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Abstract

The variable nature o f conditions in downstream processing operations in biotechnological
and other areas necessitates the on-line monitoring o f process variables for rapid analysis
and possibly subsequent control to optimise yield in a multi-stage purification process.
Optical measurement of such parameters offers a fast and non-invasive method to
interrogate the process with the added advantage of the possibility to construct a robust,
miniaturised measurement system using modem optical components. The problems
encountered are turbulent and turbid conditions which are usually unsuitable for light
scattering measurements. Also access to the process stream is often not simple and a
method of automatic sampling must be employed.

This thesis describes the application of dynamic light scattering to downstream processing
operations and particularly to the measurement o f vims-like particles and separation from
their yeast host. The constmction of a miniaturised dynamic light scattering system is also
described.

Several data analysis methods are assessed with a view to using them in a rapid analysis
configuration. Most o f the methods require moderate processing power but consideration
is given to extensions to the standard techniques to apply them in a parallel processing
environment which today is on the increase. The improvement o f the convergence o f such
routines is discussed with the addition of prior information.

A particular area of interest is the rapid sample preparation required before analysis by
light scattering to improve the data quality. Large particulate material is usually not
tolerated well in this method o f measurement and should be removed.

A technique is described and tested which facilitates rapid in-situ sample preparation and
optical analysis. Otherwise sample preparation is carried out prior to analysis.

As well as a dynamic light scattering study, an overview o f optical measurement by other
means in yeast-based systems is discussed with a view to optimising the system
configuration.
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Nomenclature

Chapter 1

1.1
E = fraction of the desired product remaining soluble
P = fraction of the total protein
El = first cut
E 2 = second cut
Rm = maximum amount o f soluble protein released
R = amount of protein released
N = number o f passes through the homogeniser
K = a rate constant
a = absorption coefficient
mi = imaginary part o f refractive index
X = light wave inside particle
= incident light intensity
I = light intensity at distance x
= molecular weight
X = distance into particle

N = number o f molecules in suspension
0 = scattering angle
Rg = radius o f gyration
Rq = ratio of light to angle to that unscattered at zero angle - the Rayleigh ratio
P (0 )

= form factor describing the variation o f scattering intensity from the

particle at different angles
g = a constant factor
D = diffusion coefficient
k = Boltzmann's constant
T) = viscosity of the fluid\suspension viscosity
Rji = hydrodynamic radius o f the particle, for spheres
K = Mark-Houwink parameter calculated from the suspending fluid viscosity
= radius o f biological particles
c = coefficient of drag
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c = 67teRH= coefficient o f drag for spheres
T = the fluid temperature in kelvin
c = S ci = total concentration
i
<M> = average molecular weight
N = number concentration
Cext _ extinction coefficient
Qext

extinction efficiency

A = cross sectional area o f particle
m = relative refractive index (of the particle to the medium)
r = particle radius
R e[Si(0)] = real part of forward scattered light amplitude factor
I = total intensity o f the wave
Q = polarisation at 0 or 90 degrees to the scattering plane
U = polarisation at +/- 45 degrees to the scattering plane
V = left or right circular polarisation
I,Q,U,V, = Stokes parameters

1.2
Ej = parallel and perpendicular component of the incident light amplitude
Eg = the scattered amplitude
S = interaction o f the light with the scattering medium
k = the scattering vector
dV = a volume element
5 = phase difference of light scattered from a volume element dV with reference to a
common point
e = ratio o f incident to finally transmitted light

0 =} = angles (shown in fig. 1.9)

c = term describing the phase shift of a particular ray passing through the sphere
a = size parameter
Qsca = scattering efficiency per particle
rju = centre of mass of particle
r = position of volume element dV
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1.3
f = frequency o f the illuminating radiation
X = wavelength
t = time
<|) = the instantaneous phase relative to a fixed point
i = the particle
a^(t) = scattering amplitude o f particle i
T = measurement time
T = correlation delay time
r = autocorrelation decay constant
1.4
A = fraction of size distribution
G(F) = decay constant distribution
= decay constant
Nch = number o f correlator channels
AF = separation in diffusion constants
w = distribution sampling frequency
g(x) = first order correlation function
Y = decay constant
kn = parameters o f cumulants method
b = data vector
K = Laplace kemal vector
G = exact solution vector
P = convergence parameter

Chapter 2
n = number photon counts
K = clipping level
j = correlation channel
T = fundamental sample time
Ô = a dilation factor
Ki = the random clipping level

Chapter 4
n = wave exponent
Y(X) = turbidity spectrum o f clarrified yeast homogenate
P(À) = product

Chapter 5
Np = num ber o f parameters
i = the ith data or fit point

Chapter 7
K = phase constant

E = mean energy density o f the standing wave
a = particle radius
X = time averaged position o f the particle from the node
F = coiTection factor which accounts for the com pressibility o f the particle and the
different impedences o f the particle and fluid
A = sound wavelength
p = density
c = sound velocity
a = relative velocity

A bbreviations

DLS - dynamic light scattering
FIA - flow injection analysis
HIV - human im munodeficiency virus
M EM - maximum entropy method (of data analysis)
NNLS - non-negatively constrained least squares.
OD - optical density
PCS - photon correlation spectroscopy
SVD - singular value decomposition
TTL - transistor transistor logic (computer signal standards)
VLP - virus-like particle

1Ü

1.0 Downstream processing

1.01 Biochemical engineering challenges

Downstream processing currently offers a major challenge to industry with the advent of
rapid developments in biotechnology during the past decade. Recent achievem ents include
the

approval and manufacture of human insulin, human

growth hormone

and

alpha-interferon. There is a great number o f other examples o f biochemical products

Fructose enriched glucose by an immobilised enzyme method
6-aminopenicillanic acid
from benzylpenicillin by an
immobilised enzyme method
Fungal food protein ingredient
Diagnostic agents based on monoclonal antibodies
Human insulin and growth hormone factor by rONA methods
Tissue plasminogen activator
Hepatitis B vaccine by rDNA methods
Glucose biosensors
Cloned palm plants
Shikonin pigment by plant tissue culture
Table 1.1 Examples of commercial products and processes
Dunnill 1988)

(from

exam ples o f which can be seen in table 1.1. These derive not only from fermentation
processes but also from animal and plant tissue culture.

Before reaching the manufacturing stage engineers are guided by the results o f
considerable research to the efficient design o f a particular process. The downstream part
o f the biochemical process chain is often the most costly and more involved in the case
o f fermentation processes.

Before describing some o f the operations it will be useful to briefly state some o f the
problem s facing the engineer specifically in the area o f downstream processing of
ferm ented products.

It is often the case that the desired product is produced intracellularly rather than being
excreted into the broth. To free the desired proteins for isolation the cells must be
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disrupted. This releases debris in the form of cell wall fragments and contaminants from
the contents o f the cell. This can affect the rheological properties o f the process stream
as well as making isolation of the product o f interest more difficult due to the large range
o f additional species of particle introduced to the stream.

The challenge to the biochemical engineer is to recover the desired protein in an active
or native form from the crude cell homogenate. All process streams have low product
starting concentrations, as indicated in table 1.2 so there is the common problem of
producing a pure end product from such a dilute initial suspension. During processing the
protein will be susceptible to time-dependent degradative reactions such as protease attack
or thermal dénaturation and hence it is essential to go from one stable state, often in the
fermenter, to another stable state, often in a partially purified low volume form, as quickly
as possible.

Processing stage

% concentration

concentration (g/1)

Broth harvest

0.1 - 1

0.1 - 5

Removal of insolubles

0.2 - 2

1- 5

Isolation

1 - 10

5-50

Purification

50 - 80

50 - 200

Polishing

90 - 100

50 - 200

able 1.2: Processing profile for an antibiotic product (from Bioseparations)
It has been shown that the protein products can survive the high shear stresses
encountered in rapid continuous processing in pumps and filters provided the presence of
gas-liquid interfaces and other such hostile environments are avoided (Hetherington et al
1971, Hoare et al 1982). Hence low residence time continuous processing is possible, but
necessitates a large number of purification steps all o f which require a compromise
between yield and purification factor. To maintain a reasonable overall yield it is essential
that a high yield is achieved at each processing step.

W hile it is possible theoretically to develop and achieve this, in practice the variation in
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fermenter broth and process streams early in the purification sequence leads to
unpredictable changes in the performance o f downstream operations. This highlights the
need for on-line analysis where rapid assessment o f process variables having a direct (ie.
product concentration or particle size) rather than an induced (ie. pH or temperature)
bearing on process performance can be made.

In the pharmaceutical industries very high final purities are required as the products are
often injectables. On-line analysis here o f either product or contaminants could be a
quality control monitor as well as an active control element.

The appearance o f recombinant proteins in biotechnology and the associated regulatory
requirements for handling such materials has heightened the awareness for safety and
much effort is spent considering containment o f such products. Ideally a sealed system
from fermentation to final product is required but realistically samples must be taken and
analysed. The alternative is sealed on-line or direct in-line analysis.

The downstream operations described in §1.2 are some o f those deemed suitable for light
scattering application. Removal o f insoluble debris is the initial stage. Pretreatment
includes flocculation and cell disruption. The second stage involves preliminary
fractionation to remove gross contaminants and prepare the process stream for the next
stage. The third stage is purification, an enhanced or repeated isolation stage and finally
the product is concentrated by drying, crystallisation or membrane separation. Operations
from the various stages are covered in the following sections. In all cases the application
o f on-line analysis o f particulate and soluble components will be discussed. Main
emphasis will be placed on the application o f dynamic light scattering (DLS) with claimed
sensitivity to particle size less than 3 microns down to about 3nm depending on the
system configuration. The experimental and theoretical details o f DLS are described in
§1.3.

1.02 Requirements for optical measurement of process parameters

Desirable qualities for an instrument to control or monitor downstream operations are that
it be fast in response, non-intrusive, able to provide on-line information and physically

compact. A probe using a light beam has the advantage o f offering the first three qualities
and advances in semiconductor technology has allowed the last. (This is described in more
detail in §2.3). The speed of response required depends on the process o f interest and
must be such that the system reacts in a shorter time than that in which the process
variable o f interest will change detectably. In a centrifugation process for instance where
one might measure the input and output properties of the stream, the measurement must
be faster than the throughput time if a controlled system is to be implemented. The speed
of an optical instrument depends on the post-detection processing, since the scattering and
detection o f a light beam are instantaneous in terms o f process time. The analysis time o f
the raw data depends very much on the nature o f the sample, the amount o f information
required and the accuracy of the data. These will all be compromising factors in the
system.

The statement that optical techniques are non-intrusive needs to be qualified. Studies of
laser damage in biological systems have been carried out (Fine et al 1964) where cell
structure and protein activity were affected. However, the laser power needed for these
results is much higher than required for normal analysis o f process streams. There are
several different ways in which scattered light fields can be processed and are highlighted
in §1.21. The one of particular interest in this study is that o f dynamic light scattering,
the theory behind which can be found in §1.3. In the unit operations described in the
following sections this technique will be considered in terms o f the part that it might play
in a monitoring or control situation . Other optical and non-optical techniques already put
to use for process monitoring will also be described.

It is worth mentioning here two closely related form o f optical sensor. Light scattering
techniques, where the measurement volume is defined outside the physical construction
and therefore can be described as extrinsic sensors are one form. DLS is a member o f this
group. The other form which is often included in the broad family o f optical sensors is
the optical biosensor, where part o f the instrument is in contact with the process stream
and can be described as an intrinsic sensor. In this study only the extrinsic sensor is
considered. In two papers a review of the application and development o f optical and nonoptical biosensors is given. (Luong et al 1988,1990).
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The sample preparation for optical sensors, either in the form o f dilution or addition o f
reagent, prior to measurement is usually required and should also be considered in terms
o f non-intrusiveness. Dilution brings the sample into the range o f the light detector
response or of the theoretical approximation while the addition o f reagent induces a
physical change to the product to sensitise the measurement. Only if the addition o f such
substances be avoided can the technique be truly non-invasive.

The application of optical sensors in biochemical engineering, with particular reference
to laser light scattering, has been discussed in several papers. A review o f the potential
o f laser light scattering and optical fibre sensors in biotechnology covering a wide range
o f possible applications is the topic o f one paper (Brown 1985). On-line analysis of
proteins using optical techniques is discussed in another paper (Brown 1987). The key
areas of application under the headings bioreactor control, product isolation and product
purification have been considered (Carr et al 1986) where the difficulty o f operating in
turbulent conditions in the fermenter and downstream is identified. This suggests that
optical methods will normally be applied to samples taken from the processes rather than
directly to the process streams unless non-turbulent areas can be identified. Some
approaches to downstream process monitoring including some optical methods, particularly
dynamic light scattering, have been described

(Clarke et al 1987). They consider

applications to cell disruption and protein purification monitoring. This is discussed further
in the following sections.
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1.03 Unit operations

1.031 Flocculation

The first four paragraphs in this section refer principally to a paper by Sikora and Stratton
1981 and its related references.

To aid the removal from the process stream of cell wall fragments, nucleic acids, lipids
and unwanted protein material it is useful to flocculate the debris thereby creating
aggregates which can be separated more efficiently by centrifugation. The addition of
polymers or metal ions causes such aggregation by polymer bridging or enhancement of
Van der Waals forces between cell particulates. The main variable is the nature of the
flocculating agent, where the unravelling of the polymer in solution can take a
considerable time and where it is difficult to quantify the polymer molecular weight or
charge distributions. These all have a bearing on the specificity of the flocculation and the
size and recoverability of the floes.

The properties of the flocculated particles are of the utmost importance to the optimum
performance of the process. Their shear sensitivity, porosity, size and concentration
determine the degree of break-up in the feed zone of the centrifuge, the extent of
dewatering, the degree of flocculation and rheological properties of the suspension.

The measurement of the parameters usually involves time consuming off-line analyses. For
example shear moduli can be measured by rheometry while size and porosity have been
estimated by electrical sensing zone analysis. A large amount of potential methods for
estimating the extent of aggregation have been highlighted.

The relationship between measured quantities and the process performance characteristics,
when established, can provide a useful model for optimisation of flocculation and the
subsequent centrifugation process. Relationships based on measures of size, solids fraction,
modulus and viscosity have been described an it has been demonstrated that two of the
most important properties in terms of subsequent dewatering and clarification are particle
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size and solids volume fraction.

For a control situation the acquisition o f on-line data is required. Steps towards this have
been taken. These invariably use optical techniques (Ditter et al 1982, Eisenlauer and Horn
1984) using the inherent advantages o f speed and convenience. The methods give
information about the concentration and state o f aggregation from which m ight be derived
the details of the floe properties. In one case (Gregory 1987) turbidity fluctuations are
measured and allow the calculation o f an optimum dosage o f polyethyleneimine for the
flocculation o f a bentonite suspension. The dosage could be rapidly adjusted on a step
change in pH o f the stream to the new value for the optimum dose.

Application o f DLS to flocculation is limited. The floes tend to grow beyond the upper
size limit measurable by the technique. Indeed time o f transit techniques (Preikschat 1987)
or light diffraction (Brown and Felton 1985) are a better choice in this situation. The DLS
technique has been used to monitor the size distribution and concentration o f flocculating
latex suspensions in real time (Cummins et al 1974) and in polymerisation reactions in
biological systems over the time scale o f minutes (Cummins et al 1976).

The centrifugation process that follows flocculation needs to be considered as part o f the
control loop. The supernatant from the centrifuge could be monitored to assess the size
distribution and concentration which would be affected by the flocculating conditions
before entry. In this situation DLS will be more applicable and is described in the
following section.

1.032 Centrifugation

Centrifugation is a widely used method for solid-liquid separation fulfllHing the
requirements o f low residence time continuous processing mentioned in §1.01.. This is
made possible by the specific design o f centrifuge process equipment for this purpose. It
is often a more desirable separation technique over filtration and microfiltration where
soluble products are concerned due to the product loss problems using these techniques
(eg. due to surface binding) and also because o f less reliable operation (due to product
interaction with the separating surface).

Important properties of the suspension in this case are the size distribution, concentration,
viscosity and dewaterability. The settling properties o f the biological particles are shown
in fig 1.1. In this graph top right to bottom left represents a direction o f increasing
difficulty o f separation by centrifugation. Thus yeast debris represents a particular problem
in this operation.

A good measure o f centrifuge performance is the grade efficiency curve, an example o f
which is given in fig 1.2. Here the recovery efficiency is plotted against particle size. The
theoretical limit is included for comparison which is based on Stokes law for a spherical
particle travelling through a liquid. Complicated flow patterns in the centrifuge and non
sphericity o f the particles explain the deviation o f real data from this ideal curve.

