 1 2  mg/ml.

For SDS-PAGE analysis of each supernatant sample, 20 pi were mixed with 
80 pi of sample buffer to load 10 pi of this mixture on SDS-PAGE. One of the pellet
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samples was used to estimate the total protein content of each sample after treating 
each sample with 1% SDS to solubilise the protein in the solid phase. SDS aided by 
temperature bound to proteins through hydrophobic interactions and caused their 
unfolding, while the protein-SDS complex became negatively charged and went into 
solution. The procedure is described in detail in section 2.10 of the Materials and 
Methods.

The second pellet was used to run on SDS-PAGE. TCA precipitation was 
performed as described in section 2.6.1. The solids (cell debris and precipitated 
proteins) were dissolved in sample buffer. To aid solubilisation of the protein, the 
samples were heated in boiling water bath twice for 10 min, vortexing each time. To 
remove the cell debris, the samples were centrifuged ( 1 2 0 0 0 xg for 2  min) and the 
supernatant was removed to a new ependorf tube. The rest of the procedure for SDS- 
PAGE was performed as normal.

Results: In estimating the total protein in the solid phase after the clarification 
treatment of the homogenate samples and assuming that all the protein was 
solubilised by the SDS treatment, all samples showed approximately the same total 
protein content which was found to be equal to 300 pg (or 600 pg/ml in the 0.5 ml 
sample). As total protein in the supernatant was 12 mg/ml, it was concluded that 
approximately 5% of the total protein is being transferred to the solid phase, leaving 
95% in the supernatant.

SDS-PAGE of the supernatant samples and of the solid phase proteins after 
borax flocculation is shown in figures 5.6 and 5.7 respectively. The borax treatment 
did not seem to have an adverse effect on VLP recovery in the supernatant, as the 
protein content of all samples was similar irrespective of the presence or absence of 
borax. Therefore, there was not any preferential removal of VLP in the sediment, e.g. 
due to larger size protein (VLP) being trapped in the floes formed. It was concluded 
that loss of VLP in the sediment followed total protein removal in the sediment and 
was approximately 5%.
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5.2.1.3 P o lyethylene  G lvcol Precipita tion o f  V irus-L ike  P articles in  C en tr ifu sa llv  

C larified  H o m o sen a te

The objective at this stage of our work was to define the precipitation profile of 
virus-like particles after treatment of pMA5620 transformed yeast homogenate with 
polyethylene glycol.

In this experiment, it was decided to perform PEG precipitation on centrifugally 
clarified yeast homogenate to avoid the two fold dilution brought about by borax 
treatment and thus facilitate the detection of the VLP band on SDS-PAGE.

Experimentation: Transformed yeast cell homogenate (110 gdcw/1, pH adjusted 
to 7.4) was centrifuged at 12000xg for 6  min in a microcentrifuge to remove cell 
debris and whole cells. Polyethylene glycol solutions of molecular weight 6000 and 
8000 (50% w/v, pH 7.4) were diluted with phosphate buffer (O.IM KH2 PO4 , pH 7.4) 
and 0.5 ml of PEG was mixed with equal volume of homogenate to give a range of 
final PEG concentration of 0 to 25 % w/v PEG. The precipitation experiment was 
done as described in section 2.8 for the two different molecular weight PEGs. Total 
protein in the supernatant was estimated by the Bradford Protein Assay.

VLP protein in the supernatant was evaluated by SDS-PAGE. The problem that 
had to be overcome was the presence of PEG in the samples. TCA precipitation could 
not be applied since lowering the pH causes PEG to form a white viscous solution 
preventing any further handling. Furthermore, samples could not be loaded on SDS- 
PAGE without any pretreatment because in some of them (especially at the higher 
precipitant concentration) the protein concentration in the supernatant was very low. 
Additionally, the presence of PEG would cause bands to diffuse and densitometric 
analysis would be difficult, if not impossible.

To remove PEG, samples were treated with acetone. Sufficient volume of 
supernatant to contain 200 pg of total protein was removed from each sample. Cold 
acetone was added to reach a final concentration equal to 85% v/v. Protein 
precipitated out of solution immediately, while PEG was left in solution. Protein was 
recovered by centrifugation (SOOOxg, 7 min) and décantation of the liquid. Acetone 
treatment was repeated by adding 1 ml of acetone to every sample, centrifuging and 
decanting the acetone. Excess acetone was removed in a speed vacuum dessicator and
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sample buffer (100 pi) was added to dissolve the protein before loading 5 pi (10 pg of 
total protein) on the SDS-PAGE gel.

Results: Figures 5.8 and 5.9 show the SDS-PAGE analysis of homogenate 
supernatant samples after treatment with PEG 6000 and PEG 8000 respectively. The 
volumes of samples loaded on the gel provided a constant amount of total protein for 
each sample so that the selectivity of VLP precipitation could be visualised.

After densitometric analysis, VLP protein was evaluated as a percentage of total 
protein in each sample, which enabled the quantification of VLP remaining soluble at 
each precipitant concentration. Total protein and VLP protein solubility curves are 
shown in figure 5.10 and 5.11 for PEG 6000 and PEG 8000 respectively. It was seen 
that protein precipitation was faster for VLP than for total protein. Comparing the two 
different molecular weights for PEG, the same precipitation profile was followed in 
both cases but PEG 8000 precipitated more protein for the same amount of 
precipitant, as illustrated by plotting VLP vs. total protein remaining in the 
supernatant in figure 5.12.

5.2,1.4 P o lyethylene  G lvcol Precipita tion o f  V irus-L ike  Particles in  B o ra x  

C larified  H o m o2enate

The next step involved the combination of borax treatment to flocculate the 
cellular debris followed by precipitation of proteinaceous material with PEG. PEG of 
molecular weight 8000 was used, since it gave a sharper fractionation than PEG 6000 
(section 5.2.1.3).

Expérimentation: The experiment was carried out following the same protocol 
as described in 5.2.3 with the only difference that homogenate was treated with borax 
before PEG precipitation was carried out.

Results: SDS-PAGE of the homogenate supernatant after precipitation is shown 
in figure 5.13. The fractionation diagram of VLP remaining in the supernatant against 
total soluble protein is given in 5.14. The same precipitation profile as for the 
centrifugally clarified material was obtained here.
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5.2.2 Discussion of Results

A discussion of the results concerning the optimised recovery of VLPs through 
cell disruption and borax flocculation, as well as the PEG treatment of yeast 
homogenate for selective precipitation of the particles is presented here.

5.2,2,1 O ptim ised  R elease o f  p l-3 8 1  D u r in s  T ransfo rm ed  Yeast C ell H o m o sen a te  

D isrup tion

When VLPs are expressed in S. cerevisiae, they are not secreted to the culture 
media, but instead they accumulate intracellurarly. Cell disruption is therefore 
required as a primary step in the purification of the particles. This is a common 
feature of proteins expressed in S. cerevisiae, although a number of mammalian 
proteins can be excreted from yeast by the use of homologous signal sequences 
(Kingsman et a l, 1987).

A large number of methods are available for the disruption of yeast and other 
microorganisms. Of these methods, the high pressure homogeniser has the advantages 
of being more efficient for the disruption of yeast cells and economical on a large 
scale (Milbum, 1992).

Cell disruption is principally dependent on the operating pressure than it is on 
the number of passes and consequently, it is more efficiently carried out Avith a small 
number of passes at high pressure rather than a large number of passes at a lower 
pressure (Dunnill and Lilly, 1975), reducing the formation of micronised cell debris. 
This statement justifies the approach adopted here to use maximum operating pressure 
and determine the number of passes necessary for maximal VLP release.

As mentioned in section 2.2.5, after fermentation for VLP production, the cells 
were stored frozen (-70°C) prior to disruption for product release. As Milbum and 
Dunnill (1994) note, this increases the cell’s resistance to dismption about four times, 
effect which increases with the number of freeze/thaw cycles and is independent of 
the time the cells remain frozen. Therefore, to increase the success of the downstream 
experiments described in this section, there was a need for determining the conditions
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required for maximal product release that would overcome the increased cell 
resistance to breakage.

As a means of optimising the number of passes through the homogeniser, both 
the total soluble protein and product release were monitored in our study. The 
combined use of both parameters enables product recovery and purity to be 
determined and optimised.

Figure 5.4 shows the curves for total soluble and VLP protein released against 
number of passes, N. The plot suggested that protein release was a first order process 
with N. This was in agreement with an investigation on the kinetics of protein release 
of unfrozen pMA5620 transformed cells harvested during the exponential growth 
phase (Milbum and Dunnill, 1994). This suggested that the kinetics of protein release 
were not influenced by freeze/thawing. The latter statement agrees with observations 
made by Milbum (1992).

The SDS-PAGE gel for supematant samples of N  equal to 0 to 6 passes shown 
in figure 5.3 gave the amount of pl-381 protein in each sample, which was a measure 
of the level of VLP present in each sample. No band corresponding to pl-381 was 
observed in the track corresponding to V=0, indicating that VLPs did not leak from 
the cells due to ffeeze-thaw effects. Bands of increasing strength were observed for 
V=l-4 suggesting that VLP protein concentration as a percentage of the total protein 
concentration increased for V=l-4 and remained approximately constant for N=5 to 6.

From the plot of VLP protein against number of passes in figure 5.4 it was clear 
that VLP protein reached maximum at N=A with no increase in yield being achieved 
after this point. In view of the fact that homogenate quality deteriorates with number 
of passes, the optimal number of passes would be the one giving highest product 
release with minimal damage. The decrease of pl-381 for V=5 and 6 suggested that 
VLP may be stmcturally damaged at higher number of passes through the 
homogeniser.

As described in chapter 3, section 3.3.4, the intensity of light scattered by the 
particulate population below 100 nm was linearly dependent on the concentration of 
intact VLP since it was proven that only VLP fell into this size range. Particle damage 
(i.e. dissociation) during disruption may be exhibited as a drop in the amount of light 
scattered by the VLP particles (i.e. particle population below 100 nm). DLS analysis 
(figure 5.5) showed this parameter to be decreasing for the higher number of passes.
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suggesting the possibility of particle dissociation at passes 5-6. The low VLP 
expression level in the transformed cell strain used here (VLP protein approximately 
3% of total cellular protein), meant that one operated at the lower VLP concentration 
end of the DLS calibration plot (figure 3.21). If the expression level of VLPs was 
higher, conclusions on VLP structural integrity drawn from the type of analysis 
depicted on figure 5.5 would have a higher degree of confidence.

Micronisation of cell debris at extensive disruption (higher number of passes) 
was a possible effect and might increase assay imprecision, e.g. by debris appearing in 
the size range below 100 nm and being falsely detected as VLP. To take the results of 
this analysis further, in order to test the effect of debris micronisation, future 
experiments could employ the use of anti-VLP antibody to discriminate between the 
analyte and contaminant particles. Furthermore, electron microscopy experiments 
could be used to define conclusively on VLP integrity at the higher number of passes 
through the homogeniser.

In the light of SDS-PAGE and DLS analyses, the optimal number of passes 
suggested for maximal VLP release with minimal damage to the structural 
organisation of the particles was chosen to be equal to 3 for an operating pressure of 
1200 bar in the high pressure homogeniser. The criterion was maximal VLP release 
with indication of minimal structural damage.

The amount of VLP protein as a percentage of the total soluble protein 
increased for N=\ to 4. This was a significant observation suggesting that product 
release did not follow total protein release completely. This indicated that the large 
size of the particles inhibited their escape from cells disintegrated in the homogeniser. 
In other words, the size of VLPs restricted their release from perforated, but not 
fragmented cell walls, occurring at the lower number of passes.

It should also be noted that VLP release was also restricted during the cell lysis 
that normally accompanies the freeze-thawing of the cell paste, as indicated by the 
sample showing some protein released but no trace of pl-381 among these proteins 
producing faint bands in SDS-PAGE. This result is confirmed by the light scattering 
measurement where no VLP material (particles below 100 nm) was detected for the 
sample at V=0.

This observation is in contrast to what Milbum (1992) stated. Even though for 
the high pressure homogeniser he found VLP as a percentage of total protein to be
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increasing for #=1-4, he stated that VLP release closely followed total protein, giving 
no indication of inhibition to VLP release. On the other hand, restriction of VLP 
release was observed for disruption of cell suspension on the bead mill.

One fact that is worth noting here is the very low expression level of VLP in 
transformed S. cerevisiae cells achieved in our experiments (3% of total protein 
against 14% quoted from Milbum) while total protein released was much improved 
(approximately 27 mg/ml against 11 mg/ml by Milbum). The low VLP expression 
level stressed the importance of optimising VLP recovery during homogenisation and 
borax flocculation for the success of subsequent PEG precipitation experiments.

S.2,2,2 E ffe c t  o f  B o ra x  F loccu la tion  on V irus-L ike P articles R e m a in in s  in  

S u p e rn a ta n t

Loss of proteinaceous material and especially pl-381 from the homogenate was 
noted to be caused by centrifugation (Milbum, 1992). Due to the large size of VLPs, 
particles might be entrapped in the floes formed during treatment with borax, thus 
causing their concentration in the supematant to fall. Whether borax flocculation 
favoured removal of VLPs from the supematant to the solid pellet was investigated 
here with a view to maximise VLP recovery in the supematant. This was particularly 
important as the S. cerevisiae strain used for VLP production gave a small expression 
of VLP, as mentioned before. The effect of two final concentrations of borax was 
compared to the effect of centrifugation at zero borax concentration.

Since protein removal by centrifugation and also borax flocculation depended 
on the supematant pH (Milbum, 1992), the experiment was carried out at two pHs 
(7.0 and 7.4). Rather than this being a detailed study of the effect of pH on the 
removal of protein from the supematant, it was only a comparison to investigate 
whether there existed a difference in protein removal between flocculation at pH 7.0 
(suggested by Ciniawskyj, 1995) and at pH 7.4 (Milbum, 1992). This was especially 
important as Milbum (1992) reported that borax flocculation was not effective below 
pH 6.9 due to formation of trigonal boron oxyanions that are unable to cross-link 

carbohydrates (figure 5.2.A).

It should be noted that previous investigation into the loss of proteinaceous or 
enzymic material during borax flocculation (Milbum, 1992; Bonneijea et al., 1988)
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employed only the comparison of supematant samples and the pelleted samples were 
not analysed.

Considering first the analysis of the supematant samples shown in figure 5.6, it 
was seen that the protein content of all samples was similar. The small pH difference 
did not seem to play any role in the removal of soluble protein from the supematant. 
What was more important was that no difference in protein content between samples 
containing borax and control samples was observed. This meant that protein loss 
during borax flocculation was the same as the one observed after the low g  spin 
centrifugation employed in this experiment, which itself enabled increased protein 
recovery compared to a higher g  spin centrifugation normally used for whole cell and 
cell debris removal (Milbum, 1992). Therefore, borax flocculation combined the 
improved clarification efficiency reported (Bonneijea et a l, 1988) \vith minimal 
protein loss to the solid phase.

To investigate further the protein composition of the solid phase, the pellet was 
treated with SDS to extract the protein. Assuming that SDS treatment brought 
complete protein solubilisation, total soluble protein was found equal between all the 
samples, verifying the above conclusion that borax flocculation treatment did not 
increase protein loss to the solid phase. The protein in the pellet represented 5% of the 
total protein, which was in very good agreement with the protein loss of 7% reported 
by Bentham et a l (1990).

S.2.2.3 P o lyethylene  G lvcol Precip ita tion  o f  V irus-L ike  P articles

Figures 5.10 and 5.11 provided the solubility curves for VLP protein with 
increasing precipitant concentration. It could be seen that VLP precipitation obeys 
Cohn solubility behaviour (equation 5.1), which when plotted on linear axes gave an 
exponential decline in solubility.

Total protein solubility does not follow a theoretical model, as it is defined by
the overlapping solubilities of all the background proteins present in a
multicomponent system such as cell homogenate.

A fractionation diagram was generated by plotting VLP protein remaining in
solution against total protein in solution and is shown in figure 5.12 with
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concentrations expressed as percent of protein remaining in supematant (100% is the 
concentration at zero precipitant concentration). Both the solubility curves and the 
fractionation diagram showed that VLP protein was one of the first contents of the 
cell homogenate to come out of solution, i.e. they were one of the least soluble 
components. This was in agreement to the statement put forward by Juckes (1971) 
that larger particles, such as vimses, were precipitated between narrower limits than 
the smaller proteins.

At the point where 10% of VLP was left in solution, there was 43% of total 
protein in solution, so the purification factor (Richardson et a l, 1990) is:

P.F.=  ^  100-10 5 2
tot.prot 100-43

This purification factor might not be particularly high, but the added benefit of 
removing all the particulate cell debris and also concentrating the process stream 
confered an advantage to the method as a preclarification step in the purification 
sequence prior to chromatographic separation.

Both PEG 6000 and 8000 led to the same fi*actionation profile as indicated by 
figure 5.12, with the only difference that there was needed a smaller amount of the 
higher molecular weight PEG for the same amount of protein precipitated.