An important consideration is the effect o f feed-zone break-up o f particles or aggregates
which hinders the efficient removal o f debris or precipitates. At the entrance to the
centrifuge particles experience high shear which can cause breakage to produce material
o f smaller size which is more difficult to sediment. This is shown in the grade efficiency
curve in fig 1.2. A latex particle standard (ie. shear resistant) curve allows comparison.
In the region d/d^ = 1.5 the precipitate recovery curve appears above the ideal curve. This
can be explained by the larger particles being broken and hence disappearing from the
population at that diameter and apparently increasing the recovery efficiency o f the larger
particles, where in reality this is an indication o f mass conservation o f total solids.

To counter such breakage, conditioning by either mixing, exposure to low frequency
acoustic radiation has been shown to produce more robust aggregates. (Hoare et al 1987).

Using data from scaled down laboratory experiments, predictions can be made for the
recovery performance of centrifuges at pilot plant scale. Fig 1.3 shows data (Mannweiler
et al 1989) which predicts an optimum flow rate o f 200 Lh‘‘ providing 95% recovery of
protein inclusion bodies with 75% removal o f debris. This is backed up by pilot plant
scale results (Olbrich et al 1988),

Centrifugation is one of the more promising areas for DLS application particularly if the
supernatant is to be observed. Here smaller sizes are present at relatively low
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concentration. Protein product concentration might be monitored by an on-line optical
method. In the situation where product and debris are o f different size, size distribution
and total concentration could give a measure o f relative debris and product concentration.
At the input a more challenging situation occurs with a broader distribution and greater
concentration. Methods o f measurement here are considered in §1.031.

If the size distribution and concentration were known at the input and output then real
time grade efficiency curves could be constructed and parameters such as upstream
processing conditions adjusted to optimise this measure. A monitor o f the supernatant
alone would still give valuable information. The size distribution o f unsedimented debris
could give clues to the optimisation of the centrifuge operating parameters given models
constructed from previous experiments. One would expect different shaped distributions
relating to unsheared and sheared feed at different flow rates. It might even be possible
to gauge the process performance by measuring the average size only. The debris size
information will also be important when considering post-centrifugation operations.

In centrifugation on-line monitoring is a developmental tool to optimise conditions for a
particular process.

1.033 Precipitation

Precipitation o f proteins is often chosen above other separation processes, for example
filtration, as a more reliable operation when dealing with process streams with a wide
range o f soluble components. The principle is based upon the balance o f chemical
potentials o f the individual constituents o f the system. A protein in solution can be
precipitated by adding for example a salt. The concentration o f the salt is critical in
determining the fraction o f precipitation of the protein.

In downstream processing it is often the case that the product will be in solution with a
number o f other proteins and the requirement is to separate the desired enzyme from the
total protein. For these situations the different properties o f particular enzymes are
exploited by using the varying precipitation points at different concentrations. An

2G

illustration o f this is given in fig 1.4.

As noted earlier for achievement and maintenance of a high overall process yield a high
step yield is required . An indication o f this can be given by the fractionation diagram
as shown in fig 1.4. Here the relative fraction of the desired product remaining soluble,
E, is plotted against the fraction o f total protein, P, left in solution. The precipitation
process can then be performed as a two cut process where the first cut

leaves a

substantial fraction of the product still in solution and the second cut precipitates the
product with a yield E2 - E, and a purification factor dependent on the gradient between
the two cut points:
E^-E^

( I 'l )

Conditions in the process stream tend to be erratic for example varying amounts o f cell
debris left after a cleaning stage can affect the precipitation characteristics, and
repeatability in terms of retrospective analysis proves to be difficult. On-line monitoring
o f the precipitation process has been developed using flow injection analysis to measure
the percentage o f protein in solution (Kula et al 19 , Niktari et al 1990). Using this and
a model for the salt concentration as a function o f soluble product fraction a controlled
precipitation process can be envisaged.

The role o f DLS in this process is in the latter stage either before or after the
centrifugation process for separation o f the precipitated material and also where the
product can be measured by size. The weight distribution o f the precipitate could be useful
complementary data for the FIA modelling where the amount o f dissolved protein could
be compared with the precipitated volume. As described in §1.032 recovery can be
monitored by size distribution and concentration in and out o f the centrifuge. In this case
the conditions are more desirable as the input stream does not contain a large
concentration o f debris. However precipitates can reach sizes o f up to 20p.m, well beyond
the range applicable to DLS.

There is also often a need to ensure solution stability during eg. buffer exchange or
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concentration by membrane or thermal techniques. DLS may be used to identify the onset
o f precipitation as an indication o f instability before visible to the human eye.

1.034 Two aqueous phase separation

This operation consists o f a mixture o f two aqueous solutions o f hydrophillic polymers.
If critical concentrations are exceeded then two separate phases o f each will form in the
mixture. A solution containing the desired product and a complex mixture o f debris and
other proteins forms one phase. The other polymer solution is added to form the secondary
phase. The product is partitioned across the phases until the concentration in the two
phases is balanced. The product phase is then either recycled or the process moves on to
another purification step. The geometry o f the process can take either a batch or a
continuous form. In the batch case solvent is bubbled through the product phase increasing
the reaction cross section and the bubbles are allowed to disperse before separating the
phases. In the continuous process two streams, one o f each phase, flow relative to one
another to facilitate continuous extraction.

The partition o f the product between phases is a function o f a wide range o f variables.
This is made worse by the need to recycle one o f the phases (PEG in the case o f PEG
salt, Dextran in the case o f Dextran PEG) with consequent recycling o f impurities. Salt
pollution is less problematic in two polymer phase systems and other hydrophillic
polymers have been applied to the process. Problems encountered are higher phase
concentrations or one-sided partition coefficients which would restrict the separating
power. Separation o f cell debris from any polymer for recycling seems difficult. A
diagram of the PEG-salt process is shown in fig 1.5.

Engineering problems also occur with the large viscosity differences o f the phases and
adaption of conventional solvent extraction equipment for multistage extraction is
necessary to cope with this.

Assessment o f the economic viability o f a scaled-up process shows cost effective
operation for large scale processes with 90-95% recycling o f the phase forming chemicals
and for medium scale, use of a biodegradable phase such as citrate allows cheaper
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discharge to waste (Kula 1990).

On-line monitoring o f the product would appear to be necessary to give the basis for
control (Papamichael et al 1987), this may be in the form o f assessment o f the recycling
performance o f the phases by detecting contaminants or by a measure o f product purity.
Multiple passes could then be performed in process development stages and the limits o f
the purification scheme assessed.

DLS could be applicable here as a measure o f purity o f the product in the top phase with
a knowledge o f the required size ranges desired to be present. The success o f recycling
o f the salt or polymer phases could also be monitored as the contaminants are likely to
be small particulates. Rather than a blind recycling process, optimisation might be
achieved by monitoring the recycling success and returning the phase to the process when
a certain level o f cleanliness is reached. The use o f DLS might assume particular
importance where the two aqueous phase system is concerned with the recovery o f a
particulate product, eg. vaccine particles, a common use o f two phase separation
(Albertsson 1960,1977).

1.035 Homogenisation

Often the desired fermented product is contained within a host cell and in order to release
it for recovery the cell must be disrupted in some way. The most popular method o f doing
this is by passing the cell suspension at high pressure through a small orifice onto an
impact surface. In doing this a considerable amount o f heating can result and to avoid
thermal degradation the homogenate is cooled before being passed onto the next process
or back for further homogenisation.

The amount o f cell breakage governs the protein release. To ensure optimum conditions
the cells must be homogenised to the point where there is a maximum amount o f product
released without degradation due to the heat caused in the process. Hence it is necessary
to follow product release and cell breakage in the homogenisation process.

The amount o f disruption effected depends upon the pressure, temperature and pH o f the

31

suspension. It is also dependent on the number of passes through he homogeniser. At
constant pH and temperature it has been shown that the rate o f released protein can be
calculated from the following equation:

( 1,2 )
1 0

/

' =KN

and R are the maximum amount of soluble protein released and the amount o f protein
released respectively. N is the number of passes through the homogeniser and K a rate
constant. The process is not only dependent on the stream variables but also on the
individual particle characteristics such as cell wall strength. This will depend upon the
type of host used. The conditions o f growth tend to affect the characteristics and so the
process is dependent on other upstream processes. An on-line measurement is therefore
useful for control o f protein release as ensuring repeated identical fermentation conditions
becomes difficult.

The sort o f measurements required to assess the performance are an assay to measure the
released protein and some measure of cell breakage by the size distribution. The extent
o f cell breakage will be related to the performance o f the subsequent separation stages for
removal o f cell debris. This is especially important for a particle clarification process; for
example for the recovery o f large inclusion bodies attention to the cell debris will be
important while for the recovery of vaccine or virus-like particles, the less the extent o f
cell debris attrition the better.

Measurements of the size distribution using the electrical sensing zone technique show
bimodal distributions at around 405-494nm and 150nm-229nm after some centrifugation.
It has also been shown that the released protein is related to the debris size distribution
(Keshavarz-Moore 1987).

The role o f DLS in this unit operation then would be to make a measure o f the size
distribution of the raw homogenate and if a model o f protein release with distribution can
be built up this could be used to estimate the product concentration. It has already been
applied to a certain extent in monitoring the disruption process due to sonication (Clarke
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et al 1987). Here the mean size and polydispersity were measured using DLS. The also
measured optical density at 600nm and absorbance at 280nm. The results are shown in fig
1.6. If the mean size is sufficient the technique o f diffuse light scattering may be useful
(Thomas 1989, Auweter and Horn 1985).

Other considerations next to maximum protein release at the homogenisation step must be
the further downstream processing steps where small debris size might cause problems.
Although this implies a greater release o f protein, separation by centrifugation is made
easier with debris particles much larger than the desired product.

Problems encountered here for DLS are the concentration and size range o f the debris.
Typically the homogenate is high in concentration which makes dilution essential prior to
measurement. The size range difficulty is the recurring problem o f the larger particles
masking the smaller ones due to their greater scattering efficiency. This might be
overcome by the multiangle measurement technique as described in §1.3 or by the more
direct method o f physically dividing the size distribution before analysis. This might be
effected by a microcentrifuge as used in the on-line apparatus for protein precipitation
monitoring described in §1.033 or by miniature ultrasonic separation equipment which is
described in chapter 7.

An alternative might be to use a different light scattering method to measure the size
distribution. The time o f transit technique uses a focused laser beam scanned across the
suspension and the reflected light detected. This reputedly works at up to 30% w/w
concentration (Preikschat 1987) but has the disadvantage o f becoming inaccurate due to
diffraction effects when the particle size is o f the order o f the wavelength (about 500nm
in the referenced system). The only convenient technique for measuring size on-line below
this size is DLS.
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1.036 Chromatography

Since chromatography is a long way down the operations chain a reasonably clean process
stream is encountered and the conditions become much easier for low noise data from
light scattering experiments. Since the technique is one o f a fractionation the problems of
large polydispersity are implicitly overcome. It has been shown (Carr et al 1988) that DLS
combined with a turbidity measurement can be accomplished with the same light source
and detector. The turbidity follows the more normally implemented 280nm absorbance line
closely.

The problems encountered for DLS here are that the high dilution o f the process leads to
low concentration o f the product in analytical separations. The lower concentration limit
o f the technique depends upon the experimental system and is discussed in the theoretical
section §2.0. However at process scale where UV detectors are often o ff scale the
scattered light signal can still be used as a reliable measure o f relative concentration.

Such a system has been used to aid product detection in chromatographic processes (Claes
et al. 1990). This can be useful for peak-splitting procedures in a variable process where
separation of the product based on properties other than size might depend upon process
conditions. The additional information of size at detection after the column would help to
place the product against other impurities.

1.1 Particle analysis

1.11 Properties of biological particles and suspensions.

Some o f the properties o f process streams relevant to assessment and control o f an
operation have been highlighted in previous sections. This study is specifically concerned
with individual particle properties such as size and shape and also similar collective
properties - size distributions, suspension refractive index, extinction efficiencies and other
quantities which are o f direct concern in light scattering. Rheological characteristics which
might be inferred by optical measurements are also o f interest. This section covers those
properties pertaining to light scattering experiments in two sections: properties of
individual particles and properties of suspensions. Initially a description o f the diversity
o f particles likely to be encountered in a biochemical process plant is described.

1.111 Contents of the cell

At any point along the process chain product or debris from cells will be present.
Intracellularly produced proteins are commonly released by cell breakage allowing all the
cell contents including cell wall fragments to contaminate the stream. Their size and
relative number determines how much o f the scattered light signal will be due to these
cell components. A detailed description o f how the intensity o f the scattered light depends
on particle size is given in §1.21. The position o f the unit operation in the process chain
dictates the relative amount and state o f the product.

1.1111 Procaryotic cell contents

A common host cell for protein production is Escherichia coli. In common with other
procaryotes is has very few contents but being a swimming form has a flagella for
locomotion. On disruption the most prolific and sizable component will be the cell wall
debris which will be accompanied by small amounts o f DNA and flagella.

1.1112 Eucaryotic cell contents

A eucaryotic cell contains more organelles than procaryotes. For example yeasts used for
expressing the virus like particles described in §1.1121 contain many more organelles.
These are listed in table 1.3. All of these are released on disruption with the potential to
scatter light and complicate the measurement. It has been shown (Keshavarz-Moore et al
1987) that the cell debris produces a bimodal size distribution peaking at about 200nm and
450nm suggesting that many of the organelles as well as the cell wall have been damaged.
The technique for measurement used here is insensitive to the smaller organelles which
would nevertheless be a problem in scattering light if they were present in sufficient
number. These smaller organelles must be remembered when interpreting scattering from
smaller product particles.

organelle

size

number/cell

mitochondria
& plasmids

Slim-lOum

several hundred

dictosomes

0.5um~lum

secretory
vesicles

0.l p m - 0 .5pm

10^

ribosomes

18nm-20nm

10'

thousand

Table 1.3: Contents o f the eucaryotic cell (from Steer 1982)

1.112 Products: Size and shape

Products vary widely in form. §1.2 gives details o f how light is scattered from different
size and shapes o f particle. Table 1.4 lists a few products o f interest and their shapes to
demonstrate the diversity of material encountered. O f particular interest in this thesis is
the protein particle which is described in the following section.
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Product

Shape/conformation

Size or molecular weight

protein precipitate

irregular, variable density

up to 40|im

inclusion bodies

irregular folded

»0.5|im

chains,low density
food proteins

fibrous or globular

20 - 200KDa

structure
protein particles

spherical

50 - lOOKDa

Table 1.4: Size and structure of some biological materials.

1.1121 Virus-like particles

It has been shown that yeast may be engineered to encode a set o f proteins that are
assembled into virus-like particles (VLP) (Mellor et al 1985, Garfunkel et al 1985). These
particles may be observed by electron microscopy to have a diameter o f about 60nm and
appear to be spherical. In addition it has been found (Adams et al 1987) that such VLB's
may be constructed using fusion proteins comprising part human immunodeficiency virus
(HIV) protein. Such particles provide a means o f preparing HIV antigens for a variety of
immunological purposes eg. vaccines.

Key features o f the technology are the ease o f construction o f the VLP's and the
alternative it offers to using a live derivative o f the disease producing organisms to
produce vaccines. Small scale purification o f the particles is relatively easy however in
order to produce large quantities of purified particle biochemical engineering design is
required as was discussed in §1.0. The detection o f such particles by light scattering at
various stages o f the downstream process is part o f this thesis. The ability to follow the
product through the downstream process would allow process optimisation and possibly
control.
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1.113 Optical methods and particle properties

1.1131 S ize

T h ere are sev eral d ifferen t defin itio n s of size d e p e n d in g u p o n th e m e a su re m e n t
tech n iq u e u sed . A g o o d su m m a ry of these is co m p iled (H u n t 1988). Since DLS
th e o ry h as as its b asis the B row nian m o v em en t of particles th ro u g h a m e d iu m th e
m e a su re is the e q u iv alen t sp h ere d ia m e ter or Stokes d iam eter. (The ra w
calcu latio n actu ally gives the d iffusio n coefficient fro m w h ich th e d ia m e te r is
d e riv e d ). C are m u s t be tak en w h e n co m p arin g p article size o b ta in e d b y DLS w ith
th a t m e a s u re d b y d ifferen t techniques.