Comparing precipitation on centrifugally clarified with that on borax treated 
homogenate, it could be seen that the fractionation profile was similar in both cases, 
meaning that the same degree of purification was achieved in both cases. Therefore, 
halving the total protein concentration of the starting material through the borax 
treatment did not affect the fractionation. This effect was expected, since Juckes 
(1971) stated that fractionation of larger particles (viruses) was less dependent on total 
protein concentration. This conclusion agreed well with a similar experiment of ADH 
precipitation by ammonium sulphate (Richardson et a l, 1990).
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A. Laboratory Scale
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Figure 5.1: Schematic representation of VLP purification at laboratory and process
scale. After cell disruption and cell debris removal, laboratory scale purification 
employs differential ultracentrifugation followed by gel filtration (section 2.3), 
whereas at large scale several chromatographic steps are used to isolate the VLPs 
(section 1.3.1.4 and figure 1.3). Borax flocculation of cell debris and PEG 
precipitation of proteins have the potential to aid the early stages of downstream 
processing.
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Figure 5.2: Reaction of planar and tetrahedral boron oxyanions with 1,2 cis-diols.
At high diol to borate ratio, tetrahedral boron oxyanions cross link polyhydroxy 
compounds present on yeast cell walls, thereby flocculating cell debris to facilitate 
their removal from solution by centrifugation at low g  force.
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Figure 5.3: SDS PAGE to indicate the release of VLP protein in samples of 0 to 6

passes through the Lab40 high pressure homogeniser. There was an increase in the 
amount of VLP released up to 4 number o f passes.

Lane 1: molecular weight marker*, lane 2: VLP marker (3.5 pi, 0.7 mg/ml), lane 3: 

sample before homogenisation, lane 4: sample after 1 pass, lane 5: sample after 2 

passes, lane 6: sample after 3 passes, lane 7: sample after 4 passes, lane 8: sample 

after 5 passes, lane 9: sample after 6 passes.

Densitometric analysis of this gel provided quantification of VLP as a percentage of 

total soluble protein in each sample (plotted in figure 5.4).

* molecular weight o f  markers (from top to bottom o f  gel): 205 KDa, 116 KDa, 97.4 KDa, 66 KDa, 

45 KDa and 29 KDa. The same molecular weight markers appear on all subsequent gels, p l-381 (VLP 

monomer protein, lane 2) approximately 55 KDa.
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Figure 5.4: Total ( - * -  ) and VLP protein ( - # - )  released at 0 to 6 number of
passes through the high pressure homogeniser at 1200 bar pressure. Both parameters 
increased for up to 4 passes and then remained approximately constant.

VLP protein as a percentage of total soluble protein ( -A -  ) increased for V=l-3 and 
indicated that exit of VLP from perforated but not fractured cell walls was impeded at 
the lower number of passes. Maximal product release was obtained after 3 passes.
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Figure 5.5: Intensity of light scattered from VLPs in samples of varying number of
pass through the homogeniser.

A decrease in the light scattered by the particles at the higher number of passes (V=5- 
6) suggested the possibility of structural damage of VLPs with extensive disruption 
treatment. No material below 100 nm was detected before disruption (V=0), 
suggesting that VLPs do not leak from cells, e.g. due to cell lysis during 
freeze/thawing.
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1 2 3 4 5 6 7

Figure 5.6: SDS-PAGE for supematant samples after borax treatment of
transformed yeast homogenate. Comparing the protein remaining in supematant for 0- 

50 mM borax and at two pH values indicated that VLP recovery in the supematant 

was similar for all conditions tested.

Lane 1: molecular weight marker, lane 2: VLP marker (3.5 pi, 0.7 mg/ml), lane 3: 0 

mM borax, pH 7.0, lane 4: 0 mM borax, pH 7.4, lane 5: 25 mM borax, pH 7.0, lane 

^  25 mM borax, pH 7.4, lane 7: 50 mM borax, pH 7.0, lane 8: 50 mM borax, pH 7.4.

Total protein in supernatant samples was equal to 12 mg/ml and represented 95% of 

the protein content remaining in solution after centrifugation/borax treatment.
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Figure 5.7: SDS-PAGE for solid phase samples after borax treatment o f yeast

homogenate. The protein content of the samples was similar indicating that borax 

flocculation at the concentrations and pHs tested did not favour VLP removal in the 

sediment (e.g. due to VLPs being trapped in the floes formed).

Lane 1: molecular weight marker, lane 2: VLP marker (3.5 pi, 0.7 mg/ml), lane 3: 0 

mM borax, pH 7.0, lane 4: 0 mM borax, pH 7.4, lane 5: 25 mM borax, pH 7.0, lane 

& 25 mM borax, pH 7.4, lane 1: 50 mM borax, pH 7.0, lane 8: 50 mM borax, pH 7.4.

The total protein removed in the solid phase was estimated to be 0.6 mg/ml, and 

represented approximately 5% of the initial total protein content of the samples.
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Figure 5.8: SDS-PAGE for supernatant samples after PEG 6000 precipitation of

VLPs in centrifugally clarified homogenate. The same amount of total protein 

(approximately 10 pg) was loaded for each sample. The gel indicated the selective 

precipitation of VLP with increasing PEG concentration.

Lane 1: molecular weight marker, lane 2: VLP marker (5 pi, 0.7 mg/ml), lane 3: 0% 

w/v PEG, lane 4: 5% w/v PEG, lane 5: 10% w/v PEG, lane 6: 15% w/v PEG, lane 1: 

20% w/v PEG, lane 8: 25% w/v PEG.

This gel enabled quantification of VLP protein which was plotted in figure 5.10 with 

PEG 6000 concentration.
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Figure 5.9: SDS-PAGE for supernatant samples after PEG 8000 precipitation of

VLPs in centrifugally clarified homogenate. The same effect of selective removal of 

VLP protein away from contaminating protein was observed.

Lane 1: molecular weight marker, lane 2: VLP marker (5 pi, 0.7 mg/ml), lane 3: 0%  

w/v PEG, lane 4: 5% w/v PEG, lane 5: 10% w/v PEG, lane 6: 15% w/v PEG, lane 7: 

20% w/v PEG, lane 8: 25% w/v PEG.

Quantification of VLP remaining soluble as a function o f PEG 8000 concentration 

was plotted in figure 5.11.
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Figure 5.10: Solubility o f total protein ( " ■ “ ) and VLP protein ) with

increasing polyethylene glycol 6000 concentration in transformed yeast homogenate. 

VLP protein was precipitated faster than total protein in the sample. The absolute total 

protein and VLP concentrations (100% value) were equal to 7.6 and 0.23 mg/ml 

respectively.
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Figure 5.11; Solubility o f total protein (“ ■ “  ) and VLP protein ) with varying 

polyethylene glycol 8000 concentration in homogenate. VLP was precipitated faster 

than total protein. The absolute total protein and VLP concentrations were 7.82 and 

0.25 mg/ml respectively.
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Figure 5.12: Fractionation diagram for PEG 6000 (O) and PEG 8000 (□ ) 

precipitation o f VLPs in centrifugally clarified homogenate. Plotting the VLP 

remaining soluble against the total protein in the supernatant gave an indication o f the 

efficiency o f PEG to selectively precipitate VLPs away from contaminating proteins. 

The dotted line represents the line o f  no purification.

The same precipitation profile was followed by both types o f PEG, but PEG 8000 

achieved higher precipitation at the same concentration.
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Figure 5.13: SDS-PAGE for supernatant samples after PEG 8000 precipitation of 
VLPs in borax clarified homogenate. Similar fractionation as for centrifugally 
clarified homogenate (figure 5.9) was observed.

Lane 1: molecular weight marker, lane 2: VLP marker (2.5 pi, 0.7 mg/ml), lane 3: 
0% w/v PEG, lane 4: 5% w/v PEG, lane 5: 10% w/v PEG, lane 6: 15% w/v PEG, 
lane 7: 20% w/v PEG, lane 8: 25% w/v PEG.

Quantification of VLP remaining soluble by densitometric analysis yielded the VLP 
solubility profile in figure 5.14.
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Figure 5.14: Fractionation diagram for PEG 8000 precipitation of VLPs in borax 
clarified homogenate. Comparing this precipitation with the one obtained for 
centrifugally clarified homogenate (figure 5.11), a similar fractionation profile was 
seen in both cases.



Chapter 5. Polyethylene Glvcol Precipitation o f VLPs___________________________ 183

5.3 Preliminary Appraisal of Real-Time M onitoring of Virus-like Parti
cles During Polyethylene Glycol Precipitation

This section describes work towards real-time monitoring of VLPs. After a brief 
introduction highlighting the need for rapid product monitoring, the experiments for 
following PEG precipitation of VLPs using the DLS-based assay and the optical 
biosensor are presented in section 5.3.1 and discussed in section 5.3.2.

Within downstream processing operations, there is an ever increasing need to 
identify the performance of the process by monitoring the product during the different 
stages of processing. The acquisition of such information in real-time can show 
whether the operation proceeds within acceptable limits. In the case of deviation from 
a predefined product behaviour, real-time monitoring enables rapid piloting to 
increase the efficiency of the operation. Finally, real-time monitoring allows 
appropriate control actions to be taken in order to automate and optimise the process.

Considering the control of fractional precipitation of virus-like particles, where 
the product is recovered in the precipitate, the concern is to avoid underprecipitation 
that leads to loss of product in the supernatant, or overprecipitation that leads to 
excess protein contaminant in the sediment. A target of a certain percentage of 
product remaining soluble is specified, in accordance to a satisfactory overall 
purification factor (final purity/initial purity) and real-time monitoring of product 
allows manipulation of process parameters (e.g. precipitant concentration) to reach 
this target, overcoming problems such as batch-to-batch variation.