1.1132 R efra ctiv e in d e x

T he refractive in d e x of the p article describes the in teractio n of th e in c id e n t lig h t
e n e rg y w ith the particle. T he refractive in d ex is also im p o rta n t for th e scatterin g
process. It is u su a l to specify the relative refractive in d e x m = n p /n ^ . H e re m is
th e relativ e refractive in d ex d e fin e d as the particle refractiv e in d e x d iv id e d b y the
m e d iu m refractive index. R efractive in d ex is a com plex q u a n tity m = in , + im^.
T h e real p a rt (m,) c o rresp o n d s to the com m on concept of refractiv e in d e x i.e. the
ra tio of the velocity of lig h t in th e particle to th a t in th e m e d iu m . The im a g in a ry
p a r t (mj) c o rresp o n d s to a n ab so rp tio n factor a n d a p p e a rs in th e ab so rp tio n
coefficient for the particle. E q u atio n 1.3 defines the a b so rp tio n coefficient a n d its
re la tio n to th e im a g in a ry p a rt of the refractive index.
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2Tim.x
“

T~

(1.3)
a=absorption coefficient
m =imaginary part of refractive index
X=light wavelength inside particle
lQ=incident light intensity
I=light intensity at distance x
x=distance into particle

(1.3a)

The refractive index appears in most particle sizing calculations and in absorbance
measurements with certain restrictions on its magnitude and range (see §1.222). In some
cases e.g. Fraunhofer diffraction (Van der Hulst 1957) the refractive index does not appear
but this puts tight restrictions on the type o f applicable real particles that can be
represented in this approximation. It has been shown (Glatter and Hofer 1987) that
knowledge o f the refractive index is important in multiple angle light scattering
experiments otherwise serious errors can occur. In their example overestimation o f the
refractive index led to negative portions and undersizing o f the true distribution whereas
underestimation led to a multimodal solution with 4 peaks instead o f the two in the true
solution.

The need to know the refractive index o f biological particles in order to size them has
been recognised as a difficult problem for some time (eg Shchegolev and Klenin 1970).
It can be a very difficult property to measure especially for sub-microscopic particles.
DLS partially overcomes this problem as the calculation o f diffusion coefficient does not
involve the refractive index. However when calculating the relative intensity scattered by
the components in the range of diffusion coefficients measured the refractive index of
individual particles is often assumed to be the same. This is reasonable for particles of
similar species but for particles of different species will vary. The variation of refractive
index is a manifestation o f polydispersity described in §1.344. The measurement of
refractive index for particles and suspensions is discussed in §1.1142.
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1.1133 Conformation and shape

The conformation or shape of a particle or macromolecule influences the scattering
diagram as described in §1.2. Particularly to be noted is the case o f loosely formed
structures such as some polymers which may flex and in so doing introduce motion
superimposed on the translational motion o f the whole structure which will be detected
as intensity fluctuations in the DLS measurement.

For non-spherical particles rotational diffusion is important as the scattered light fluctuates
through the different orientations o f the particle. This applies to particles with a size of
the order of and above the wavelength of the illuminating radiation ie. « 0.5|im.

Dependent on particle structure in the DLS measurement there are three modes of
movement affecting the signal: translational, vibrational and rotational. In the static light
scattering case where the scattered intensity is integrated over much time's longer than the
vibration and rotation periods, the motion serves to smooth out certain scattering functions
o f irregular particles, (see §1.223).

1.1134 Molecular weight

For molecules smaller than wavelength o f the radiation, following Rayleigh theory, which
states that for small molecules the scattered intensity is proportional to the square o f the
volume o f the scatterers, the intensity should also be proportional to the square o f the
molecular weight
be proportional to

Assuming single particle scattering the total scattered light will then
where N is the number o f molecules in the suspension.

The measurement of molecular weight for molecules larger than the wavelength o f the
radiation in the Rayleigh-Gans region (§ 1.2222) can be performed by extrapolating multi
angle intensity measurements to zero scattering angle and concentration. Equation 1.4
demonstrates this.

:^=Xp(e)M +i®î!/^sin*(|)l=—We)+2Be
M ' "

3X* ^

(1.4)

2" M '

Here 0 is the scattering angle, Rg is the radius of gyration (§1.223), R q is the ratio of
light angle 0 to that unscattered at zero angle and is termed the Rayleigh ratio. P (0 ) is a
form factor describing the variation of scattering intensity from the particle at different
angles.

If a plot of Kc/Rg versus s in \0 /2 ) or c is made 1/M becomes the intercept o f the graph. In
addition the gradients give the radius if gyration and the first virial coefficient. The whole
process can be performed by constructing a Zimm plot of Kc/R© versus sin^(0/2) + gc
where g isa constant factor (Zimm 1948).

In DLS the calculated property is the diffusion coefficient and estimates of the

can

be made with the knowledge of the shape of the scatterers. The expression is:

B
6ni\R g
(1.5)

where:

( 1 .6)

D=dÿJusion coefficient
k^=BoUmann's constant
T| ^viscosity of the fluid
Rg=hydrodynamic radius of the particle

where

a = 1 for rigid coils
a = 2 for random coils
a = 3 for spheres

K is the Mark-Houwink parameter calculated fi’om the suspending fluid viscosity.
Similar expressions relating the radius of biological particles to
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can be found (Parker

and Dalgleish 1977).

eg.

globular proteins M ^=1.88R ^
casein micelles

= 0.84R^

1.1135 Diffusion coefficient

The calculation o f size from a DLS measurement is made from the diffusion coefficient
calculated from the raw data. The mechanism o f Brownian motion can be described as
motion initiated by the molecular bombardment of particles in aqueous suspension
followed by retardation due to the viscous drag on the particle by the fluid. The energy
o f the bombarding molecules is proportional to the product kgT where kg is Boltzmanns
constant and T is the fluid temperature in Kelvin. The coefficient o f drag, c, depends upon
the particle shape and for a sphere c = ôtîtiRh • The diffusion constant is defined as:
(1.7)

D =

This equation is known as the Einstein-Stokes equation from which an estimate o f particle
size can be calculated having measured the diffusion coefficient from the exponentially
decaying autocorrelation function described in §1.3. As an example for T = 293 K and a
sphere o f radius 0.1 iim, D » 4.2 x 10 ’^ m V .

1.114 Optical methods and suspension properties .

The optical properties o f suspensions are determined by the optical properties o f their
constituent particles. However the relationship between

the two is

often not

straightforward. Some of the important aspects o f the relationship are described in this
section.
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1.1141 Distribution of size or weight

Many discussions involving particle suspensions assume a perfectly monodisperse systems
whereas any real system will contain a certain degree o f polydispersity. This
polydispersity need not

be in the form o f a size distribution but any other particulate

or molecular property e.g. refractive index or shape (see §1.344).

Referring to §1.1134 and simplifying

equation 1.4 for the molecular weight by

approximating to small concentration and scattering angle we have:

R^=KcM

( 1.8)

If there is a distribution of molecular weights o f varying mass concentration C; then the
formula becomes a sum of each independent species (this is valid only at low c): Equation
1.8 can be transformed into:

'

(1.8a)

where total concentration
<

Rq=Kc <M>
(1.8b)
(1.8c)
<M>=_ i

<M> is the weight average molecular weight. This concept o f average over a quantity
other than the commonly-used number arises frequently in light scattering. In DLS this
comes in the form o f the intensity average which is described fully in §1.33.
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1.1142 Concentration

The concentration of a particulate suspension is a determining parameter in both process
control and light scattering. To ascertain the size distribution and concentration on-line in
a process is a difficult aim to achieve. In light scattering approximations are usually made
assuming small concentrations o f scatterers whereas processing theory covers a wide range
of concentrations. It is therefore necessary to adapt the light scattering theory or adjust the
concentration prior to measurement. The measurement o f suspension concentration is
usually facilitated by way o f turbidity measurement using the relation:
/=/oexp -ax

/ = transmitted intensity
Iq = incident intensity
X = pathlength through sample
a -N C ^ -N A Q ^
(1.9a)

N^number concentration
C^=extinction coefficient
Q^=extinction (fficiency
A=cross sectional area of particle

This relation (the Beer-Lambert law) only for small concentrations - up to optical densities
of approximately 3 (dependent on particle size). Corrections can be made at higher
concentrations for particular systems by calibration however sensitivity in this region is
lower. On-line systems with diluters (Lee and Lim 1979) or shortened path lengths (Lee
1981) have been used with success . However problems arise again in the case of
polydispersity. The formula can be extended to this case:

Ô

( 1. 10)

In this equation C^t = Cex,(m,r) where m = relative refractive index and r = particle radius.
Thus in order to make an accurate measure o f concentration the size distribution and
refractive indices o f the different particles must be known. The problem is simplified if
the refractive indices are equivalent and then in principle a measure can be made if the
Cext(r) function is known, i.e. m is known or constructed experimentally.

Further aspects o f concentration related to the interpretation o f DLS data are presented in
§.1.3431

1.1143 Refractive index

At the end of §1.1132 it was highlighted that the relationship between refractive index of
the suspension and the individual components are not always simple. In the same sense
the refractive index o f a particle in suspension is not necessarily the same as that o f the
bulk material. This implies that if the o f refractive index is to be measured it must be
done with the particle in suspension.
It has been shown (Nakagaki and Heller 1956) that the relationship between the particle
and suspension refractive index can be represented by:

( l.H )
2

a’
(1.11a)

a=-

Where Re[S(0)] is the real part of the forward scattered light amplitude factor.
A graphical method was proposed for measuring the refractive index o f spherical particles
o f known size. Later a proposed method to determine the size and refractive index o f a
suspension (for moderately polydisperse systems) by a turbidimetric method was described
(Shchegolev and Klenin 1970). Measurement of the differential turbidity spectrum and the

0

specific turbidity together with knowledge of the density o f the particles allows the data
to be fitted to a theoretical model using Mie theory with a the size parameter and m, the
relative refractive index, as parameters. In a study o f latex particle suspensions using this
approach it was found that a and m could be determined to within 4%.
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1.21 Properties of light - The scattered fîeld

This study is concerned with light o f moderate intensity scattered from biological
suspensions and as such will be concerned with elastic light scattering. That is, the
biological particle that the light interacts with responds linearly to the radiation and the
scattered wavelength is the same as the incident wavelength. This describes effects such
as the scattering processes to be described below and polarisation effects such as optical
rotary dispersion and circular dichroism (Maestre and Tinoco 1967) used to classify
certain types of molecules. These are linear processes in contrast to the non-linear optical
processes such as Raman spectroscopy used for the measurement o f vibrational modes of
molecules.

Visible light is generally taken to be the part o f the electromagnetic spectrum between
400nm at the blue end and 740nm at the red end. A light wave can be completely
characterised by its polarisation, frequency, amplitude and phase. In general all o f these
are modified in a scattering process.

In scattering theory a light wave is often described in terms o f the Stokes parameters.
These are usually represented by the letters I, Q, U and V which are defined below. I is
the total intensity o f the wave and the others having the same units are dependent on the
polarisation. When the wave comes across a particle these parameters are modified. This
can be described by a scattering matrix which will describe the scattering process. This
has 16 elements not all o f which are independent and can be multiplied by the incoming
Stokes parameters to give the scattered Stokes parameters. For a collection o f particles the
resultant Stokes parameter is a summation o f the individual Stokes parameters.

In theory information is available from all the matrix elements (Bickel et al 1976) which
can give information on almost all particle properties, but most studies are limited to the
first matrix element which describes the scattered intensity. Thus sometimes only the
scattered intensity is represented and the polarisation effects are not explicitly formulated.
It should be noted that the polarisation o f the incident light can affect the scattered
intensity. Particularly it should be noted that laser light is nearly vertically polarised which
must be considered when modelling the scattered light.
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Also to be considered in the laser modelling process is the distribution o f energy across
the beam. Most often formulae are found to represent an incident plane wave whereas
laser light has a gaussian profile. However, it has been shown (Ross et al 1978) that for
d < Wo where d is the particle diameter and Wq the beam diameter then the plane wave
case is a good approximation. The distortion o f the correlation function (§1.332) due to
the non-uniform intensity has been discussed (Ross 1989) and corrective formulae are
given. It was shown that distortion is greater for low scattering angles and depends upon
the optical alignment of the system.

In summary the scattering matrix is a mathematical description o f the way a particular size
and shape o f particle scatters radiation to its surroundings. It is usually written as follows:-

[^i\J

1.12

Where the E/s represent the parallel and perpendicular components o f the incident light
amplitude, the E /s the scattered amplitudes and the S’s describe the interaction o f the light
with the scattering medium.

1.22 Light scattering theories

The following sections describe exact and approximated theories o f light scattering. There
are many texts on the subject, much o f the equations represented here follow Van der
Hulst 1957.

1.221 Mie theory

The theory o f scattering of electromagnetic radiation from spheres has been available from
the beginning o f the century. One of its major contributors after whom the theory is now
known, Gustav Mie, formulated the theory for spherical particles o f known refractive
index and size (Mie 1908). It allows calculation o f the scattering matrix elements
described in §1.21, equation 1.12 and values for the various coefficients that can be used

to model for example extinction measurements.
The theory can be used to a certain extent for non-spherical particles as an approximation
but often, particularly for large particles, a calculation will take rather a long time ( a
recursive formula is traditionally used). New developments in the mathematical theory of
scattering(Gousbet and Grehan 1988) have brought about more concise expressions but
often physical rather than computational approximations are an easier approach for more
time economical formulae and these are treated separately below.

The place of such theory in DLS is in part of the data processing beyond the correlation
calculations §1.33 to convert intensity weighted distributions into more interpretable
mass,area or number distributions. Since in general particles o f different properties have
different light scattering patterns then details of size, shape and optical properties of
components in the distribution should ideally be known. Evidently this is often not the
case and care should be taken in interpreting the results from an over generalised theory.
Commercial instruments are set up to be most general whereas in the application to
process stream analysis in certain cases more specific data is available before measurement
and indeed it is these systems which are o f most interest here.

The theory is derived by solving Maxwell equations, which describe the propagation of
EM radiation, using boundary conditions imposed by a sphere o f refractive index n, and
radius r present in a medium o f refractive index n^. The refractive index o f the sphere can
be complex, the real part describing the ratio o f the speed o f light in a vacuum to that in
the particle and the imaginary part relating to a degree o f absorption o f energy by the
particle. To make the theory simpler only a real medium refractive index is considered.
The theory can be followed in a number o f references. (See eg. Van der Hulst 1957).

The results are a pair of amplitude functions a, and b„ from which all scattering
information can be obtained. These amplitudes are oscillatory in form and this results in
the oscillatory scattering diagrams shown in figs 1.7 a-b. These graphs were plotted using
a modified version a computer program (Bohren and Huffman 1983) They show the
variation of light intensity scattered from a sphere at a particular scattering angle. The
incident light is vertically polarised with a wavelength o f n mimicking HeNe laser light.
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U s u a lly p lo ts u se th e size p a ra m e te r a (see e q u a tio n 1.11a, §1.1143) in s te a d of
ra d iu s to be com pletely general. T his clouds the issu e w h e n d iscu ssin g particle
sizes a n d so the ra d iu s is u se d in the d ia g ra m here.

T he m a in featu res a p p a re n t on these d ia g ra m s are:
i) M u ch m o re lig h t is scattered b y larg e p articles th a n b y sm all ones.
ii) There is a general oscillatory pattern of intensity as a function of angle as w ell
as in te n sity as a function of radius.
iii) L arg er p articles scatter m uch m ore lig h t in the fo rw a rd direction.

1.222

A p p ro x im a tio n s a n d e x te n sio n s to M ie th e o ry

1.2221 Rayleigh scattering

A s m e n t i o n e d in th e p r e v i o u s s e c t i o n m o r e is o f t e n g a i n e d b y m a k i n g
approxim ations from a physical rather than a com putational view point. A sim ple
a p p ro x im a tio n is to assum e the rad ii of the particles to be sm all c o m p a re d w ith
the w a v ele n g th of the in cid en t ra d ia tio n (« 0.5pm ) su ch th a t th e electric field is
n e a rly c o n stan t across the particle a t an y m om ent.

In fact the m athem atical restriction on the particle properties are th at the p ro d u ct
of th e size p a ra m e te r a n d the m o d u lu s of the relativ e refractiv e in d ex b e m u ch
le ss th a n u n ity . P h y sic ally th is im p lie s th a t th e d ia m e te r m u s t b e sm a ll o r th e
p a rtic le sh o u ld n o t differ in d en sity from the m e d iu m g re a tly a n d n o t b e a g o o d
ab so rb er. For biological scatterers this covers a w id e ra n g e of in te re st a n d so can
be a u se fu l approxim ation.

T he re su ltin g expression for the scattered in ten sity of in c id e n t u n p o la ris e d lig h t
is:

m^+2
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(l+cos^(6))Tj

(1.13a)

This is a sum m ation of vertically an d horizontally polarised light so for laser light
(u su a lly vertically polarised) the scattered in ten sity is:

m ^-l
m^+2

(1.13b)

H e re th e tw o key features of R ayleigh scatterers are a p p a r e n t
I «—

(1.13c)

I - v o l u m e squ ared
These are true only if the relative refractive index m is w eakly d e p e n d e n t on the
w a v e le n g th a n d th e p a r tic le is n o n - a b s o r b in g a s a ll l i g h t is a s s u m e d to b e
sca tte re d a n d n o n e absorbed.

It is im p o r ta n t w h e n c o n s id e rin g a p p ro x im a tio n s to c o n s id e r th e ir ra n g e of
validity. The usual rule of thum b for the Rayleigh theory is th at the ra d iu s should
n o t exceed one tw entieth of the w avelength of the incident lig h t For a H eN e laser
this corresponds to particle a radiu s of about 30nm. M ore explicitly, for a 1% error
w ith respect to M ie theory a Im I < 0 .2 an d for 10% error a Im I < 0.5. H ow ever
it has been show n that d u e to a fortuitous cancellation of errors there is a second
ra n g e of v a lid ity for relatively h ig h size p a ra m ete r (see V an d e r H u ls t 1957)

1.2222 R a y le ig h G a n s th e o ry

A n e x te n s io n to th e R a y le ig h th e o ry to c o p e w ith la r g e r s iz e s o f p a r tic le is
p r o v id e d b y th e R ay leig h G ans a p p ro x im a tio n . T h e a s s u m p tio n h e re is th a t a
particle can be div id ed into m any sm all volum es each then considered as R ayleigh
scatterers an d the far field pattern is the resultant of the in d iv id u al scattered fields
fro m all s u c h v o lu m e s. T he d o w n fa ll of th e th e o ry is th a t eac h o f th e v o lu m e s
m u s t in d iv id u a lly s c a tte r lig h t w h ic h m u s t re a ch th e d e te c tio n p o in t w ith o u t
fu rth e r interaction. This is ev iden tly n o t the case fo r v o lu m es in sid e th e particle.
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The mathematical conditions are 2Kr(m -1 ) «

1 where r is the radius, K is the scattering

vector and m the relative refractive index o f the particle to the medium. As an example,
with a wavelength of n at a scattering angle of 90° and with a relative refractive index of
1.1, the approximation works out to be the particle radius, r «

350nm.

The scattered intensity is calculated as:-

J ^ = l2 ^ (jn -l)2 p (0 )

(1.14)

P (0 ) is a form factor for the particle and depends on shape so Rayleigh Gans theory is
not only a spherical particle approximation. The form factor is calculated by:P(0)

(1.15)

^2

where 5 is the phase difference of light scattered from a volume element dV with
reference to a common point. This describes the theory as the interference o f light from
all points in the particle.

A plot of the Mie theory and Rayleigh-Gans theory is shown in fig. 1.8. This shows
agreement to within 10% over the range 0 - 1pm (for a relative refractive index o f 1.03).

There is no second range o f validity as with the Rayleigh case and the limitation is m <
1.2 and a up to a few hundred nanometres. The theory holds better for smaller scattering
angles as here the phase differences o f the individual volumes are smaller and less
susceptible to error under the mathematical assumption.

1.2223 Geometrical optics

In the case of very large particles the approximation can be made that the incoming light
is constructed o f a numbers of rays. A ray is a channel o f light energy small in width
compared with the size of the particle but large compared with the wavelength o f the
light. The resulting scattered light can then be calculated by ray-tracing techniques
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considering the reflection and refraction of rays at the particle interface and phase shifts
in traversing the particle using classical optics.

The resulting expression for the intensity (for perpendicularly polarised incident light
scattered from a spherical particle) is

k}z
where e, is a term describing the ratio o f incident to finally transmitted light energy for
a particular ray.

p_ sin(T) cos

(t )

sin ( 0 ) æ

(1.17)

dt

0 and T are angles shown in fig. 1.9. G, is a term describing the phase shift o f a particular
ray and passing through the sphere. This theory is not o f great use for DLS as its valid
particle size range is at the upper limits o f the DLS analysis size range but is included
here for completeness. The ray optics approximation is sometimes used in other particle
sizing instruments such as the time of transit method where a beam is scanned across a
particle at known speed and the reflected pulse length taken to measure the particle size.

The approximation of rays mentioned in the first paragraph imposes a limit on the lower
particle size that would be valid in this case. A rough guide to the limit o f this
approximation is that the lowest diameter that should be used is about 5 times the
wavelength. For HeNe laser light this works out at approximately 3)im.

1.2224 Other approximations

Fig 1.10 gives a plot o f m -a space showing schematically the regions o f validity of the
major theories.(m = relative refractive index, a = size parameter). It is noticeable that they
are all crowded around the edges of the diagram corresponding to the fact that the limits
o f the theories are a combination o f a small or large and |m - 1| «

1

o r m —>

Scattering in the middle region is difficult to classify as it is variable depending upon the
size o f 2a(m -1), without clearly defined boundaries.

Incoming ray

I
I

Outgoing ray

i

Fig 1.9: Diagram showing ray passing through
a sphere indicating the angles in equation 1.17
for the geometrical optics approximation.
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Fig 1.10:
Schematic plot of the range of validity of various approximations. The relative
refractive index is plotted from on the left of the chart and the size parameter
along the bottom. The region most relevant to biological scatterers ie. low
refractive index and wide size range, is representedas the shaded section.
This covers the Rayleigh, Rayleigh-Gans and Anomalous diffraction theories.
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Regions on this diagram not yet described are anomalous diffraction, optical resonance
and totally reflecting spheres. The latter two are not valid in the biological context as they
apply most readily to metal particles. The approximate region appropriate to biological
scatterers is shown in the shaded box. Anomalous diffraction deserves a mention as
although it is not relevant in DLS, other sizing methods for larger particles make use of
it and it can be used as a correction factor in optical density concentration calculations.

Anomalous diffraction is an extension o f the geometrical theory where at small m, the
light in the forward direction can be considered as an addition o f diffracted and
transmitted light. Due to m being small the transmitted light is undeviated. Evidently this
theory only holds for a range o f angles about the forward direction. The formal limitations
are>
|m - 1| -> 0
a » l

(1.18)

the resulting light being an interference o f diffracted and transmitted radiation gives an
undulating plot of the scattering efficiency against a . It is plotted as such as the theory
only describes light scattered in the forward direction. An equation has been derived for
the scattering efficiency of spherical particles in this approximation. ( Van der Hulst 1957)

C^flca=2-|-i|sin(p) + | - ^ | ( l - c o s ( p ) )

(1.19)

1.223 Non spherical scatterers

The emphasis on the preceding sections has been on spherical scatterers due to the relative
ease o f their mathematical analysis. However a great deal o f biological scatterers are not
spherical so the effect on the theories o f this condition must be considered.

Exact solutions for ellipsoids, cylinders and spheres with or without varying refractive
indices within the body of the particle have been calculated. In the Rayleigh-Gans
approximation solutions exist for ellipsoids,cylinders,cubes,thin disks, chains o f spheres

and random gaussian coils.

Evidence for the shape of a scatterer may be obtained by microscopy or indeed by light
scattering measurements. A method for doing this is the so called dissymmetry
measurement. This is a simple intensity measure at two complementary angles and can
characterise the shape of the scattering particles fig. 1.11.

An important measure o f particle size o f non_spherical scatterers is the radius o f gyration.
This is defined as

=

(1 .2 0 )

r m = centre o f mass o f particle
r = position o f volume element dv

Which can be interpreted as a mean square average o f the radius over the volume o f the
particle. It has been shown that the form factor describing the angular distribution of
relative light intensity may be written
(1 .

21)

where k is the scattering angle. This means that a measure o f size independent o f shape
can be made.

Also worth noting is the work where the scattered light is calculated by assuming some
roughness function of the particle surface represented by an angle distribution function
(Schuerman 1980). In principle any shape o f particle may be represented. So far only
particles with Gaussian slope distribution have been calculated. This theory is only valid
in the geometrical optics regime as it considers rays reflected by the particle. Also it is
strictly for absorbing particles. The use o f other matrix elements in the scattering matrix
(§1.21) where changes in the polarisation of the scattered light are detected and used to
indicate departures from sphericity has been described (Barber and Hill 1980).
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A promising method in this particular area is described (Schiffer 1990) who describes a
numerical method to describe light scattering by irregular particles o f arbitrary material.
The method works well for irregularities in the particles smaller than the wavelength of
the incident radiation with the added condition that the size parameter must be less than
about 7 (see equation 1.11a).

When a collection o f particles of irregular shape scatter light the effect is that o f averaging
the scattered light field over all particle orientations. This is because the particles will be
undergoing rapid translation and rotation during any scattering experiment so that several
orientations o f the particle will be represented to the incoming light. Also with a large
number of scatterers random orientations will be taken by the various particles so that the
detected field is a summation over a large number o f scatterers in different attitudes. The
effect on the angular distribution o f the scattered light is a smoothing process so that some
distinctive features for a particular orientation o f an irregular scatterer will become not so
apparent. Particularly the polarisation o f the scattered field will be different to that
predicted for a preferred orientation and related to this fact is a measurement of the
depolarisation factor for a particular particle which can give information on particle shape.

Although spherical particle calculations are useful they are usually only going to
approximate the system of interest. Extensions to non-sphericity must be considered in any
application.

For mathematically intractible problems and for verifying theories experiments may be
arried out experiments at microwave wavelengths on scaled up models o f particles. Being
theoretically the same in terms of scattering properties measurements can be made on
particles of any shape, size and refractive index required at visible scales. This allows
shapes to be constructed to mimic particles for which theory is not yet developed. Care
must be taken in translating the results to optical scatterers as absorbtion and other
wavelength dependent properties are not modelled.

1.3 Dynamic Light Scattering
The signal processing aspect of DLS owes its foundation to the work o f Hanbury Brown
and Twiss (1956) and their experiments measuring stellar diameters using an analogue
correlation technique. The application of correlation to light scattering measurements was
studied in the late 1960's and early 1970's (Cummins and Pike 1974). Lasers were in the
early stages o f development as was digital electronics and it was several years before the
cost of DLS became low enough for commercial instruments to become available.
Throughout the 1970's DLS was applied to many systems particularly submicron particles
which had previously been inaccessible in such a quick and unobtrusive manner.
Biological systems seem to be the most popular subjects to study and these are reviewed
in this section. The early 1970's and 1980's work seems mostly to concern improvements
in the data analysis techniques and up to the present new methods o f data analysis are
being introduced. These are covered in § 1.4. Many texts now cover the theory o f dynamic
light scattering (eg. Chu 1974,1991, Berne and Pecora 1976) and the following description
is a brief overview from these.
A schematic of the dynamic light scattering experiment is shown in figure 1.12.

1.31 Correlation theory for dynamic light scattering

The incident laser light wave impinging on a suspension o f scatterers can be described by
the following equation:

f is the frequency o f the illuminating radiation,^ is the wavelength and x is the distance
into the sample. The scattered light field is a superposition o f electric fields radiated from
all charges in the scattering volume, the resultant field is therefore dependent on the
positions of these charges. Particles or molecules in suspension are continually translating,
rotating and vibrating due to thermal interactions and this leads to a change in the total
scattered field as a function of time. Implicit in these fluctuations is information about the
positions and orientations o f the molecules and this information may be obtained from the
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Schem atic of light scattering experim ent with a detail
of the scattering vector which ap p ears in the equations
describing the correlation function.
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scattered light. The fact that thermal motion is erratic leads to random variation o f the
intensity fluctuations at the detector. However the rate at which it randomly fluctuates is
dependent upon the rate of motion of the particles.

1.311 The form of the scattered light

If the light scattered from individual particles in the measurement volume is considered
the amplitude at the detector can be written:-

N

E{t)

«

3 ^ ( 0 e x p ( -<| )i ( t) )

w here ^ i { t )

(1.23)

=

ie. a sum over N particles scattering from positions r^ at time t. ^ is the instantaneous
phase relative to a fixed point at the detector due to the position o f particle i at time t.
Here it is assumed that:

a) The illumination is uniform across the measurement volume.
b) The light is spatially and temporally coherent across the volume.
c) Single scattering of light by particles occurs.

ai(t) is the scattering amplitude o f particle i and is in general a function o f the
experimental set-up and particle size and shape as well as time. If the particles can be
assumed to scatter the radiation identically and aj(t) can be considered as a scattering
volume "occupation indicator", ie:-

ai(t) = 1 if scatterer is in the volume
aj(t) = 0 if not.

From the above expression the intensity of the scattered radiation can be calculated as:-

J ( t) =E * { t ) E { t )

0

(1.24)

1.312 Autocorrelation function estimators

The aim in order to analyse the light field at the detector is to describe its interaction with
the system. The incident light field can be considered weak and so the system will
respond linearly to it (see §1.21). It is necessary next to introduce time dependent
correlation functions which describe the degree to which two dynamical properties are
correlated over a period of time. If a statistically stationary system is considered where
the light intensity at the detector maintains an average value over long timescales but
fluctuates rapidly on relatively small time scales then the average and autocorrelation are
described by the following equations:

t)dT

< E( C) >

(1.25a)

0

T

<E{ t) E* {t+x) > = ^ j E { t ) E* {t+x) dT

(1.25b)

Here T is the measurement time and T the delay time. The angle brackets denote average
values. In any experiment the intensity can only be sampled at discrete times so these
integrals must be replaced by the estimators:
(1.25c)

1 "

<E[ t ) E' ( t+T) > = - i Ç E{ t ) E* ( t+JJT)

(1 . 25d)

It can be shown that for the stationary system:

< .F (0 ).F X O )> # < .e(0 ).F X r)> ,fo r l a z g e T,

(1.25e)

That is that the signal at long time scales is uncorrelated with that on the short time scale.
The degree to which the data is correlated is determined by the fall over the first part of
the correlation function. In many applications and in particular the light scattering
experiments of diffusing systems the correlation function takes on the form of a decaying
exponential. This is not always the case. Examples of other correlation functions exist eg.
for swimming organisms (Boon 1983). Figure 1.12a shows a typical autocorrelation
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function for a diffusing system of non-interactive particles. In this case the relaxation time
which is a measure of the degree of self correlation is given by the time it takes the
function to decay to 1/e its original value.

(t ) =exp(-2DJr^T)

T=DK^

(1.26a)
(1.2 6b)

The relaxation time is 1/T, K is the scattering vector (see figure 1.12)
and D is the diffusion coefficient.

W hen measuring diffusing particles of different size in suspension the correlation function
becomes more complex than a single exponential decay. Each size or diffusion coefficient
will contribute an exponential decay to the function therefore resulting in a multiexponentially decaying series. The extraction of the original size or decay constant
distribution,G(n» from this autocorrelation function is discussed in §1.4.

1.32 PCS versus classical interferom etry

Instead of time-domain analysis as presented here it is also possible to process to optical
signal in terms of the frequency broadening that has occurred on scattering from the
sample. In order to do this a Fabry-Perot interferometer is used to scan across the optical
frequencies and determine the spectral distribution of the scattered light. For a
monodisperse system the spectrum can be described by:

This Lorentzian spectrum is plotted in fig 1.13. The half width at half maximum can be
measured to give C5 = DK^.

In fact DLS and interferometry are complementary techniques as they have different
ranges o f application. PCS is good for decay constants of the order of tens of nanoseconds
up to tens of seconds. The interferometric technique is good for the shorter time scales
ie. where the frequency broadening is larger. This is in the IMHz region and up which
corresponds to microseconds down to picoseconds and beyond.
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A comparisonof the two techniques has been presented. (Vaughan 1974).

1.33 A veraging schemes

For non-interacting particles small compared to the illuminating wavelength the mean
intensity o f the light scattered by N macromolecules of molecular weight

is NM^^It

follows that:

Using the relation between the diffusion coefficient,D, and the autocorrelation decay
constant F the diffusion coefficient intensity average follows:
D = -jr2
L

r ,^ =

^

(1.29)

An effective spherical radius is calculated by the Stokes-Einstein equation as shown here:
k^T
=

6ni\D

n = s u s p e n s io n v i s c o s i t y
kg = B o ltz m a n n s c o n s t a n t
T = te m p e z a tu z e

(1.30)

Other averages frequently encountered in light scattering data analysis are the mass and
number averages. These are calculated as follows:

----------

(1.31a)
(1.31b)

All the above equations is for the approximation where the size o f the particles small
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compared with the wavelength of the scattered light. However often this is not the case
and the expressions have to be generalised. This amounts to replacing the

term in the

first expression by a scattering factor. The form of this factor is shown for different ranges
o f particle size in §1.2. A discussion o f average values and their comparison with other
types of analysis has been carried out with experimental verification (Finsey and Jaeger
1990).

The raw data being a light intensity measurement is best interpreted in terms o f the
intensity averages. Sometimes it is useful to convert to the other terms but for the general
cases this will mean making assumptions about the particles shape. This is also true when
converting from diffusion coefficient to size where commonly the approximation of
spherical particles is assumed.

1.34 Limitations of dynamic light scattering for particles in suspension

The theories described from the literature in the previous sections have used certain
approximations to allow simplifications to be made. The requirement for a large amount
o f scatterers in the measurement volume to produce the required statistics for the above
analysis is termed the Gaussian approximation and is described below. Other constraints
imposed on systems are that particle interactions are negligible and that single scattering
occurs. The effects and reality of such limitations are discussed along with the problem
o f polydispersity which is o f major concern in this and many applications.

1341 Gaussian approximation.

So far the theory presented has been based on the amplitude or first order correlation
functions. The detected signal is proportional to the intensity o f the scattered radiation so
that in processing the data the detected signal must be converted from an intensity
correlation function into the amplitude correlation function. The Gaussian approximation
holds for very large occupation numbers in the measurement volume and states that:
(?)