In the previous section (5.2), the precipitation of VLPs in the presence of PEG 
was established by an off-line method (SDS-PAGE). This section seeks to explore the 
feasibility of rapid monitoring of VLPs to aid the process development of the PEG 
precipitation process as one of the initial steps in the purification sequence for VLPs.
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5.3.1 Results

Below, the experiments aiming to monitoring PEG precipitation of VLPs in 
real-time by means of an optical method (DLS and lAsys optical biosensor) are 
described.

5.3.1.1 D ynam ic L ish t Sca tierins

The first concern when implementing DLS to analyse PEG containing samples 
was the change in viscosity due to the presence of PEG. In samples of viscosity much 
higher than the viscosity of water, the Brownian motion of the particles in the sample 
is impeded, affecting the intensity fluctuations of the light scattered from the sample 
and measured by DLS. Section 3.1.1.1 and equations 3.3 and 3.4 indicated the effect 
of the viscosity of the sample on the light scattering signal.

To account for the change in viscosity in the DLS software, the viscosity of 0- 
25 % w/v PEG solutions in phosphate buffer (0.1 M KH2 PO4 ) was measured. The 
procedure was described in detail in section 2.8.1 of the Materials and Methods. The 
viscosity was measured from the slope of shear stress vs. shear rate (the plot and 
values are given in Appendix C.l) and the information was fed into the light 
scattering software.

Dynamic Lisht Scatterins Analysis o f Pure Virus-Like Particle Treated with
Polyethylene Glycol

As described in chapter 3, monitoring of VLPs with dynamic light scattering has 
been based on the size distribution of the sample, and so the effect of PEG on the size 
distribution of the VLPs was crucial and was investigated. Purified VLP solution in 
concentration similar to the one in transformed homogenate was analysed in the 
supernatant after PEG treatment.

Experimentation: VLP stock solution (50 pi, 0.92 mg/ml) was diluted with 
phosphate buffer (0.1 M KH2 PO4 ) to a final volume of 200 pi. PEG was diluted with
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phosphate buffer to double the desired final concentration, equal volumes of PEG and 
VLP solution were mixed and the precipitation experiment was carried out as 
described in section 2.8. After completing the precipitation procedure for the sample, 
300 pi of supernatant were removed and analysed by DLS immediately after 
precipitation. Five consecutive measurements were performed on each sample and the 
size distributions corresponding to each sample were averaged by the procedure 
described in section 2.4.

Results: Figure 5.15 shows the size distributions of VLP treated with 2.5 and 
5 % w/v PEG. Comparing the two plots, it was evident that when PEG concentration 
in the sample increased, the size distribution of the particles changed. In PEG 
concentration higher than 5 % w/v the mean size of the particle population increased 
further and the size distribution became even more heterogeneous in terms of size 
(result not shown).

Dilution of the analysed sample to dissociate the particles to their initial 
conformation was not possible, as it resulted in the light scattering signal falling 
below the detection limit of the instrument.

The observed size increase was probably part of the precipitation process, 
whereby particles aggregated in the presence of the PEG polymer network (section 
5.1.2.1).

5,3.1.2 Optical Biosensor Immunoassay

After chapter 4 where the optical biosensor immunoassay was optimised for 
measuring VLPs, the application of the LAsys optical biosensor to monitor VLPs in 
more complex process streams is described here.

Experimentation: Experiments with the optical biosensor involved the use of 
both carboxymethyl dextran and aminosilane type surfaces in the sandwich type assay 
format. Rabbit antimouse Fc specific (RAM Fc) antibody was immobilised on the 
sensor surface, anti-VLP antibody was bound on RAM Fc as has been described in 
the experimentation sections of 4.2.3 and 4.2.4.

Subsequently the VLP containing sample was applied (20 pi of sample diluted 
to 200 pi with PBS/T) and was left to interact with the antibody on the sensor surface
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for 3 min. Samples applied included centrifugally and borax clarified transformed 
yeast homogenate, supernatant and precipitate from 5 % w/v and 25 % w/v PEG 
treated homogenate. Each sample was applied on both reacting (anti-VLP bound) and 
control (RAM Fc immobilised) surface so that non specific interactions could be 
assessed.

Results: Figure 5.16 shows the interaction profile of centrifugally clarified yeast 
homogenate on the reacting (solid line) and the control (dotted line) carboxymethyl 
dextran sensor surface. Figure 5.17 shows the same sample applied on aminosilane 
type surface.

It was obvious in all experiments that non-specific binding was so extensive 
that it was not possible to distinguish a meaningful difference between the response 
on anti-VLP and control antibody surface.

As discussed in more detail in the following section, these non specific 
interactions were believed to be originating mainly from the cell debris fouling the 
sensor surface, acting as an ion exchanger and attracting proteins of the opposite 
charge, therefore masking and even preventing the antibody to VLP interaction.

High salt buffer was used, where 29.25 mg/ml NaCl was added in the normal 
PBS/Tween buffer, to eliminate non-specific binding due to ion exchange phenomena 
(result not shown) but no significant improvement was observed in the interactions 
monitored. Consequently it was not possible to extract any information concerning 
the quantification of VLPs in a complex multicomponent matrix, such as partially 
clarified yeast homogenate.
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5.3.2 Discussion of Results

Optical methods when used as monitoring techniques offer rapid responses and 
so they provide a promising alternative to off-line, time consuming methods such as 
SDS-PAGE, Western blotting or ELISA for process monitoring.

From what has been mentioned in section 5.3.1, it follows that real time 
monitoring during PEG precipitation was not so straightforward. This section seeks to 
discuss the problems faced in the analysis as well as to present some suggestions to 
possible solutions.

5.3.2.1. Dynamic Lisht Scatterins

As described in chapter 3, the most reliable basis for quantifying VLPs in 
transformed yeast homogenate was established based on the intensity of light 
scattered from the particulate population of 0 to 100 nm size range, which in turn is 
based on the size distribution of the VLP containing sample. On the other hand, when 
it was attempted to apply this approach to VLP monitoring in the presence of PEG, 
significant problems arose.

Figure 5.15 shows the size distribution for purified VLP in up to 5 % PEG. It 
was obvious that VLP molecules in the presence of PEG tended to interact with one 
another resulting in a population of a larger mean diameter. At even higher 
concentrations of PEG (result not shown) the effect of particle interaction became 
more pronounced and the heterogeneity of the particles in terms of mean size became 
very large.

The observed increase in mean diameter for VLPs was attributed to the action 
of protein precipitation by PEG. As it was mentioned in section 5.1.2.1, the 
precipitation process was due primarily to excluded volume effects (Atha and Ingham, 
1981). Proteins were sterically excluded from regions of the solvent occupied by 
PEG, and so, as VLPs were forced to come to closer contact, interactions e.g. through 
their hydrophobic domains were favoured, leading to aggregation of the molecules. 
The larger aggregates were removed by the centrifugation step, but even the proteins 
left in solution were associated by the mechanism mentioned above.
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The same observations hold for PEG treated homogenate. VLPs, other proteins 
and even cell debris aggregation phenomena led to a very heterogeneous sample 
population where it was impossible to distinguish VLPs merely by their size.

Furthermore, the heterogeneity of the particles in terms of mean size 
compromised the quality of the light scattering measurement. As particulates of larger 
size contributed more in the light scattering signal than those of a smaller size, 
smaller particles (if present in the sample) were "shielded" in the analysis and were 
not accurately represented in the result of the size measurement. Furthermore, due to 
this effect the addition of antibody to distinguish between VLP and non-VLP 
particulate material (e.g. in PEG treated homogenate) would be difficult, as the size 
change of approximately 30 nm induced by the antibody (IgG) binding on VLP 
surface would be too small to be accurately detected.

To bring the particles to their native form prior to DLS analysis, the most 
straightforward approach would be to dilute the sample with buffer so that increased 
hydration would dissociate the particles. However, dilution resulted in the particulate 
matter decreasing in the assayed sample and so the intensity of light scattered by the 
sample fell below the detection limit of the instrument.

To overcome the above mentioned problems encountered in the analysis of the 
precipitation supernatant, analysis of the solid phase could be attempted. Apart form 
the obvious advantage of the absence of PEG in the assayed sample, several 
drawbacks need to be mentioned. First, this approach would be dependent on the 
reproducible and complete resuspension of the precipitate to release all VLP from the 
sediment, otherwise, assay precision would suffer. Second, after being subjected to 
centrifugal separation, some of the cellular debris tends to form clumps and therefore 
larger size particulates would cause problems in the light scattering analysis. Efficient 
removal of cellular debris before PEG precipitation would minimise this problem. 
Finally, this approach would be difficult to implement in large scale.