(T)|^

(1.32)

The first and second order correlation functions are denoted by the superscript in brackets.
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For systems with small occupation numbers corrections must be applied to the above
equation. In most biological systems however this will not be necessary.

1342 Non-interacting particles

In order to measure reliably particle size current instruments performing a DLS
measurement specify that the suspension or solution under analysis contains non
interacting scatterers. This simplifies the theoretical treatment to that described in §1.31
as positions o f separate scatterers are not correlated over time and only individual particle
motions are relevant.. When interactions no longer become negligible it has been shown
(Pusey 1978) that the autocorrelation function consists o f two distinct features in the case
o f monomodal dispersions. Firstly a fast decay which can be considered as caused by
diffusion o f the particle in the short term unhindered by its neighbours and secondly a
slower decaying tail interpreted as hindered diffusion due to interactions with neighbouring
particles. This can give information about the sample, particularly interparticle potentials.
Examples o f this and other applications have been discussed (Pusey 1979).

The degree o f interaction between particles will depend upon both the type o f particle and
the suspending fluid. Ideally particles will be uncharged but practically all biological
particles possess some sort o f charge distribution. This might be neutralised by altering
the pH o f the system but a more easy and practicable solution is to increase the
interparticle separation by diluting. This is also required because o f the multiple scattering
effect discussed in the next section.

1343 Single and multiple scattering.

The equations described in §1.31 are approximate in the theoretical limit o f very low
concentration ie. single particle scattering is assumed. In practice this is a difficult aim to
achieve and unless the multiply scattered and singly scattered light can be separated then
the theory must be modified. This is discussed in the next section. A study o f the effects
o f concentration on the results for a monodisperse system have been carried out (Van de
Meeren 1988) and the conclusions were that oversizing o f the particles occurred and an
increase in the apparent polydispersity measured. The important criterion was not the
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concentration itself but the mean separation of the particles (independent o f size) which
must be of the order of 15 microns or more to avoid distortion o f the results due to
multiple scattering. This results in a critical particle concentration that varies with particle
size. A plot in the size area of interest is given in figure 1.14.

The alternative to maintaining the concentration in the desired region is to extend theories
to cope with multiple scattering systems or to suppress the multiple scattering
experimentally. The former case has been treated by many authors (eg. Dhont 1983) and
recently the theory and practice of diffuse wave spectroscopy has been developed (Home
1990). Commercial instruments exploiting this theory are available. However the
application o f such instruments may be limited in that they provide an average size but
no estimate o f distribution width and will not cope for more detailed systems. However
the measurement correlates well with that obtained by dynamic light scattering in a dilute
suspension o f the same sample. The suppression o f multiple scattering by a cross
correlation technique has been described (Phillies et al 1981) and tested successfully,
however the experimental set up becomes quite complicated and alignment crucial.

1.3431 Optical densities of concentrated suspensions.

Recently (Konak et al 1991) demonstration o f the separation o f the coherent and
transmitted laser intensities in concentrated suspension o f latex spheres has been presented.
This amounts to separating contributions from direct unaltered light and scattered light at
the detector. Their use of the Mandel-Rice formula allowed quantification o f the
dependence o f the total intensity on pathlength (and consequently concentration) and the
coherent part o f the total intensity which is the unscattered contribution. The coherent part
was shown to obey the Beer-Lambert law over the complete range o f concentrations
whereas the transmitted light departed from this at the higher concentrations. The size o f
the particles used in this study were 94nm and were in the Rayleigh limit. The extension
o f this to larger particles may cause problems as they tend to forward scatter to a greater
extent. It is expected that the separation o f coherent and incoherent (ie. that part due to
multiple interactions) parts would become more difficult as for larger particles the parts
will arrive at the detector closer together in time and hence need to be more resolved.
However if this technique could be applied to concentrated complex mixtures it may
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simplify the experimental measurement of concentrated suspensions.

The sensitivity o f optical density measurements could then be enhanced at higher
concentrations as the extrapolation of optical density against path length (concentration)
shown in fig. 1.15 indicates a continuing linear trend rather than turn-over at higher
concentration. For a mixture of particle size, in order to work out a concentration from
the optical density, the scattering properties of the components o f the mixture are required.
This was covered in §1.1142 . However the use o f the above method would greatly
simplify and extend the application of this theory which is only applicable in the single
scattering approximation.

This separation of multiple and single scattering was also carried out at an angle o f 90
degrees and a proposed method for correcting for multiple scattering events in dynamic
light scattering suggested.

A more direct method o f separating the two components is being used in imaging
applications in diffuse media. An ultrashort pulse o f laser light (femtoseconds) is passed
through the sample and the detector gated so as to only accept light in the first few
picoseconds of receiving the transmitted pulse. This separates the directly transmitted light
(ballistic contribution) from the multiply scattered (diffuse) contribution. This is currently
being applied to imaging early tumours in breast cancer screening and object detection in
dense fog or cloud (Alfano et al 1992). However currently very expensive components are
required to implement such a system and could not be justified in the present application
until such costs come down.

This method would be applicable only to optical density measurement and not DLS as the
time scale o f correlation is longer than the pulse and a correlation function could not be
formed.

1 J 4 4 Polydispersity

Polydispersity is most obvious in suspension properties as a range o f size o f particles
present. However the variation of any physical property o f the particles measured will
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Fig 1.15; Variation of the direct (coherent) and total scattered
(incoherent + coherent) contributions to the optical density
signal of 94nm latex spheres.. An extrapolation s u g g e sts the
extention of iinearity of the coherent contribution to higher
optical densities (Konak et al 1991).
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amount to a change in the resulting size distribution o f a DLS measurement. One
advantage DLS has over other optical methods is that the measurement o f size is based
on a property that is independent of the optical properties o f the particle and as such the
accuracy of the size is not directly affected due to this fact. However attributing the
amount of scattered light to a particular particle size will o f course be directly sensitive
to the optical properties. The variation o f scattered light with particle properties was
discussed in §1.2. In effect there are two sides to the polydispersity problem in DLS. The
first is the usual interpretation where the data that constitutes the measurement has to be
inverted to produce an intensity distribution. This distribution is subject to experimental
errors for the most part and this inversion procedure forms a major part o f this thesis. The
second side to the problem is taking the intensity distribution and converting it into a
realistic number or mass distribution and as such is open to theoretical approximation
errors. This procedure implies knowledge o f the particles present ie. their size,shape or
refractive index. This knowledge is not always known and is more often approximated.
On the whole biological particles have quite low refractive indices as they constitute a
large amount of water. However there are several light absorbent and optically active parts
o f biological molecules that may contribute to the polydispersity problem.

In the present application the elements o f primary concern are any substances in the broth
which could cause interference. The yeast and virus-like particles themselves do not
absorb a large amount in the red. However in working back to a knowledge of
concentration o f yeast and VLP in solution the refractive indices o f each will be necessary
unless a calibration is made.
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1.41 ni conditioned problem s

The nature o f the problem considered here (ie. the retrieval o f the decay constant
distribution in equation 1.35) is widely encountered. It is a subset o f ill-conditioned
problems, a subject which has generated an extensive literature (see eg. McWhirter and
Pike 1978). The term ill-conditioned refers to the fact that there exists, in general, an
infinite number o f solutions ie. size distributions that will fit the noisy data that has been
collected. The size distribution chosen by the fitting procedure is therefore program
dependent. The same data set can produce different size distributions from different
analysis methods. Several methods are discussed in §1.43.

All

G(t)

Fig. 1.16 Schematic of solution to ill- conditioned problems

1.42 A ccuracy and errors

In order to improve the solution given by the computer, better quality ie. less noisy, data
is desirable. In effect this reduces the size o f the left hand circle in fig. 1.16. The signal
to noise ratio of the data stream is improved as Vn where N is the number o f samples
taken. In principle, the best data will be taken with longer experimental times. There is
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a trade-off against time available for measurement in an on-line analysis environment.
Also care must be taken to avoid systematic effects such as dust and temperature drift
over longer experiments.

System atic e rro rs can be avoided only by careful system alignment and sample
preparation. The sort of conditions to be avoided to prevent unwanted intensity
fluctuations at the detector are listed below.

a) Fluctuation in laser intensity: Drifts in laser frequency or intensity can occur due to
temperature effects. A stabilisation circuit is necessary to reduce such fluctuations.

b) Reflections - wrong angle, local oscillation : Misalignment o f the detector or small
amounts o f unscattered light entering the detector can lead to errors in the measured
diffusion constant. Theoretically it is possible to compensate for this but often the error
will go undetected as the data collected can still be good.

c) Dust and bubbles: Scattering from such contaminants can ruin the measurement in the
worst case and at best reduce the accuracy. Ensuring a minimum o f both dust and bubbles
in the sample is essential

1.421 C onsiderations on required d a ta accuracy.

This section is included to appraise the theoretical aspects o f detecting small changes in
the size distribution by the dynamic light scattering technique. Where guideline figures are
available, the viability o f the method for use in a particular application can be assessed.
The procedure will be as follows:

1. Work out the change in correlation function due to a change in a particular form
o f size distribution.

2. Calculate the approximate noise level o f the experiment. (The difficulty o f doing
this is highlighted in §1.434.)

3. Calculate the minimum detectable change in the correlogram.

4. Calculate the corresponding minimum detectable change in the size distribution.

The form of size distribution chosen is a double delta function to ease analysis and
comprehension. It should give guidelines for a real distribution. The correlation function
for such a distribution is shown by the following equation.

Aexp (-2?]^%) + { l - A ) e x p ( - 2 (F^+AD )

(1.33)

A is the fraction of the size distribution due to the decay constant F,.
The change in this function with respect to A, integrated over all correlation delay time,
X and

divided by the number of correlator channels is:

0 = - ^ f e x p (-2Fx) - e x p ( - 2 (F+AF) x) dx
0= 1
2F

1
2 (F+AF)

(1.34a)
(1.34b)

A plot o f the fractional change in correlator channels is shown in figure 1.16. This plot
shows that an average change in the correlogram for a lower decay constant o f about 1000
s ' and a separation of about 1500 s-1 is about 1%. This means that for a change in the
distribution (ie. a shift in peak heights) of 0.1% to be theoretically detectable in this
situation, the noise on the correlogram must be smaller than 0.1% per channel.

The noise due to finite experimental time has the straight forward formula given in section
§1.42. For a 10 second experiment and for decay constants in the 1000 s ' region, this
works out to be in the hundredths o f percent range. Noise due to the presence o f dust,
misalignment o f the optical system, and other system dependent errors is difficult to
quantify. Evidently it will be necessary to keep them below 0.1% to detect a change in
the size distribution in this situation.

It is important to remember that the change is given as an average change per channel.
Some channels, particularly in the first part o f the correlogram will change much more
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than the average so that higher noise levels can be tolerated.

The data being treated here corresponds to the intensity distribution rather than to mass
or volume distribution. Since in the approximation o f small particles the intensity scattered
is proportional to the square o f the volume o f the scatterers (§1.222) a 0.1% change in
intensity requires roughly a 0.05% change in the volume from one peak to the other.

0.05% change in volume of large particles obviously corresponds to a smaller number
concentration than 0.05% change in volume o f smaller particles. In the present example
the sizes considered corresponding to the decay constants chosen are about 30nm and
80nm. A change in volume o f 80nm particles compared to a similar change in volume o f
30nm particles corresponds to a number concentration change ratio o f about 20. Hence
twenty times the amount of smaller particles added and one o f the larger particles removed
would correspond to an equal change in intensity from each peak.

1.43 Software analysis methods
g ( x ) =Jc?(D e x p ( - r t ) d r

(1.35)

The difficulty o f inverting the Laplace transform equation above, to extract the size or
decay constant distribution G(T) has been mentioned in §1.41. The problem has been
addressed in many ways, usually with the emphasis on a minimum o f a priori information.
Reviews covering many of the methods with experimental results have been discussed (
Chu et al 1983, Stock and Ray 1985).

The methods fall into two main categories:-

i) Assumed size distribution shape
ii) Model-free algorithms

The methods are linear or non-linear least squares methods, with only one or two
exceptions except those in §1.434 which use alternative statistical bases for solution
convergence estimation.
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1.431 Assumed size distribution shapes

1.4311 Cumulants method

This method is useful for monodisperse size distributions. Starting from the correlation
function weighted by the distribution function G(r)* This defines the "average" correlation
function or average exp(-rx).

< e x p ( - r t ) > 3^,^ = J e x p ( - r x ) c?(r) d r

(1.36a;

It has been shown (Koppel 1972) that the moment generating function is equivalent to this
average correlation function and since the function can be written in the form o f a
polynomial, the measured g(x) can be least-squares fitted to this.
M (-t,T )

5 (e x p ( -r x ) )_ y g

(1.36b)

For a single exponential correlation function which is the case o f pure monodispersity the
polynomial coefficients turn out to be zero.

fr(-T;D

where

K^{T) =

(1.36c)

(1.36d)
d(-x)*

82

-T=0

Non-linear coefficients appear non-zero for polydisperse systems.
Specifically ;iCi=r , a v e r a g e d i f f u s i o n c o e f f i c i e n t
= r e l a t i v e w idth o f d i s t r i b u t i o n
a
,
—- = s k e w n e s s m e a s u r e

(1-37)

—%-= k u r t o s i s

Experimentally the equations take the form shown below. The parameters o f the least
squares fit are thus c^^™^ and the K„(m)’s.
Each data point should be weighted by estimates o f the average square deviation.

1.4312 Analytical expressions for distribution fitting.

The most straightforward method of calculating a size distribution is to assume totally the
form of the distribution or autocorrelation function and decide the parameters by means
o f linear or non-linear least squares or maximum likelihood methods. Common functions
used to simulate decay constant distributions are Pearson,Gamma and Shulz distributions
(Chu et al 1979, Dhadwal 1991). Single or double exponential decays or the WilliamWatts distribution have been used to model the autocorrelation function (Patterson 1983).
Such expressions are also useful for construction o f size distributions in simulation
exercises to test other data analysis methods.

1.432 Model free algorithms

1.4321 Eigenfunction expansion.

It has been shown that the Laplace inversion integral can be written in terms o f
eigenfunctions as shown below.

=Jexpi-rx)4>^(r)dr

Expanding

(l.SSa

and G(F) in terms of these eigenfunctions:-

sr*^’ (t) =j’ii„<|)„(t)(iu

(1.38b)

£?(r)=j'a„4><,(r)dw

(1.38c)

So that the first order correlation function can be written

( x) =f a^X^4>^( x) d( ù

Then the

(1.38d)

in equation (1.38b) follows:-

=30)^0

=^

It can be seen that by using a fitting procedure to find b^, and

(1.38e:

that G(T) can be

exactly reconstructed with this information. The problem lies with the form of
the

which fall off close to zero as w increases. So for the higher terms any slight

inaccuracy in the estimation o f b^, will be amplified and the reconstruction o f G(T)
incorrect. The slight inaccuracies occur due to noise in the data. To overcome
this a finite limit is put on the number o f terms used to reconstruct G(T) in
the eigenvalue series.

The detail o f the theory can be followed (Ostrowsky et al 1984) to produce a least squares
fit described by equation 1.38f.
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N

\

(sr(ti)

I

a„exp(-r„tj)

11*1
a„— î - ( ? ( l o g r j
w.max

r„.i=riexd'

(1.38f)

nn
^max.

The full function G(logT) can then be reconstructed through an interpolation formula or
by shifting the sample points slightly and repeating until the entire range o f T has been
covered.

1.4322 H istogram m ethod

This method relies on making an approximation o f the autocorrelation function as a series
o f histogram steps covering a range o f Gamma. This technique has been implemented with
linearly and logarithmically spaced histogram steps (Fletcher and Ramsay 1983) the latter
technique using the principle o f the exponential sampling theorem described in section 2.1.
In this case the histograms are shifted and overlapping sections are averaged to produce
the final distribution. This amounts to a smoothing o f the gamma distribution
representation.

The approximation of the autocorrelation function is shown below. The integral over T is
substituted by a summation and the remaining part o f the integral can then be analytically
evaluated for each step. In this way the whole range o f T is covered rather than sampling
at individual values o f T.
N
St(t) =

x)dT
a

r.

where a =
or

b-a =
1j

b

r.

(1.39)

= e x p ( —^ )
^roax

The set of decay constants can then be found by least squares fitting o f equation x to the
data by a suitable algorithm. Again singular value decomposition is a popular method due
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to its stability in the presence of noisy data.

1.4323 Sub-distribution method

A method where the final decay constant distribution is represented by a sum over several
sub-distributions has been described (Cha and Min 1981). Examples for the form o f thes.
distributions used are Laguerre or Hermite polynomials. The data are then fitted to the
equation:

fE

( r ) e x p { - F t ) dT

(1.40)

VO a-o

where all the subdistribution parameters are linked. These parameters are then adjusted to
satisfy the least squares criterion. The advantage o f such a distribution is that the resulting
distribution is smooth over the range o f decay constants.

1.4324 Non-negatively constrained least squares. (NNLS)

In many applications physically realistic solutions can only be positive. This is the case
here, as a negative decay constant is meaningless. The algorithm for a non-negatively
constrained least squares analysis has been described (Lawson and Hanson 1974).
Introducing positivity constraints into the algorithm constitutes a-priori information but
does not imply any particular distribution shape. Again the problem is evaluated as a least
squares one but the coefficients G(T) are forced positive. The fitting routine fits to
multiple exponentials as in §2.1 and the resulting values correspond to the areas o f the
histogram steps. The histogram steps are non-linearly spaced to an extent determined by
the detectable difference between sequential exponential decays. This is important as the
algorithm will throw away non-independent decays and apart from wasting processing
time this can effect the final solution by producing spurious peaks. The steps are spaced
as follows (Grabowski and Morrison 1983)
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(ai+&)2

^1-41)

1.4325 S-exponential sum method

The correlation function, approximated by a sum o f many exponential decays but
constrained by a so called residual polynomial, has been described by (Cantor and Evans
1970) and has been applied to photon correlation

(Nash and King 1982), A residual

polynomial is defined as:
N

P ( u ) = 2 j^
L -0

1.42

w h e r e Pj^=Wj^[C(Lx) - b { L x ) ]
a n d U j^= exp (-r_fLT)

and the conditions imposed for r exponentials are:

P(u^)-0 i - l , r
P ( u ) kO

(1.42a)

This method is very similar to the non-negatively constrained algorithm described in
section 2.6 and is similarly guaranteed to converge to satisfy the above conditions. The
difference lies in the adjustment of the exponential amplitudes to approach the solution.

1.4326 Regularised Inversion/Constrained régularisation

There are several applications o f this particular method o f analysis applied to correlation
function profile analysis (Provencher 1981, Dhadwal 1989), but the procedure is quite
general. In describing the technique it is convenient to put equation 1.35 into operator
formalism so that the data, b, can be expressed as:

h= K û+ n

h
K
G
r

=
=
=
=

data v e c to r
Laplace k ern el m a trix
Exact s o lu tio n v e c to r
n o ise vecto r

43)

The noise term is o f course indeterminate. Instead o f the filtering techniques used in other
methods régularisation seeks a solution to the equation.
(1.43a)

F {0 ) =

The latter term in the expression contains a-priori information about the solution. Alpha
varies from 0 to 1. Evidently a value o f zero will correspond to a direct inversion o f the
equation with no régularisation. Conversely alpha = 1 completely suppresses the noise but
will oversmooth the solution. The desired solution corresponds to a particular value of
alpha and the procedure is to solve equation x for different values o f alpha and choose the
best one with some convergence criterion ie. the relative difference in the least squares
evaluation is less than a particular value after a certain number o f iterations (Dhadwal
1989). Alternatively (Provencher 1982) calculate a probability factor to determine the
value o f smoothing parameter that predicts a solution that should be a balance between
random artifacts appearing in the distribution and oversmoothing.

1.434 Other methods

1.4341 Maximum entropy method (MEM)

A full assessment o f this method of analysis, which is not yet fully developed, and its
application to photon correlation data has been given (Chu 1991). The premis behind the
technique is that it regularises the solution based on objective information contained in the
data and not on a user introduced régularisation. However, estimates o f the errors and how
they vary across the data are required. Early work (Livesey et al 1986) implied that highly
resolved complex spectra could be reconstructed using this method but in the actual
application data was manually vetted to reject unlikely points. More recently the MEM
using a Bayesian estimate (see Chu 1991) rather than least squares criterion for the
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régularisation parameter has been described. It was shown to be a better method for
resolving multimodal distributions than the constrained régularisation described in § 1,4326.
It is expected that further improvements in this area should be forthcoming.

1.4342 Fourier Inversion

Conversion o f the Laplace transform into a Fourier transform problem by means of
transforming co-ordinates and using the Fourier convolution theorem has been proposed
(Gardner et al 1959) and modified (Provencher 1976) to cope with noisy data. The co
ordinate transforms required are:

r - e-'-p
X

(1.44)

e~^

Beta is a convergence parameter which can be adjusted to alter the spectral peak
separation. The Fourier transform to be solved for which standard algorithms are available
can be written:

g(p)

= F(e^)

The body of the integral first must be evaluated from the data which involves a numerical
integration. Also the Fourier transform algorithm involves a window function to avoid
spurious components due to sharp cut-off points at the extremes o f the integrand.

1.4343 Linear programming

In common with many o f the analysis methods the linear programming method
(Zimmerman et al 1984) uses a sum over several exponentials to estimate the correlation
function (see equation 1.45a). The major difference between this and other methods is that
it does not use the least squares criterion for establishing the best-fit solution. Instead the
sum o f absolute values of the residuals are minimised. The problem is formulated by
defining each residual as the difference of two positive integers and similarly for the

baseline value. The problem can then be expressed as a linear programming exercise
which is to minimise:
M
z= J^ |e,|

(1.45

i=l

subject to the constraints:
N
^ XjGxp

(T^) f o r i = l - A f .

(1.45a)

To solve this system the authors used a Simplex algorithm.

The spacing o f the exponentials as in other methods must be determined by some method.
In this case an initial quite wide logarithmically spaced set is used and on analysis o f the
residuals to check for systematic error this density is increased if necessary to improve the
statistics. The goodness o f fit conditions depend upon the number o f sequences of
consecutive residuals of the same sign. If this number is too great for the number o f data
points present then more exponentials are added until the statistics are satisfied.

1.434 Choosing methods for on-line analysis

A discussion of the relevant software analysis methods to apply to on-line monitoring and
control is necessary here. While a large amount o f effort over the past decade has been
spent to extract the maximum amount o f information possible from the ill-posed data set,
the methods used are not always straightforward to implement in an autonomous manner
which is required for hands-off operations in an automatic control or monitoring situation.
Also in the present application there is additional information available to the algorithms.
This reduces some of the advantages programs might have over others and brings them
closer together in terms o f their use in monitoring and control. In this situation it is
advantageous to choose those easiest to implement without compromising the resulting
distribution. In this comparative discussion o f the techniques used the following points
need to be considered:
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1. Algorithm speed and storage requirements.

2. Amount of user information required to find the best solution.

3. Past experience o f performance o f methods in similar situations as the present
application ie. peaky and mult imodal distributions.

4. The performance o f the algorithms in the presence o f

noisy data.

Each point will be considered in turn:

1. Algorithm speed and storage requirements.

Algorithm speed and storage space are o f prime importance when the result is sought in
the shortest possible time and particularly when the data processing step is the longest part
o f the experimental set-up (see §1.02). Very high speed processor chips are now available
but at a relatively high cost. Cheap computer power is however on the increase and it can
be assumed that within the next few years processing power/cost will increase
dramatically. Thus the choice o f algorithm suitability due to speed is not o f overriding
importance as development of the technique will go hand in hand with an increase in
computer advancement and consequently a reduction in algorithm execution time.

Currently it is sensible in a monitoring and control application to choose methods without
large amounts o f re-iterative convergence tests. Many methods seem to produce several
solutions for the same data set with different starting information and choose the best
result based on a goodness-of-fit criterion. However cheaper parallel processing hardware
which perform many calculations simultaneously will reduce the time for such methods.

Storage space again is not o f overriding concern as the cost o f memory is dropping along
with all solid-state equipment and computers now come equipped with more memory than
most techniques described in this section will ever require in this application. It does
become an issue however where large amounts o f storage and retrieval affect the analysis
time.
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2. Amount of user information required.

This is one o f the most important issues for an autonomous monitoring and control
situation. Many of the methods described require a user to input values at the beginning
or during processing to start or continue the algorithm. The main concern is mid-process
information which must be based on user interaction with the program. This is not
effective for use in monitoring and control as the human element has not been removed
from the control loop. Methods should be chosen which perform well with no user
interaction.

3. Past experience of method performance.

Performance in conditions prescribed by the system o f interest is necessary in considering
algorithm choice. The system o f primary concern is one broad peak with a narrow spike
at a defined size to simulate the presence of particle o f defined size next to a broad
distribution of particles (ie. virus-like particles in yeast homogenate. See § 1.2). There are
some programs notably constrained régularisation which might oversmooth the solution.
Alternatively in this case a different regularising matrix could be sought to allow for a
"spiky” solution. This would probably be subject to instability in the presence o f noise
which often causes over-oscillatory solutions.

The analysis methods that are o f interest are those where it is easy and theoretically
sensible to include a-priori information into the starting matrices. This information may
be the noise level in the data if this can be experimentally assessed (see § 1.42), the range
o f sizes to be covered (this is easy to include in all cases) or a weighting o f the
parameters in the algorithm so as to bias the result towards a desired direction. Weighting
o f the data points themselves is a different issue. It has been shown that it is advantageous
to weight the points inversely as the square o f the standard deviation o f the data points.

In least squares methods it is quite straightforward to weight certain columns o f the
matrix to bias the solution to certain areas o f size or decay constant. The range o f size
analysed is also simple to include. Since it is generally found that the range o f F can
significantly affect the solution reached this is important starting information to include.

4. Robustness to noise.

In the software analysis assessment, chapter 5, noise is simulated by adding or subtracting
a random number o f counts to each data channel to a predetermined level. This simulates
photon-counting noise. Noise due to dust and flare (see §1.42) will depend upon the
sample cleanliness and system alignment. In real experiments there is no way to determine
the contribution to the noise from each source. Dust is unquantifiable and thus cannot be
simulated, flare can be minimised by careful alignment but its actual contribution is
unknown (Madani and Kaler 1991). Chapter 7 on intemodal light scattering offers a
possible eradication o f such noise contributions to the correlogram by holding large dust
particles out o f the beam. This and other applications are discussed.

Thus the performance of analysis methods in the presence o f simulated noise is only an
indication o f their robustness and not an absolute measure o f suitability. A table o f the
methods described in § 1.43 is shown on the next page.

Comments on the considered algorithms.

B rief comments on each of the analysis techniques that have been described in this section
are now given referring to authors’ past experience with consideration to the four points
mentioned above in their applicability to on-line analysis.

Non-negatively constrained least squares (§ 1.4324)
guaranteed convergence after a predetermined number o f interactions,
positivity o f solution,
short processing time.

Histogram method (§1.4322)
Easy to implement,
robust to noise,
fast.
well reported in literature.

Exponential sampling (§1,4321)
Takes account o f noise in the solution by sound theoretical methods.

Maximum entropy method (§1.4341)
complex program and theory,
relatively long run time,
requires knowledge o f data errors.

Regularised inversion (§1.4326)
possible oversmoothing,
long run time.

Linear programming (§1.4343)
Implications of sensitivities to noise.

4

Sub-distribution method (§1.4323)
Poor performance in the presence o f noise.

S-exponential sum (§1.4325)
Seems very similar to NNLS

Fourier inversion (§1.4342)
Sensitive to noise.

These comments are the basis for initially choosing methods to code for the purpose of
on-line analysis.

2.0 Equipment design and construction

In this chapter an introduction to the design considerations necessary for a light scattering
instrument for dynamic light scattering is given followed by a description o f the design
and construction of a miniaturised device designed for use in a process monitoring
environment.

The construction o f a dynamic light scattering instrument is common to many light
scattering devices for measuring the properties of a small sample volume. Various
miniaturised laser light scattering instruments appear in the literature (eg. Chu et al 1988,
Chow et al 1988) and a comprehensive review has been made (Chu 1991). A light source
(frequently a laser) is focused into a small volume in the sample cell. A detector is placed
at the desired scattering angle to collect light around a narrow range o f angles. This range
is determined by the lens assembly design and is discussed in § 2.3. The detector gives
an output in either analogue or digital form to be interpreted by the post-detection
processing equipment as described below. A schematic o f the experimental set-up is
shown in figure 1.12 §1.3.

2.01 Lasers and their properties

Laser light can produce high power at a defined wavelength in such a way that it can be
focused down to a small spot to produce high intensities in a small sample volume. This
is particularly needed for the detection o f small particles whose scattering efficiency is
very small. Lasers are available in a large range o f wavelength and power outputs. Shorter
wavelengths may be desirable because o f the higher scattering efficiencies o f smaller
particles in this region.

An essential criteria for the light source in a DLS instrument is stability o f intensity over
the experimental time scale. This can be threatened by thermal drift or power supply
fluctuations on timescales anywhere between microseconds and tens o f seconds. This can
affect the baseline measurement or produce spurious "internal correlations" which would
produce artifacts in the result. The absence o f such internal correlations is important ie.
the light signal from the laser should produce a flat autocorrelation function rather than
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the exponential decay shown in § 1.31. For some years bench scale laser light sources with
highly stabilised power supplies and intensity stabilisation circuits have been used for DLS
and have met the above requirements.

The other important property of laser radiation is its coherence. Coherence a measure of
how well the phase o f the light wave is maintained either across or along the beam. The
former is termed spatial coherence and the latter temporal coherence. Spatial and temporal
coherence is important in DLS as it is the basis behind which, the light scattered from
individual particles in the sample, interferes. Lasers display very good coherence
properties due to their defined wavelength and small source dimensions. Non-laser
radiation can be used for DLS when the geometry o f the beam is arranged so as to
maximise the lesser coherent properties. However laser radiation allows for easier design
and higher power illumination.

2.02 Detectors

Photon correlation generally operates on a very weakly scattered signal. This is partly due
to the requirement o f dilute samples (§1.34) and partly due to the processing requirements.
A very sensitive detector is therefore required and the most widely used is the
photomultiplier tube. The device amplifies the signal from single photons hitting the
sensitive area to produce either an amplified pulse to indicate detection o f an individual
photon or an integrated voltage proportional to the instantaneous intensity. These two
methods o f detection are discussed in §2.1 and the former is shown to be most desirable
both due to the inherent ’digital’ nature o f the scattered light and that o f the processing
electronics.

The detector should be chosen so as to maximise detection at the required wavelength or
wavelengths. A wide variety is available but the use o f a laser source simplifies selection
as operation at a narrow band o f wavelengths only need be considered.

Stabilised voltage supplies again are necessary as fluctuations will cause concurrent
variations in the gain of the detector which will be interpreted by the post-detection
electronics as an intensity fluctuation.
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2.021 Coherence area

An important design consideration for detector geometry is the coherence area o f the
scattered light signal. This can be considered as the area over which the signal from
extremal points in the source will still interfere, to contribute to the intensity fluctuation
signal. Non-interferent contributions merely increase the noise in the detection process;
hence good design of the detector geometry is essential to effect a good signal to noise
ratio. This is similar in concept to the spatial coherence o f the laser source but this time
the source may be considered as the scattering sample. The scattering mechanism produces
an incoherent source and equations for calculating the coherence area for a two or three
dimensional source have been derived (Lastovka 1967, Dhadwal and Chu 1989). The
detector can be designed around such equations to maximise efficiency.

2.1 Signal processing

The first stage o f post-detection processing consists o f forming the correlation function
by means o f multiplication o f the sampled signal by itself at a range o f delay times and
summing these values over time. This process is simple mathematically but can lead to
an enormous amount o f calculations and hence processing time. The correlation function
can be represented mathematically as below:

I3( t ) l 2 ( t+Tj)

(2.1)

Where n is the number o f photon counts in a sampling interval. The theoretical aspects
o f the correlation function have been covered in §1.312. The samples may be taken either
by a digital or analogue detection process. In general nowadays all photon correlation
instruments use digital detection. A comparison o f the two sampling schemes has benn
discussed by (Oliver 1977) with the conclusion is that photon counting techniques are
preferable to the analogue scheme as the latter gives rise to unwanted correlations between
samples.

The second stage in the processing is inverting the correlation function to obtain a decay
constant distribution. This was discussed in detail in § 1.4.
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To cover an extensive decay time range most correlators now have non-linearly spaced
channels. This is also implemented for a similar reason to the exponential sampling
scheme described in §1.4321. That is, the information inherent in the data may be
extracted to the level o f the noise with appropriate spacing. The non-linear spacing while
allowing a wide range o f decay constants to be covered will also compromise resolution.
Equation 2.2 shows spacing of the sample times with the fundamental sample time,x and
a dilation factor 5, which normally takes on any real value between 1 abd 4.

Prior

knowledge of the distribution range can be pivotal in successful inversion o f the data. It
has been shown (Pike et al 1983) that if the range is known the channel spacing, or
dilation factor, should be reduced according to the ratio o f the upper and lower limits of
the range. This then increases the resolution o f the result. It was shown that the resolution
is only on the ratio and not on the individual limits o f the range.

T , ÔT, 0 ^ 1 / . . . .