Future research could focus on sample preparation to remove PEG prior to DLS 
analysis, so that VLP in the supernatant could be assayed. For example, a procedure 
could be used of creating an aqueous two phase system by addition of a salt to induce 
phase separation to a salt-rich and a PEG-rich phase, where hopefully VLPs would 
preferentially move away from PEG. Ingham and Busby (1981) have found that serum 
proteins move away from PEG when phase separation to a salt and a PEG-rich phase 
was induced by the addition of a salt mixture (K2 HPO4 -KH2 PO4 ). However, it should
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be mentioned that a lengthy sample preparation would increase the total time required 
before any quantification could be used for process evaluation and also the added 
steps prior to the analysis introduce a higher risk of the assay precision to suffer.

In the light of the above discussion, the use of the light scattering assay is 
recommended for monitoring unit operations other than PEG precipitation. As 
discussed in section 3.3.5, the very good sensitivity of the technique combined with 
its ability to work on complex process streams such as cell homogenate appeared 
promising for VLP monitoring in the early stages of production and purification.

S.3.2.2 Optical B iosensor Im m unoassay

In chapter 4, an assessment of monitoring pure solutions of VLPs with the 
optical biosensor gave positive results, indicating that the good sensitivity of the 
measurement combined with the specific recognition of the anti-VLP antibody to 
VLP would permit monitoring in more complex process streams.

However, experiments with partially clarified yeast homogenate showed 
extensive non-specific binding, as shown by the lack of specific recognition exhibited 
in figures 5.16 and 5.17 where the interaction profile on the control and anti-VLP 
surfaces did not show a meaningful difference.

The proposed explanation for this behaviour was that the fouling components of 
yeast cell walls bound on the surface of the biosensor covering the accessible antibody 
molecules. Furthermore, there has been evidence to support the fact that yeast cell 
wall debris exhibites characteristics of an ion-exchanger, due to negative phosphate 
groups in mannoproteins (present in yeast cell wall) that may bind proteins below 
their isoelectric point, i.e. positively charged (Shaeiwitz et a l, 1989). In such a case, 
the surface of the biosensor would act effectively as an ion exchanger attracting 
proteins of the opposite charge which might result in masking the antibody-VLP 
interaction and might even prevent it.

There was no permanent modification of the sensor surface by the fouling 
components, as subsequent experiments with purified VLPs on the same surface were 
not affected.
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For aminosilane surfaces in specific, it has been known that aminosilane twists 
back on itself to form hairpin-like structures that tend to be multilayered 
(Plueddemann, 1991; Hailing and Dunnill, 1979). Therefore, even though it was 
assumed that aminosilane was a planar surface, it might be possible that these 
surfaces behaved as porous supports entrapping contaminating substances, worsening 
the effect of an ion-exchanger being formed and possibly explaining why there was 
shown not to be any significant improvement over carboxymethyl dextran surface 
(figure 5.16).

Future research focusing onto different support systems for binding the anti- 
VLP may yield positive results. For example, the use of a neutral, hydrophilic 
polymer such as polyvinyl alcohol (PVA) may prove to be advantageous. Stewart et 
al (1990) have shown that PVA provides a neutral barrier to the non-specific 
adsorption of the proteins. Apart from the advantages of the lack of charge, retention 
of biological activity of the adsobed proteins has been established and the hydroxy 
groups of PVA can be easily derivatised with standard techniques.

Finally, it has to be stressed that monitoring yeast homogenate is proving to be a 
very challenging target and it is very important to understand the mechanisms 
involved in non-specific interactions before any significant improvement can be 
achieved in this area. Until then, the optical biosensor could be employed more 
positively for process monitoring further downstream in the purification chain. 
Chromatographic separation would be a suitable candidate, as the purity of the 
assayed samples would be satisfactory and the sensitivity of the assay was low enough 
to permit such applications as demonstrated in chapter 4.
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5.4 Conclusions

In this chapter, the production and purification process for VLPs from 
fermentation, through to cell disruption and borax clarification of homogenate, 
leading to the selective precipitation of VLPs has been characterised.

During cell disruption in a high pressure homogeniser, exit of VLPs was found 
to be dependent on the degree of cell wall rupture and maximal product release with 
minimal structural damage was obtained at 3 number of passes for an operating 
pressure of 1200 bar. Borax treatment of homogenate to remove cellular debris was 
not found to favour VLP loss to the sediment compared to centrifugal clarification.

The PEG precipitation profile for VLPs was established using an off-line 
method (SDS-PAGE) and a purification factor of 1.6 was achieved.

Real-time monitoring of VLPs during early purification treatment was proven to 
be a difficult target. The changing size of VLPs in the presence of PEG limited the 
use of the DLS-based assay. More promising applications of the DLS assay can be 
met by monitoring other unit operations, as the assay was not limited by the presence 
of contaminants and the sensitivity achieved was very good.

Implementation of the optical biosensor immunoassay was hindered by 
extensive non-specific binding. This indicated that the use of the biosensor would be 
most suitable to purer preparations of particles, e.g. monitoring of chromatography, or 
other operation further downstream in the purification chain. Future research into 
different supports of the immobilised ligands may benefit future implementation on 
more complex process streams.
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Figure 5.15: Dynamic light scattering analysis of purified VLP in the presence of 
PEG 8000. Solution of purified VLP (0.23 mg/ml) was treated with different 
concentrations of PEG and the supernatant analysed by DLS. Five measurements on 
each sample were performed and the results averaged.

At PEG concentration higher than 5% the number based measurement showed that 
particles were interacting to yield a larger mean diameter population. The size 
distribution based on intensity of light scattered from the particles showed similar 
effects.
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Figure 5.16: Interaction profile of transformed yeast homogenate with dextran 
immobilised rabbit anti-mouse Fc specific antibody (dotted line) and anti-VLP 
antibody bound on rabbit anti-mouse Fc specific antibody (solid line).

The plot showed similar responses for both the control (dotted line) and reacting 
(solid line) surfaces indicating extensive non-specific binding. This effect was 
attributed to the fouling components of yeast cell walls that may act as ion exchangers 
binding contaminating proteins and masking the antibody to VLP interaction.
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Figure 5.17: Interaction profile of transformed yeast homogenate with aminosilane 
immobilised RAM Fc (dotted line) and anti-VLP antibody bound on RAM Fc (solid 
line).

The same effect as for the experiment on dextran was observed. The less porous 
nature of the aminosilane surface provided some improvement indicated by the 
somewhat smaller response for the control surface, but this improvement was not 
sufficient to allow quantitation of analyte.



Chapter 6

Conclusions and Future Work

The process for the production and purification of biotechnologically derived 
microbial proteins is comprised of a sequence of interacting steps operated as a 
combination of batch and continuous operations with steady and unsteady conditions 
being common. Variations in the fermentation and early purification stages can have a 
profound effect on the performance of the subsequent recovery (high resolution 
purification) stages.

On the other hand, product monitoring during protein purification scale up 
usually depends on slow retrospective analyses, so that a laborious pilot-scale trial run 
is conducted and only later is it learned whether the trial has been successful. Use of 
rapid monitoring should enable its operator to identify the performance of a 
purification operation within the timescale of a particular trial, allowing possible 
intervention to and optimisation of an on-going process.

During development of a protein production and purification process, the 
availability of historical information on product behaviour from previous runs of 
operations is limited. Equipment used may be new and little data may be available for 
the optimal conditions. Even though small scale trials can indicate the potential 
problems, as scale of production increases these problems become more severe and 
there is a greater need for rapidly identifying emerging bottlenecks. Monitoring 
facilitates process familiarity and optimisation, and real-time assays capable of 
indicating product recovery at each step offer the ability to investigate the effects of 
operating conditions and to decide on immediate adjustments of an on-going process 
so as to maximise the efficiency of product recovery.

Section 1.3.1.3 has indicated some of the analytical techniques commonly used 
for protein monitoring during process development. Optical immunochemical 
techniques combine rapid response times with high sensitivity and specificity for 
analyte evaluation and so their use in real-time protein monitoring appears promising.

The main aim of this thesis was the development of optical immunoassay 
procedures for monitoring virus-like particles based on the principles of dynamic light
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scattering and the resonant mirror optical biosensor to aid process evaluation and to 
consider their application to process development and control.

A light scattering based assay was detailed in chapter 3 Avith the intention to 
highlight the principles and establish a calibration basis for using the technique to 
monitor VLPs against contaminating particulate material such as cell debris. The 
basis of the light scattering assay was to use the antibody to VLP interaction and its 
detection by DLS to evaluate VLP concentration in process streams such as yeast cell 
homogenate.

Only particulate contaminants (mainly cell debris) scatter light and so soluble 
contaminants (e.g. carbohydrates, soluble protein) do not contribute to the light 
scattering signal. To measure VLP in the presence of debris, increasing levels of VLP 
were spiked to the same volume of partially clarified untransformed (not expressing 
VLPs) yeast homogenate, thereby creating samples of increasing VLP to contaminant 
ratio. Varying the product to contaminant particle ratio was reflected in the 0 to 
100 nm size distribution of the sample. A linear relationship was found between the 
intensity of light scattered by the particles in this size range and VLP concentration in 
the sample (section 3.3.4). The use of the antibody to VLP interaction provided the 
advantage of specific recognition of the analyte and established the specificity of the 
assay, however it was found that it did not improve the sensitivity of detection.

The DLS assay was based on detection of VLPs in a yeast homogenate 
environment and a partial clarification treatment (e.g. borax flocculation of cell 
debris) was sufficient for particulate contaminants (cell debris) not to hinder the 
immunoreaction or the detection of the product. Therefore, the assay was considered 
suitable for VLP monitoring at the early downstream processing stages where cell 
debris is the major contaminant species. This effect results in broadening the 
spectrum of purification operations where VLP monitoring could be applied.

With this assay product concentration as low as 4.6 pg/ml was detected, thus 
improving the detection limit compared to alternative rapid analyses for VLP 
monitoring mentioned in section 3.3.5. Table 6.1 gives typical VLP concentrations in 
some of the process streams in the production of hybrid VLPs shown in figure 1.3 to 
indicate that the sensitivity of the assay is sufficient for monitoring such a process.

The application of the lAsys optical biosensor for monitoring purified VLPs 
was presented in chapter 4 with the intention to optimise the assay parameters such as 
the type of surface for ligand immobilisation, as well as the assay conformation. Use
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Table 6.1: Typical VLP Concentrations in Production o f  Hybrid VLPs (British 
Biotechnology process). Values refer to process stream leaving the operation.

Operation VLP concentration (mg/l or pg/ml)

Fermentation 200

Cell Disruption 180-260

Cation Exchange Chromatography 330-550

Hydrophobic Interaction Chromatography 80-270

Gel Filtration 2000-14000

of an aminosilane derivatised surface was made to minimise mass transport problems 
and to increase the sensitivity of detection, and the sandwich type assay format 
employed permitted reproducible binding and prolonged surface activity.

The sensitivity achieved with this technique was good (2.5 pg/ml) and is 
sufficient to monitor VLP at process streams such as chromatographic elution streams 
(see Table 6.1). Employing a sandwich type assay approach where RAM Fc antibody 
was immobilised on the sensor surface to capture VLP before each sample was 
assayed, enabled handling of a large number of samples and analyses over a long 
period of time (section 4.3.3). The assay being highly automated and rapid 
(approximately 12 min were sufficient for interaction analysis and sensor 
regeneration) has a good potential to aid real-time process evaluation.

Analyses of homogenate samples with the optical biosensor were impeded by 
the extensive non-specific binding observed. Non specific binding was attributed to 
the fouling components of homogenate samples (e.g. cell debris acting as ion 
exchangers and attracting oppositely charged proteins). However, because the 
immunoassay exhibited the necessary sensitivity and specificity for purer preparations 
of VLPs, monitoring of later stages in a purification process (e.g. chromatography) is 
suggested to assess the performance of such operations. At this stage, cell fragments 
have been removed and the likelihood of the immunoreaction discriminating between 
product and foreign protein is much higher.
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6.1 Discussion on the Application of Real-time Assays with Respect to the VLP 
Process

Within the research described in this thesis, the potential of borax flocculation 
of cell debris followed by PEG precipitation of VLPs to aid the initial clarification 
stages of a VLP production and purification process has been discussed (section 5.2). 
Borax flocculation of cell debris in homogenate was found to combine the improved 
clarification efficiency reported (Milbum, 1992; Bonnerjea et a l, 1988) with minimal 
protein loss to the solid phase (approximately 5%, section 5.2.2.2). PEG precipitation 
of VLP away from contaminating proteins was followed by an off-line technique 
(SDS-PAGE) and a purification of 1.6 fold was obtained along with process stream 
concentration prior to chromatographic separation. The combination of borax 
treatment followed by PEG precipitation is believed to improve the clarification of 
yeast homogenate prior to high resolution purification (chapter 5, also: Ciniawskyj, 
1995).

Figure 1.3 shows the large scale process employed by British Biotechnology 
Ltd. (Cowley, U.K.) for production of hybrid VLPs and the various stages are 
described in section 1.3.1.4. An alternative procedure is shown in figure 6.1 where the 
initial clarification steps of centrifugation and depth filtration (figure 1.3) have been 
substituted by borax flocculation of cell debris and PEG precipitation for VLP 
precipitation. According to this procedure, after fermentation to produce VLPs, the 
cells are harvested by centrifugation and the cell paste is resuspended in buffer (e.g. 
phosphate buffer). Cell disruption to release the intracellular contents of the cells 
follows and here the broth may be recycled depending on the number of passes 
through the homogeniser needed. After completion of the disruption treatment, the 
homogenate is mixed with borax that flocculates the cell debris. The product is 
recovered in the supernatant which is then mixed with PEG solution of the 
appropriate concentration to selectively precipitate VLP away form contaminating 
proteins that remain in the supernatant. After resuspending the precipitate, high 
resolution purification follows which mainly comprises of chromatographic 
separation steps to purify VLPs to clinical specifications.

Each stage in the production and purification sequence presents a particular 
challenge with respect to maximising VLP recovery. Successful monitoring can 
provide the means for identifying potential losses which is the first step to detecting
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and solving the problem. Some of the main bottlenecks concerning each operation are 
mentioned here to highlight the importance of real-time monitoring to aid process 
development with reference to figure 6.1.

Fermentation

Production of VLPs involves a stepwise procedure (sections 1.3.1.4 and 2.2) 
where biomass growth is gradually scaled up to full production capacity (e.g. 150 1 for 
the process in figure 1.3). Production of the particles comprises the last stage of the 
operation and is induced by changing the C-source (galactose, instead of glucose). 
After induction, there is little increase of biomass, whereas VLP production is known 
to increase sigmoidally and eventually reach maximum and enter a stationary phase 
(for the process in figure 1.3 this happens after approximately 24 hours from 
induction ). Here, potential sources of problems that may have an impact on product 
yield are batch-to-batch variation of materials or strain degeneration.

At the fermentation stage, monitoring can indicate whether product formation 
has reached its maximum. The target is to avoid earlier termination that would result 
in lower product yield (decreased amount of product per unit of biomass), as well as 
later termination that would mean economic losses for sustaining a fermentation 
without the corresponding benefit in increasing yield, or even lysis of cells and loss of 
product in the fermentation medium.

Product formation can be followed by the light scattering assay to indicate the 
point of maximal VLP concentration for accurate termination of a fermentation. Prior 
to measuring, the cells in the sample have to be disrupted and the homogenate needs 
to be partially clarified (e.g. by borax flocculation) to remove the majority of cell 
debris in homogenate, so that the quality of measurement would not be compromised 
by particulate contaminants. It has to be noted that here a quite lengthy sample 
preparation step before measurement is not likely to be a problem, as fermentation is a 
relatively long process and VLP concentration changes slowly.

Sample preparation may or may not include a centrifugation step to concentrate 
the sample cells before disruption, depending on whether product concentration is 
sufficiently high. Final VLP concentration reported at the end of the fermentation 
stage for the production shown in figure 1.3 was approximately 200 mg/l (i.e. 200 
pg/ml) which is well above the detection limit of the light scattering assay.
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During the galactose induction phase, there is little biomass growth and so 
levels of VLP increase per unit of biomass. In terms of the light scattering 
measurement, this would mean that VLP to cellular particulate ratio would increase 
with time, much in the same way as has happened in the model system used in chapter 
3 to demonstrate the application of the assay where VLP in the analysed samples 
increased compared to cellular contaminants. Measuring the amount of light scattered 
by the particles below 100 nm would be expected to increase proportionally to the 
concentration of VLP in the fermentation broth indicating the point where VLP 
production levelled off.

C ell H a rv e s tin s

Cell harvesting involves centrifugal separation where cells are concentrated and 
then resuspended in buffer before disruption. In some cases, when for example a 
fermentation has been carried out for a lot longer than needed for maximum product 
yield, cell lysis may result in VLP leaking to the medium. If this happens, assaying the 
supernatant liquid after cell harvesting (stream 2 in figure 6.1) by light scattering can 
give an indication of VLP leakage. For a final product concentration of 200 mg/1 
during the fermentation stage (Table 6.1 and 1.2), a 10% of cells being lysed 
(approximately 20 pg/ml of VLP in the medium) would be well above the detection 
limit of the light scattering assay.

C ell D isrup tion

Disruption treatment follows harvesting and resuspending the cells, to release 
the intracellular contents of the cells (stream 3 in figure 6.1) and is usually carried out 
in a high pressure homogeniser. Product losses occur due to incomplete disruption of 
cells that may be attributed to malfunctioning of the homogeniser, unknown optimal 
operating conditions (e.g. if the homogeniser is new) or due to cells being harder to 
break than usual. In the latter case, Milbum and Dunnill (1994) show that pMA5620 
transformed cells that produce VLPs become four times more resistant to 
homogenisation if they are freeze/thawed before disruption, effect which increases 
with number of freeze/thaw cycles. Therefore, at the cell disruption stage the target is 
to adopt such conditions (e.g. pressure, number of passes through the homogeniser) 
that bring about maximal protein release with minimal product damage (e.g. due to 
extensive disruption treatment).
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Total protein assays can show whether the disruption treatment has released all 
of the intracellular protein, but this type of assay will not indicate whether there is a 
lag in VLP release (e.g. due to impeded exit of VLP particles from partially 
fragmented cells, see figure 5.4 and section 5.2.2.1) or whether extensive cell 
disruption (e.g. at a high number of passes through the homogeniser) is harmful to the 
structural integrity of the product particles. For such questions to be answered an 
assay for specifically monitoring product would be required.