(2.2)

For fast correlation hardware correlators are generally used. These are quite costly.
However developments in hardware correlators described in the next section make them
very attractive for on-line measurements. The alternative is to compute the correlation in
a microcomputer. This will also be required for subsequent processing and user interaction
and so incurs no extra cost. These options are discussed in the following sections. Initially
however a discussion on clipping and scaling is included to demonstrate data reduction
o f the incoming signal to simplify or speed up subsequent calculations.

2.11 Clipping and Scaling

The clipped photocount signal is defined as:-

0 for
= 1 for

K
> K

where n is the number o f photon counts for a sampling interval and K is the clipping
level. Using this in the correlation estimator (equation 2.1) we have:-

s

-

-

(
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a

It can be seen that less complex calculations will be necessary as each correlation channel
j will either require n^+j or zero to be added to it rather than needing a multiplication for
each channel. The above method is termed single clipped correlation. Similarly a double
clipped correlation function can be defined where both terms in the product are clipped:

N

(2 . 4 b )

’dc U-c ) — rT .

Here the appropriate correlation channel needs to be incremented or left as it is depending
on the value n<.i exceeding the clipping level, K.

It has been shown that the single and double clipped correlation functions (Pike 1976) are
undistorted provided a random clipping level is applied. The application o f a random
clipping level is termed "scaling" (although this term was originally used to describe a
method o f random clipping level selection in hardware (Oliver 1974)). In some digital
correlators the term scaling also refers to the division o f the input pulses to the correlator
by a fixed amount to allow higher photon counts per sample time to be used. In this text
the former definition is used.

The random clipping level IQ for the ith time interval assumes integer values between 0

^8Ci

and

1 for
= 0 for

> Xj
^

(2.4c

with equal probability. So the scaled and clipped value o f n^ is

The value of

must be chosen so that n^ has negligible probability o f exceeding it.

(Adrian 1982). Here it was also shown that under conditions o f low signal and high
background light levels (eg. flare from a window in a photon correlation experiment) so
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called "self-scaling" can occur and this can be preferable to scaled correlation.

The above discussion of distortion in correlation functions in the clipped and scaled limit
applies only to gaussian signals sec. Clipped correlation if non-gaussian signals leads to
distortions (Pike 1976).

For low light levels an alternative processing method has been discussed by several
authors (Lopez and Rebolledo 1982, Moreno et al 1988) where instead o f photon counting
as the signal arrives, the time interval between successive photons is measured and this
statistically contains the same information as the correlation function. It was demonstrated
as a successful alternative to photon correlation where the photon count is much less than
1 per sample time.

2.12 Dedicated correlators

Hardwired programmable correlators are the most common choice for a commercial DLS
system. They offer a fair amount o f flexibility and a minimum sample time dependent
only on hardware design rather than software which may be unpredictable. Particularly
useful is the inclusion of monitor channels which estimate the autocorrelation function at
large delay times to give an accurate measure o f the baseline o f the correlogram. This
measure and the calculated baseline from the correlator channels gives an in-range
measurement for the experiment as if the autocorrelation function (see §1.312) has not
decayed fully the complete size range has not been recovered.

Since the recent activity in DLS research many authors have published enhanced hardware
methods of correlation and correlator interfaces. These usually come in the form o f a
microcomputer card or interfaced system. An upgraded commercial instrument by adding
a transputer array to transfer data, perform calculations and control the conventional
hardwired correlator has been described (Brugé et al 1988). The system is designed so as
to improve data quality by data selection techniques programmed into the transputer. This
is interfaced to a computer which is used almost solely as a display device. In this way
on-line data can be displayed and the user can interact with the program to alter its course
during execution. Digital signal processing chips programmed have been used to

1

specifically perform correlation calculations (Correia and Santos 1989). The dedicated
instruction set and high throughput allow real time visualisation o f correlograms. As
before the processing task is taken away from the microcomputer which then becomes a
display, storage and user interface.

Other systems have been described allowing greater flexibility in the experiment such as
a microprocessor unit where raw data may be stored and processed repeatedly with timeslicing techniques to get the best from the data (Fuchs et al 1988) . Normally raw data is
lost in conventional correlators.

2.13 Computer correlation

Correlators, where the bulk of the correlation takes place in the memory o f a
microcomputer may be termed software correlators. Careful timing considerations are
necessary for the input-output transfer o f data to be processed. Often hardware systems
to perform data queuing are necessary to buffer the input and prevent loss o f data.

These systems are at a disadvantage compared to hardware dedicated systems however
computer power, as highlighted in §1.434 is on the increase and memory costs are
dropping. Software correlation is a cost effective simplification o f a DLS system.

A computer based photon correlator has been constructed (Nouillez and Boon 1986) and
the problems o f data queuing mentioned above are discussed. The difficulty o f very short
sample times is a particular problem for software systems where the determining factor
is the input-output link speed. Table 2.1. compares fastest sample times obtainable on the
referenced systems. In many applications such short sample times are not necessary and
software correlators become a viable choice.

software system
microprocessor unit
DSP unit
hardwired correlator

min sample time
5uS
SOOnS
lOOnS
50nS

Table 2.1: Comparison of some correlators in the literature.
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speed
2MHz
16MHz
40Mhz
2 0MHz

Performing correlation calculations in software requires large amounts o f calculations to
be performed. The number of calculations will be NC^ where N is the number o f data and
C the number o f correlator channels. For a 64 channel correlogram, a sample time o f 50fis
and an experimental data collection time of 10s this requires about 300,000 calculations.
Fast processing is required to reduce the calculation time o f the correlogram.

2.2 Miniaturisation

The problem with optical systems can be their sensitivity to vibration or shock due to
stringent alignment requirements, particularly where large distances exist between the
components o f the system. The advent of miniaturised optical sources, detectors and
passive components allows the design o f a close packed unit which is more robust to
misalignment and can be more easily protected against unwanted external substances eg.
dust or moisture.

2.21 Semiconductor lasers

More recently solid state laser diodes have become available with the advantages o f being
cheap, small and robust. These have been tested for internal correlations (Brown et al
1986) and have been deemed suitable for DLS use.

Commercial DLS instruments operate in the 5-lOOmW range and usually in the green or
red part o f the spectrum. Currently diode lasers are only available at substantial powers
in the red and infra-red regions although recent research has developed a much shorter
wavelength variety but at lower power. The signal to noise considerations must be borne
in m ind when arguing for shorter wavelength lasers. As has been highlighted (Phillies
1990) moving to shorter wavelengths where generally lasers are more expensive does not
always improve the signal to noise of the experiment any better than using a higher power
laser o f a longer wavelength.

2.22 Photodiodes

The solid state equivalent o f the photomultiplier tube is the avalanche photodiode. This
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detects single photon events and, when cooled to temperatures close to zero oC , currently
available models rival the performance o f the more costly photomultiplier tubes. (Brown
et al 1987). Both types o f detector are designed to be sensitive to a certain part o f the
spectrum. The longer wavelength models are at the moment easier to fabricate however
as in the case o f the diode lasers work is underway to enhance performance o f the
photodiodes at shorter wavelengths. Similar requirements for the absence o f internal
correlations are required for this part o f the light scattering set-up and work has been
carried out to verify this for the photodiodes (Brown and Grant 1987). More recently
modules which carry out the cooling and stringent voltage stabilisation requirements for
these devices have been commercialised making the use o f such detectors easier and more
applicable to a robust miniaturised implementation. These modules require only low
voltage inputs and output a digital signal compatible with computer hardware (RCA
electro-optics VA Canada).

2.23 Passive optical components

Almost all components are now available in miniaturised form. Millimetre scale lenses and
the ubiquitous fibre optic cables are o f most interest in the DLS application. In many
optical applications large lenses are required to maximise light capture and throughput.
However when a collimated or focused laser is used the beam can be controlled more
easily and large lenses are not necessary. Fibre optics can be used to carry the signal from
one point to another without interference or alignment difficulties.

2.24 Computers

Due to increased demand and application computers have advanced rapidly in the past
decade and much more is yet promised. The result is that huge amounts o f processing
power are now available at reasonable cost. Their application to DLS is discussed in §2.1.
The major element o f size in computers comes with their interfaces to the outside world
ie. monitors, keyboards, printers and their associated electronics however portable
computers with expansion card slots for specialised instrument cards and protection against
hostile environments are now available. This may be advantageous if a portable
measurement system is required.
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2.25 DLS system for on-line analysis

The following section describes a dynamic light scattering device which has been
designed and constructed but not yet commissioned successfully due to a failure in
the detection system. The device is destined to be integrated with sample preparation
equipment (see chapter 8).

Equipment construction

The light scattering unit is designed to comprise the laser, and laser focusing and scattered
light detection optics in one head to ensure a steady alignment which should be unaffected
by vibration. A brass block has been machined to accept a Icm^ cuvette and holes for
incident and scattered light have been drilled. The semi-conductor laser is fixed onto the
same block. Brass was used because o f its good thermal conductivity, so as to ensure
rapid heat transfer away from the laser.

The brass block has holes drilled at 90° and 0° for the beam to pass through so that 90°
scattering can be detected and optical density measurements may be carried out in the
same unit. The block is mounted onto a brass plate and the whole unit is encased in a
stainless steel case for splash-proof protection and light fastness. Power cables and the
fibre-optic light guide enter through the walls o f the box. Ultimately a rechargeable battery
source would be ideal to minimise the cables and it would fit into the base o f the box. A
diagram o f the head is shown in figure 2.1

The light source

The light source selected was a 780nm Sharp semiconductor laser (LT024MD, Access
Pacific, UK) which gives an optical power output o f 20mW at 780nm. The laser is driven
via an output stabilising integrated circuit (Sharp IRC02A, Access Pacific, UK) requiring
voltage inputs o f f5V @ 100mA. Powers greater than 20mW are available but have
increasingly higher heat losses, which must be conducted away, the unit is designed using
a laser collimator module (model A, Access Pacific, Bedford, UK) see fig 2.2, so that

1 c m X 1 c m cu v ette holder
Port for scattered light

Port for transmitted
light

90mm

Micro-positioner for
detection probe
Port for laser diode module
(se e fig. 2.2)

aperture for electric
and optic cab les

Fig 2.1:
Sketch of optical head mounted on a brass plate. The plate forms
a lid for the box containing the laser drive electronics and
ultimately a rechargeable battery. There is also a cover to provide
protection from liquids and dust.
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should the need arise, lasers may be interchanged easily. The focusing optics consist o f
a 12.5mm focal length lens with pre-collimating optics (Access Pacific) to produce a
beam approximately 25pm x 40pm at the beam waist focus.

Sample cell

A three windowed fluorescence cell (Hellma, UK) was used to minimise unwanted light
scatter from internal reflections. The cell has a volume o f 75Dpi and is o f the flow through
variety to allow continuous sample replacement.

Detection optics

The design of the detection optics has followed similar studies in the literature (Dhadwal
and Chu 1989) where gradient index rod (GRIN) lenses were used with optical fibres to
construct compact probes for DLS collection optics. GRIN lenses are 1 - 3 mm in
diameter and several millimetres long. A fibre-optic connector has been modified in order
to accept such a lens and launch the collected light down a fibre to the detector (see
figure 2.3a) The lens used is a 0.25 pitch 1.8mm diameter lens (optimised for 830nm
operation which is the closest available to the desired 780nm value. The connector is a
FSMA standard plug (FL3405 Leetech, London, UK) modified to accept a narrow pitch
screw-fitted GRIN lens holder constructed in-house from aluminium rod. This allows fine
adjustment of the fibre to lens distance in the probe (see figure 2.3b). The fibre used was
a 50pm core multi-mode fibre (FL3401-1500 Leetech, London, UK) o f 10 metres length
for remote operation, terminated with a FSMA plug for connection into the detection unit.

The probe is currently mounted in a micro-adjustor (Melles-Griot, Aldershot, UK) to allow
fine x-y-z movement.

Detector

The detector used is a photon counting module recently introduced to the market (RCA
SPCM-100). The module requires only low voltage inputs (+12V and ?5V) and accepts
a FSMA fibre connector for the optical input and converts the photodetections into

1 0

h (i/»2)

12.9
50.9

25 pm
<0 pm

Sharp-UserdicxJe LT 0 30 MO

Fig 2.2: Diagram of laser diode module which accepts a wide range o f semiconductor
lasers of different power and wavelength.
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Fig 2.3a: Drawing of m odified fibre-optic probe to accomodate the GRIN lens for
launching scattered light into the fibre.
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Fig 2.3b: Sketch of GRIN lens and fibre-optic cable showing acceptance angle, A and
effective aperture D„
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Fig 2.4: Diagram of RCA photon counting module with dimensions. The plan shows the
3 connections - power supplies, electronic output, and optical input.
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computer-compatible (TTL) pulses at the output. Internally an avalanche photodiode (see
eg. Brown et al 1986), which is cooled to reduce thermal noise, sensitive over the range
400nm - 900nm is housed. The maximum count rate that the modules can cope with is
1

X

1 0

^ counts per second which is adequate for a photon counting experiment where

typically 50 x 10^ counts per second are detected. Dimensions o f the module are shown
on fig 2.4.
The electrical pulses are now available for either computer correlation as described in
§2.13 or to be input to a hardwired correlator (§2.12).

Correlator

The correlator comprises an Acorn Archimedes computer (Acorn, UK) with an interface
card custom designed (Institute o f Biotechnology, Cambridge, UK) to consist o f a first-infirst-out (FIFO) memory of size 16Kbytes so that data queueing may be performed by the
software. For a lOps sampletime,the smallest likely to be encountered in this application,
this size memory will fill up in about 160ps. Thus the memory needs to be cleared
frequently during data collection where experimental times are o f the order o f seconds.

Data is read from the correlator card into the computer memory and then a machine code
routine has been written to perform the correlation calculations described in §1.3.
Processing time varies according to the sample-time chosen, however for 10 second
experiments processing time for a 64 point correlation function is between 30 - 90s.

Power supplies

The power supply requirements for the full system are a +5V (1.5A), -5V (0.02A) and
+12V (0.05A). These are provided by benchtop power supplies currently but for operation
in a pilot plant environment battery power is more desirable. High amp-hour rechargeable
batteries are available (see eg. Radio Spares (RS) components catalogue 1992).

Chapter 3: Materials and methods

3.1 Homogenate preparation

Blocks o f baker’s yeast Saccharomvces cerevisiae
(The Distillers Company, Surrey, U.K.) were suspended in lOOmM phosphate buffer, pH
6.5 to give a final cell concentration o f 600kg packed wt cell m'^. The suspension was
disrupted at 4 °C, using a high pressure homogenizer

(Lab. 60, APV, Crawley,

Sussex,

5

U.K.)

at

500

bar

with

the

equivalent

of

discrete

passes.

The

resulting cell homogenate was adjusted using 2 M NaOH to pH 7.4 to produce
unclarified homogenate.

Clarified homogenate was prepared by a high-g spin in an Europa 24M MSE
centrifuge (MSE, Crawley,Sussex) 20,000g for spin times between 1 5 - 9 5

mins

or in a benchtop microfuge (Denley, UK) at 15000rpm for 15mins.
Dilution is described in the appropriate chapters.

3.2 Virus-like particle preparation

method

1

:

1) Grow yeast culture in suitable selective media until cell

density is >2 x lOVml.

2) Harvest cells by centrifugation at SOOOrpm for 30 minutes

(Sorvall H600A rotor).

Resuspend cells in 20ml of distilled

water.

3) Transfer cells to 50ml Falcon tubes (approx. 4 x 10"
cells by centrifuging in a bench

cells/tube) and collect

centrifuge at 200g for 5 minutes, discard

supernatant.
4) Resuspend cells with distilled water and re-centrifuge as

before.

5) Repeat cell washing procedure once more with distilled
with TEN buffer (lOmMTris, 2mMEDTA,
6

water and then twice

140mMNaCl, pH7.4).

) From this stage all procedures are performed at 4 degrees C

using pre-chilled

buffers.
7) To each tube add 4 mis TEN buffer containing the protease
antipain, chymostatin, leupeptin and

inhibitors aprotonin,

pepstatin each at 1.25fig/ml. Resuspend cells.

1 1 2

8

) 5 mis acid washed glass beads (40 mesh) are added to each

tube.

9) The tubes are vortexed for 10, 30 second periods

interspersed with 30

second periods of cooling on ice.
10) The suspension is centrifuged at 2000g for 5 minutes.

Remove and retain the

supernatant.
11) 4 mis fresh TEN buffer (containing the above protease
the cell pellet and the vortexing

and centrifugation is repeated as above.

12) 3 mis fresh TEN buffer (containing the above protease
the cell pellet and the vortexing

inhibitors) is added to

inhibitors) is added to

and centrifugation is repeated as above.

13) The supernatants are pooled and centrifuged at 13,000g

(Sorvall Hb4 rotor,

9000rpm) for 20 minutes.
14) The resultant supernatant is centrifuged at 100,000g
30,000rpm for 1 hr or SW28 for 1.5 hr

(Beckman SW40 rotor

at 28,000rpm).

15) The resultant pellet is resuspended with 1ml TEN
protease inhibitors) per litre

original culture using a Dounce homogeniser.