DLS can give information as to what VLP release is, as described in sections
5.2.1.1 and 5.2.2.1. An advantage of this technique as a monitoring basis is that it has 
the potential to indicate possible structural damage of the particles by a decrease in 
the light scattered in such a case. Care has to be taken so that micronised cell debris 
does not appear in the size range below 100 nm thus being falsely detected as VLP. If 
this happens, use of the anti-VLP antibody may be made so as to distinguish between 
product and contaminant particles by selective increase of the VLP size.

During a pilot scale run of cell disruption, passing full production volumes of 
the cell suspension (e.g. 50 1 for the process in figure 1.3) several times through the 
homogeniser may last several hours. Product monitoring by a slow method such as 
SDS-PAGE would require 24 hours by which time the run would have been 
completed and so the information obtained could not be used as a control basis. Real
time monitoring, such as a DLS-based one, can return a measurement within minutes 
(approximately 2 minutes are required for each measurement) and so product release 
could be evaluated rapidly and used for deciding on the quality of the disruption 
treatment.

In practice, one way of deciding whether disruption is adequate would be to test 
what maximal product release is (e.g. by subjecting cell suspension to disruption at 
the highest operating pressure to get close to 100% breakage) and then compare the 
product measurement at each set of operating conditions against this value. The 
operator has to consider optimising the assay procedure, for example by doing several 
measurements on samples removed after each set of operating conditions, to obtain a 
good precision of the assay result.

In some cases, a combination of total protein and product protein assays may be 
suggested. For example, total protein estimation may be carried out for samples of all 
operating conditions tested and product monitoring followed for only those samples 
where maximum total protein release has been identified. In the case where structural
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damage of VLPs is important to be tested, it may be preferred that DLS analyses are 
backed up by other off-line analyses, such as electron microscopy, to ensure that 
maximal VLP release occurs with no significant particle damage. This would increase 
the chances of success for subsequent purification operations by reducing product 
degradation.

B o ra x  F loccu la tion

Leaving the cell disruption stage, figure 6.1 suggests that the homogenate is 
treated with borax to flocculate the cell debris. This results in effective removal of 
cellular contaminants with only a low g  spin centrifugation needed (section 5.2.2.2) to 
remove the flocculated material. At this stage, product monitoring aims to control 
parameters that may affect the operation such as pH, as it has been shown (Milbum 
1992) that flocculation is not effective under pH equal to 6.9.

Assaying for VLPs in the supernatant (stream 4 in figure 6.1) is a positive 
prospect, because after the removal of the majority of contaminants in the sediment, 
VLP is left in a relatively cell debris-clean environment. It is worth remembering here 
that calibration of the light scattering assay in chapter 3 was performed on borax 
clarified homogenate samples of varying VLP concentration.

VLP monitoring in the sediment (stream 5 in figure 6.1) is also a possible 
alternative. Sample preparation in this case would have to include resuspending the 
sediment to solubilise VLP in the solid phase and centrifugation to remove larger size 
cell debris (due to the cross-linking effect of borax) that would compromise the 
quality of the light scattering measurement. There are several drawbacks to this 
approach such as less than 100% solubilisation of VLP prior to measurement, long 
sample preparation required, as well as the procedure being difficult to implement on 
large scale, and so such an approach is considered inappropriate for the purposes of 
reliable real-time monitoring.

P E G  Precip ita tion

After borax flocculation of cell debris, the supernatant is mixed with PEG to 
precipitate VLP away from contaminating material such as foreign protein and nucleic 
acids. Rapid monitoring enables control of parameters such as PEG concentration to 
avoid excess contaminants to be transferred to the sediment (overprecipitation) or loss 
of product in the supernatant (underprecipitation).
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In chapter 5, section 5.2 has established the precipitation profile for VLPs by an 
off-line method (SDS-PAGE) and section 5.3 has indicated the potential of real-time 
monitoring based on DLS and the optical biosensor.

The use of dynamic light scattering and the optical biosensor to monitor VLPs 
during PEG precipitation proved to be difficult. As particle size changed in the 
presence of PEG, the calibration method developed for DLS based monitoring could 
not be used for VLP monitoring in the supernatant (stream 7, figure 6.1) as discussed 
in section 5.3.2.1. Dilution of the assayed sample with buffer to bring the particles to 
their native state was not possible as the signal fell below the detection limit of the 
instrument (section 5.3.2.1). Analysis of VLP in the sediment (stream 6, figure 6.1) 
would be dependent on the reproducible and complete resuspension of the precipitate 
to release all VLP for assay precision not to suffer and so this approach was not 
considered to be a reasonable choice for large scale implementation.

Analyses with the optical biosensor were impeded by the extensive non-specific 
binding observed. Future research into neutral affinity supports for ligand 
immobilisation may aid the elimination of non-specific interactions (section 5.3.2.2).

C hrom atosraphv

The high resolution purification stages of downstream processing mainly 
comprise of chromatographic techniques (cation exchange, hydrophobic interaction 
and gel filtration) with intermittent ultrafiltration steps for process stream 
concentration and buffer exchange (see also figure 1.3). The aim here is to separate 
VLPs from nucleic acids, carbohydrates and foreign proteins to clinical specifications.

At this stage product monitoring helps to identify the product-containing 
fractions even in cases where the product peak overlaps with a contaminant peak. 
Main problems that may occur are product breaking through the column without 
being retained (e.g. due to exceeding the required amount of material loaded) or 
product being irreversibly bound on the column. Monitoring can show whether the 
product is being eluted straight off the column in the former case, or being detected at 
the wash phase in the latter case. Such monitoring can be done off-line, but if a rapid 
assay is used, the time needed before the next separation operation is started can be 
reduced significantly. An assay with a high sensitivity (low detection limit) will be 
able to show the beginning of a chromatographic peak, where product concentration is 
low.
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Rapid monitoring to assess the problems during chromatography as well as pool 
the product-containing fractions (stream 8 in figure 6.1) can be implemented by both 
DLS and the optical biosensor. As most particulate contaminants have been removed 
by the previous purification operations, the light scattering assay would have no 
problem of detecting VLPs, as soluble contaminants do not scatter light. The DLS 
assay can also give indication of VLP degradation due to severe ionic conditions, as 
this would result in a significant decrease in the light scattering efficiency of the 
particles.

As described in section 5.3.2.2, the biosensor performance on yeast homogenate 
samples was found to be severely limited by the presence of cellular debris that 
resulted in excessive non-specific interactions that prevented analyte quantitation. 
During the chromatographic stages of downstream processing, cell debris have been 
removed and it is believed that the specific recognition of the immobilised antibody to 
the sample VLPs would not be hindered by contaminating substances. For the 
optimised approach of RAM Fc immobilised on aminosilane to capture anti-VLP 
antibody before analysis of sample, if there is need to account for a high background 
signal (e.g. contaminants causing an increase in the refractive index) a comparison of 
the measurement of each sample on the control (RAM Fc) and the interacting (anti- 
VLP) surface can be adopted in order to obtain a response proportional to the 
concentration of analyte. It is believed that non-specific interactions would not be 
significantly strong to interfere with the antibody-antigen interaction and thus the 
response would be able to reflect the level of VLP in the sample.

It has to be mentioned that downstream process experiments described in this 
thesis were limited by the low apparent expression levels of VLP in transformed yeast 
cell homogenate. After optimising the cell disruption conditions (chapter 5), the 
maximum VLP released was 3% of the total soluble protein content. The equivalent 
value for the British Biotechnology Ltd. production (described in section 1.3.1.4 and 
shown in figure 1.3) reported VLP protein to be approximately 10% of total protein. 
Obviously, maximising VLP production per unit of total protein means that the assays 
discussed here would stand a much better chance of quantifying the product against 
the background of contaminating material (e.g. cell debris, foreign proteins etc.).
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6.2 Recommendations for Future W ork

The aim of this thesis has been the progress of the issue of VLP analysis by 
offering alternatives for rapid analysis of the particles within the bioprocess. The main 
ideas behind assay optimisation, calibration and use, as well as the limitations have 
been mentioned so as to unveil the potential of these techniques in aiding product 
monitoring during process development.

Implementing the assays on a process scale may mean that further experiments 
need to be done to see how the assays perform in “real” process conditions. This 
would essentially involve analysis of samples from different stages of the production 
and purification sequence to test the assay ability to monitor with different levels of 
contaminating material being present. Therefore, to establish the reliability of the 
assay, future work could focus on repeated assays carried out on different process 
samples with the intention to define the precision and accuracy of the method.

In the previous section (6.1), the application of the DLS assay during process 
development was discussed and it was indicated how the assay can be used for 
monitoring VLPs in the various process streams. VLP monitoring during fermentation 
is an interesting research prospect, as well as being important to the success of the 
whole recovery process. Future research can focus on monitoring during the induction 
phase to follow VLP production and test the accuracy of the assay e.g. by comparing 
the DLS measurement to an off-line technique such as SDS-PAGE. Defining the 
exact sample preparation procedure (e.g. whether cell concentration is needed, cell 
breakage and removal of cell debris) prior to measurement would have to be resolved, 
as it would have an impact on assay precision and accuracy.

As mentioned earlier, analyses of homogenate samples with the optical 
biosensor were also impeded by the extensive non-specific binding observed in all 
experiments with homogenate samples. Non specific binding was attributed to the 
fouling components of homogenate samples (e.g. cell debris acting as ion exchangers 
and attracting oppositely charged proteins). Future research into neutral affinity 
supports was suggested to facilitate product monitoring via the elimination of non
specific interactions.

The immunoassay exhibited the necessary sensitivity and specificity for purer 
preparations of VLPs. Future work that would focus on monitoring of the later stages 
in a purification process (e.g. chromatography) appears promising. Issues such as



Chavter 6. Conclusions and Future Work__________________________________ 206

pooling fractions and identifying product retention by the column could be addressed 
as it has been discussed in the previous section 6.1. An important aspect that needs to 
be investigated is the impact of contaminants (mostly foreign proteins) on the 
biosensor signal. The discriminatory power of the immobilised antibody is believed to 
favour VLP detection in the presence of those contaminants.
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Figure 6.1: Proposed strategy for a VLP production and purification process. For a description of the process, 

refer to section 6.1.
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Appendix A

A A  F erm en ta tion  P ro file  f o r  1 4 1 F erm en ta tion

The plot below shows the optical density recorded at 600 nm during the time 
course of the 14 1 batch fermentation of S. cerevisiae strain MC4. This fermentation 
was used as a seed for subsequent culture of the cells to the 1000 1 capacity. 
Measurements of optical density were duplicated and the results averaged.
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A .2  F erm en ta tion  P ro file  f o r  1 0 0 0 1 F erm en ta tion

This plot shows the absorbance (600 nm) of the cell culture with time recorded 
during the 1000 1 fermentation of S. cerevisiae MC4. The fermentation was operated 
in fed batch mode. Optical density measurements were duplicated and the results were 
averaged.
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Appendix B

B , 1 E xp o rtin g  D ynam ic  L ig h t Sca ttering  S ize  D istribu tion  as A S C I I  D ata,

The program below was written to operate within the light scattering software to 
convert the result of the size measurement to ASCII data so that they could later be 
imported to a spreadsheet.

(this program must be saved as xxx.PCM)

file "C:\PCS\temp.dat" 
delete file 
for 1=1 to 5 
select (i)
for k = 1 to numsizes 
print file using
"####.#\t####.#\t####.#\t###.#\n",sizes(k),intensity(k),volume( 
k); number(k)
next
print file using "========\n"
next
end

B , 2 D ata  P rocessing  f o r  the  L ig h t Sca ttering  S ize  M ea su rem en ts

Typically, for each sample analysed by DLS five measurements were taken. After 
exporting the five distributions from the DLS software with the program in A.l, 
within the spreadsheet (Origin™) each size distribution was converted to a histogram, 
the five histogram were averaged and plotted with error bars set to double the
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standard error around the mean. This was done with the program written in 
LabTalk™ language and is given below.
window -o dataS {worksheet -n 2 y }
window -o data4 {worksheet -n 2 y }
window -o data3 {worksheet -n 2 y }
window -o data2 {worksheet -n 2 y}
window -o datai {worksheet -n 2 y }
window -o dataS {open -w c:\pcs\temp.dat}; 
copy -b 26 temp_x data4_x -t 24
copy -b 2 6 temp_y data4_y -t 24
copy -b 26 temp_c data4_c -t 24
copy -b 26 temp_d data4_d -t 24
copy -b 51 temp_x data3_x -t 24
copy -b 51 temp_y data3_y -t 24
copy -b 51 temp_c data3_c -t 24
copy -b 51 temp_d data3_d -t 24
copy -b 7 6 temp_x data2_x -t 24
copy -b 7 6 temp_y data2_y -t 24
copy -b 7 6 temp_c data2_c -t 24
copy -b 7 6 temp_d data2_d -t 24
copy -b 101 temp_x datal_x -t 24
copy -b 101 temp_y datal_y -t 24
copy -b 101 temp_c datal_c -t 24
copy -b 101 temp_d datal_d -t 24
set temp_x -e 24 
set temp_y -e 24 
set temp_c -e 24 
set temp_d -e 24 
second -p 10;
window -o temp {worksheet - r }; 
window -o data4 {worksheet - r };
window -o data3 {worksheet - r };
window -o data2 {worksheet - r };
window -o datai {worksheet - r };
copy temp_bins data6_a; 
copy temp hist data6 b;
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copy data4_hist data6_c;
copy data3_hist data6_d;
copy data2_hist data6_e;
copy datal_hist data6_f;
window -o data6 {window -z};
window -o data6 {worksheet -s 2 0 6 0};
second -p 20;
worksheet -i 7 err;
worksheet -s 8 0 207 0;
worksheet -e ErrorBars;
data6_err=2*data6_se;
worksheet -r;
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Appendix C

C,1 Viscosity M ea su rem en t o f  P o lyethylene G lycol S o lu tio n s

When analysing PEG-treated samples by dynamic light scattering, the change in 
viscosity due to the presence of PEG had to be taken into consideration in the 
analysis. Below, the shear stress vs. shear rate plot for solutions of 5-25% PEG is 
given with respect to the experiment described in section 2.8.1. Viscosity was 
evaluated as the slope of this plot and is quoted in cpoises.
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Table Viscosity o f 5-25% PEG solutions

Solution Viscosity (cpoises)

5 % P E G (-» - ) 1.25

10% P E G (-V -) 2.52

15% PEG ) 9.17

2 0 % P E G (-» -) 15.30

25% PEG ( - ■ - ) 23.50
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A ppendix  D

List of catalogue numbers for the reagents used.

Supplier: BDH Ltd. (Hants., U.K.)

Acetic acid (glacial): 27014 2-b-mercaptoethanol : 10459

Acetone: 27023 Methanol: 29192

Bromophenol Blue: 20015 Polypropylene glycol: 29787

Coomasie Blue G-250: 44419 Potassium dihydrogen phosphate:

Ethylenediamine tetra acetic acid: 10424 Sodium chloride: 10241

Glucose: 10117 Sodium dodecyl sulphate: 10807

Glycerol: 10118 Sodium hydroxide: 10252

Glycine: 10119 Sucrose: 10274

Hydrochloric acid: 10125 Tris (hydroxymethyl)methylamine: 10315

Vitamins and Trace Elements Na2Mo04*2H20 : 10254

(NH4)2S02i : 10033 FeCl3 *6 H2 0 : 1 0 1 1 0

K2 SO4 : 1 0 2 2 0 D-biotin : 44011

MgS04*7H20: 10151 calcium pantothenate : 44074

CaCl2 : 26224 pyridoxine HCl : 44086

MnS04*4H20 : 10153 thiamine : 44005

CuS04*5H20 : 10091 nicotinic acid: 44069

ZnS04*H20 : 10299 p-amino benzoic acid: 27103

KI: 10212 meso-inositol: 38044
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Supplier: Sigma Chemical Company (Poole, Dorset, U.K.)

Acrylamide: A3553 Leucine: L1512

Ammonium persulphate: A3678 Phosphate buffered saline (tablet): P4417

èz5-acrylamide: M7279 PEG (M.W. 6000): P2139

Borax: B9876 PEG (M.W. 8000): P5413

Bovine serum albumin: A7511 Sodium acetate: S8625

Ethanolamine: E9508 TEMED: T9281

1 -ethyl-3-(3-dimethylaminopropyl) Trichloro acetic acid: T8657
carbodiimide: E l769

Galactose: 05388 Tryptophan: T0271

N-hydroxysuccinimide: H7377 Uracil: U1128

Supplier: Pierce (Cambridge, U.K.)

BCA (bicinchoninic acid) assay: 23225 

bis (sulfosuccinimidyl) suberate (BS^): 21579 

Tween 20 (Surfact Amps 20): 28320

Supplier: Bio-Rad Laboratories (Herts., U.K.)

Bradford protein assay: 500-0002

Supplier: Difco (Surrey, U.K.)

Yeast nitrogen base: 0919-15-3

Supplier: Pharmacia Biotech. Ltd. (Milton Keynes, U.K.)

Sephacryl S-1000 SF: 17-0476-01