16) Centrifuge the suspension at 13,000g (Sorvall Hb4
2 0

(containing the above

rotor at 9,000rpm) for

minutes.

17) Using sucrose dissolved in TEN buffer prepare 5-20% linear
gradients o f 30 mis on top of a 2ml

sucrose density

cushion o f 60% sucrose in a Beckman

SW28 rotor tube.
18) Load each gradient with up to 2mls o f the supernatant
centrifuge at 53,000g (25,000rpm

(from stage 16) and

Beckman SW28 rotor) for

19) Following centrifugation the Ty-VLPs are located at the
sucrose gradient and the cushion

6

hours.

interface between the

and are collected using a Pasteur pipette.

20) The sucrose is removed from this crude particle

preparation by dialysis

against TEN buffer for 36 hours.
(British Biotechnology Ltd)

method

2

:

Ty-VLPs were purified from crude homogenate by differential centrifugation (the miniprep
process) followed by gel filtration on Sephacryl S-1000 superfine:

The starting material for the miniprep process is crude homogenate, obtained by disruption

o f 90g dw L‘* cell suspension in the LD30 homogeniser (5 passes, at 7250 psi). Ty-VLPs
were purified as follows:
1

) Homogenate (20mls) was centrifuged (9000g, for 20 minutes at 4 degrees C. to remove

the cell debris.
2) Supernatant ( 8 mls) was then spun in an ultracentrifuge (190,000g, for 180 minutes at
4 degrees C.) to pellet the Ty-VLPs onto a 60% sucrose cushion (1ml thick); the
supernatant (7mls) which contained the majority o f the soluble protein was discarded. The
VLP enriched pellet (2mls) was resuspended in chilled PO 4 buffer (4mls, lOOmM pH 7.4).
3) The resuspended pellet (4 of the 6 mls) was layered onto a 35% sucrose cushion ( 6 mls)
and recentrifuged (190,000g, for 360 minutes at 4 degrees C.). the Ty-VLPs passed
through the 35% sucrose and were pelleted onto a second 60% sucrose cushion (1ml). The
pellet ( 2 ml) was collected and applied to the gel filtration column:

3.21 Gel filtration

Gel filtration was carried out on a Sephacryl S-1000 column (void volume = 9.5mls, total
volume = 21.9mls). Miniprep material (lOOul) was loaded to the column, and eluted with
TEN buffer (lOmM Tris, ImM EDTA, 150mM NaCl, pH 7.8) at a flow rate o f 0.5ml min'
\ The peak containing Ty-VLPs (5ml) was collected.

3.22 Protein assay

(after Ehresmann et al 1973)
Measurement of absorbance at two wavelengths (234.5nm and 228.5nm) using a Phillips
PU800 spectrophotometer was performed. The protein concentration is then calculated as
the difference o f the two absorbance values multiplied by 0.328. This gives the
concentration in mg/ml.

3.3 Malvern system 4700c

The Malvern System 4700c consists o f a variable angle spectrometer with laser
illumination coupled with a computing correlator processor. It is a modular laser light
scattering system for DLS and total intensity measurements o f submicron particle size
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(0.001 - 3^m), molecular weight and diffusion coefficients.
The spectrometer consists of a goniometer with a large diameter precision turntable, which
can be controlled manually (PCS lOOSM) or by computer, with stepping m otor driven
automatic operation (PCS lOOSM). It has wide spaced angular contact bearing and gives
accurate measurement at angle from 8 - 1 5 0 degrees, the resolution is 0.01 degrees and
the arm wobble < 1 0 '^rad.

The system can be used with a variety o f types o f laser. For this project it was operated
using a 30mW Helium-Neon (HeNe) laser (Model Spectra-Physics 124b).

The index matching cell assembly (PCS4) is combined with a pump and filter system
(RR98). The cell assembly is temperature controlled and there is a refractive index
matching bath with collet mounting for accurate centralisation o f the sample cell. The
refractive index matching fluid in the vat surrounding the sample cell is recirculated and
refiltered to help achieve flare-ffee measurements. Accurate temperature control o f index
matching fluid in the bath allows experiments to be carried out above or below ambient
temperatures.

The optics and detector system uses integrated coaxial optics, a photomultiplier tube, an
amplifier and a discriminator unit. There are interchangeable filters, a reflex viewing
system and turret selection of aperture from 25pm to 500pm diameters.

The signal processor is a Malvern Multi- 8 Type 7032 computing correlator with variable
time expansion. It has

8

x N (256 level) multibit processing and sample times are 50ns

to Is. The correlator operating system software (7032-OS) provides full manual control
o f system parameters, automatic experiment sequencing, entry o f experimental data,
particle size analysis, storage and recall of correlograms, cumulants analysis and displays
results in both graphic and tabular form.

3.4 Computer software

Non-commercial data analysis software was implemented in the C programming language

iiî>

for portability across systems. The C compiler used was Zortech C++ developers edition
(Zortech Ltd, London, UK) for IBM compatible machines (286/386sx machines 1MB
RAM 40MB hard disk, 1.44MB 3.5" floppy drive, VGA display) and Acorn C compiler
(Acomsoft, UK) for the Acorn Archimedes computer (4MB RAM 20MB hard disk, 800K
3.5" floppy drive).
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Chapter 4: Characterisation of yeast homogenate.

The purpose o f this chapter is to pave the way for the modelling and algorithm testing in
the following chapter. A general knowledge o f the type o f size distribution to be expected
is necessary before embarking on simulation experiments. Also an inspection o f the
absorbance spectrum o f homogenate suspensions may give useful information for optical
analytical methods.

4.1 Wavelength scans of yeast homogenate.

The homogenate used in this set o f experiments was an original preparation o f 600 g/1 in
phosphate buffer. The homogenisation conditions were 5 passes at 500 bar and the
homogenate held between 4 - 10 ©C throughout. The original preparation was diluted to
bring the optical density of the suspension into the linear region o f the spectrophotometer
throughout the scan ie < 0.5 Abs at 600nm. In the case o f unclarified homogenate this
required a several hundred-fold dilution with de-ionised water. The clarified samples were
produced by diluting crude homogenate

1 : 1

with de-ionised water before spinning at

15000 rmp for 15 minutes in a bench-top microfuge (Denley, UK) and then pipetting
0.25ml into 3ml de-ionised water. The pre-dilution before spinning allowed a sufficient
quantity o f supernatant above the sediment to be drawn off.

The spectrophotometers used were Perkin-Elmer Lambda II and a Philips PU800 models.
A scan speed o f 120nm/min was used to cover the range from 190-800nm with a
bandwidth of O.lnm and smoothing over 2nm. Quartz cuvettes were used for transmission
at the UV wavelengths.

VLP homogenate was also scanned over the same regions. The preparation method for this
is given in chapter 3. Since the preparation is more dilute this was directly spun and then
0.25mls extracted into 3mls as above.

The aim of the wavelength scan was to identify any characteristic absorption regions in
the spectrum that might be used to enhance photon correlation measurements. For example
a region of absorption by the homogenate could be exploited by operating at this

iiv

wavelength where the product could possibly be a comparably efficient scatterer.

4.11 Wavelength scans of whole yeast and yeast homogenate

Figure 4.1 shows the variation of the OD of whole yeast, crude yeast homogenate and
clarified yeast homogenate prepared by the above method over the wa velength range
800nm to 300nm. Figure 4.2 expands the scale over the range 350nm to SOOnm for the
clarified homogenate.

Whole yeast, as expected, shows a

nearly constant value over the entire range of

wavelengths. Their relatively large size (3 - 8 |im ) places them into the Mie region (§1.2).
In this region one might expect undulations in the extinction signal due to for example
anomalous diffraction effects (§1.2224, eq 1.20). In practice the optical design o f the
system may not allow these affects to be detected as they depend upon detection at only
a very narrow range of forward angles so that only the true extinction signal reaches the
detector and forward scattered light does not. Also, as the positions o f the maxima and
minima depend upon the particle size, the polydispersity o f the sample can smooth out the
undulating signal. This result shows that concentrations based on OD measurements can
be carried out anywhere in this range o f wavelengths (in practice 600nm is commonly
used) providing other media components do not have a strong extinction band at the
chosen wavelength.

The signal for crude yeast homogenate shows a different spectrum to that o f whole yeast.
The lower range o f wavelengths show an increasing value o f OD starting gradually at
about 750nm. This increase can be attributed to the addition o f smaller particles to the
suspension. These smaller particles scatter light at shorter wavelengths preferentially
(§1.2221) thus the turbidity increases towards smaller values o f wavelength. The
relationship for a monodisperse suspension for a turbidity spectrum can be described by
(Schchegolev and Klenin):

f ( X)

= AX'^

(4.1)

Here n is called the wa\eexponent. For very small particles this tends to a value o f 4
which is equivalent to the Rayleigh scattering region (see §1.2221 ). With a distribution
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fig 4.1: Chart showing wavelength s c a n s of whole ye a st and clarified
and unclarified yeast hom ogenate. The plots are relative to the
a b s o rb a n c e of the susp en sio n s at SOOnm. The a b s o rb a n c e s of the
three suspensions at SOOnm are 0.112, 0.670 and 0.124 for whole
yeast, unclarified and clarified y east h o m o g en a te s u s p e n s io n s
respectively. The icreasing a b s o rb a n c e at the shorter w avelengths
for hom ogenised su sp en sio n s is du e to the p re s e n c e of the smaller
particles. A shoulder is observed in the clarified h o m o g e n a te curve
which is shown in expanded scale in fig 4.2.
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Fig 4.2: Expanded region of wavelength s c a n of clarified y e a st
h o m o g e n a te showing the increase in a b s o rb a n c e in th e 400nm
region. This may be explained a s either a particle size effect or a
particularly a b s o rb a n t s p e c ie s in this region. If it is a particie size
effect then this would indicate a bimodal distribution of
h o m o g e n a te d u e to the variation of extinction efficiency with
particle size (see text)..
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o f particle size this formula expands to a sum over different values o f n o f equation 4.1.
A similar model has been used (Bertero et al 1988) as a method o f particle sizing where
the turbidity spectrum is fitted to such an equation.

Clarified yeast homogenate shows a similar trend to that o f the crude homogenate except
that the increase is far more significant. There is also an anomalous region where the
increase of turbidity drops and then increases again in the region o f 400nm. This is shown
in detail in figure 4.2 where the derivative spectrum o f the homogenate is shown over the
anomalous region. The explanation of this phenomenon is possibly due to the nature of
the particle size distribution of the homogenate. Although many o f the larger species have
been removed in the centrifugation step a number will remain. The large particle sizes
tend to show a decrease at shorter wavelength over a particular range. This can be shown
by latex samples as displayed in figure 4.3. The small sizes have increasing OD towards
shorter wavelength but the trace for 0.48^im drops after peaking at 420nm. A particular
mixture of particles in this region and those in the smaller size region could lead to a
levelling-out o f the turbidity scan before then resuming an upward gradient. This particular
shape would be created with a small number o f large particles mixed with a relatively
large number of smaller particles which is just that expected in yeast homogenate.

An alternative explanation is that cytochromes absorb strongly at 420nm which may
briefly increase the optical density in this region to produce the shoulder in the spectrum.

The conclusion to the aim of these investigations are that in yeast suspensions there may
be an advantage to be gained by moving to shorter wavelengths for optical scattering
where the smaller particles will scatter more effectively particularly if the size difference
between small and large species is large. In whole yeast for example shorter wavelengths
should enhance small component detection within the media.

In the homogenised suspension however the large fraction o f smaller disrupted species
may negate the advantage as they will also scatter correspondingly increasing amounts o f
light.
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Fig 4.3: Chart showing the derivative spectrum of clarified y e a s t
h o m o g en a te. The shoulder region of the a b s o r b a n c e sp e ctru m gives rise
to th e peak in the derivative plot. The possibility of using this
ph e n o m e n o n a s the b asis of a spectrophotom etric a s s a y for materials in
h o m o g en a te is disc u sse d in §4.12. Two w avelengths may b e se lected
w h e re equal derivative values exist a n d in principal subtraction will lead
to zero for h o m o g e n a te a lone but a finite value proportional to any
additional material present.
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4.12 Spectrophotometric difference assay in clarified homogenate

Consideration can be given to an assay in clarified homogenate using the anomalous
feature in figure 4.1. Considering the derivative spectrum (figure 4.2), at several points
the function is triple-valued. Taking two such points and subtracting the result is zero.
However if an extra component is present eg. product particle, then subtraction will lead
to a finite value proportional to the amount of the component present. The procedure can
be assessed as follows:

If the turbidity spectrum of the clarified yeast homogenate is denoted Y(X) and that due
to the product as P(A.) the derivative spectra will be dY/dX and dP/dX. For the mixture
o f yeast and product we have:
(4.2a)

5 ( X) =Y{X) +P(A)
d S _ dY ^ dP
dX dX dX

4.2b)

If dY/dX is equal at two particular wavelengths then a subtraction will yield

' dY
dXii

-

dP
dXx,

(4.3)

The first term in brackets is the zero term and the second term will be non-zero and
proportional to the amount o f product. Providing the P(X) signal is large enough compared
to Y(X) to within the sensitivity of the instrument (in this case 0.001 OD) and dP/dX
varies significantly over the critical region this technique may be used to measure a
product in yeast homogenate.

As a demonstration o f the latter conditions the derivative spectra o f 150nm latex is shown
in figure 4.4. This can be fitted well to equation 4.1 §4.11 by a non-linear least-squares
analysis to give the parameters nA = 7.79 x 10* nm*^ and n+1 = 4.57. This demonstrates
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Fig 4.4: Plot of derivative spectrum of 150nm latex
sp h eres at approximately 0.005% v/v (» 5 mg/ml)
concentration. This gives rise to a difference of 7.67 x
10“*nm*^ over the 400nm - 550nm region. Concentrations
to iess than 0.1 of this value will still be within the range
of the instrument, however in order to m easure the
particles in hom ogenate dilution is necessary. The
extent of dilution and the concentration of product to be
m easured before dilution must be considered.
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that the particle size is within the limits of the theory and describes analytically the
spectrum shown in figure 4.4 (P(X) = 7.79 x 10*

Choosing eg. wavelengths at

400nm and 550nm the difference term in equation 4.3 will be 7.67 x 10^ nm'*. The
concentration o f 150nm latex required to be within the sensitivity o f the spectrophotometer
is approximately 0.0005 % by volume. In a real situation when the sample is diluted
before the measurement the final concentration may be too low for detection; what is
important is the initial concentration o f homogenate which will determine the dilution
factor. Hence the sample should be diluted as little as possible while keeping the OD in
the linear region.

The final graph to discuss in this section is the wavelength scan o f clarified VLP
homogenate, shown in fig. 4,5. Similar features appear in the spectrum and using the
technique above an estimate of VLP present can be made. The value is 0.002% as a
fraction of the total volume present., assuming the same scattering efficiency as 80nm
latex spheres. In practice latex is much more refractive than biological material. Since the
refractive index o f the VLP's is not known the exact concentration cannot be quantified.
Estimates o f VLP concentration from assays on total protein and fractions o f that protein
from gel filtration estimate 5mg/ml total protein 2-3mg/ml o f which is VLP. (Milbum,
private communication). I f 0.002% volume concentration assuming latex scatterers actually
corresponds to 0.15 mg/ml (2 mg/ml diluted 0.25:3.25) or about 0.015% volume. Thus
VLP's appear to be 7.5 times less efficient in scattering than latex beads.

An estimate o f concentration based on this method will only useful if the derivative
spectra for the yeast homogenate are consistent for a particular preparation method or even
better over a wide range of methods. The evidence here suggests consistency over several
different centrifuge conditions - but further work is required to determine the
reproducibility o f such scans.

4.13 Wavelength scan of aged yeast homogenate

An interesting result is shown in figure 4.6. The sample is aged yeast homogenate which
has been left at 4 oC for approximately 24hrs. The region at 400nm now forms a plateau
from 400 - 410nm and can be seen to be constant across this range in the expanded scale.
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Fig 4.5: Chart to show the difference between VLP hom ogenate and
hom ogenate without VLP's present across the waveiength range
350nm - SOOnm. The traces reiate to different concentrations of
suspension s so they are normaiised at 500nm. There is a distinct
difference between the two traces at lower wavelengths where the
VLP's contribute to the small particle scattering contribution to the
absorbance. Derivative values at 406nm and SOOnm are equal for the
lower trace (see fig 4.4) and for the upper trace differ by 1.05 x 10 ®
nm \ If the sam e scattering efficiency as an 80nm latex is assu m ed
for the VLP's this gives VLP a concentration of approximately
0.002%. Since VLP's are far less refractiie than latex their
concentration will be significantly greater (see text).
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Fig 4.6: Chart showing a wavelength scan of ag e d y east
hom ogenate. The shoulder apparent in fig 4.1 has developed
into a plateau region. This may be explained by a ch an g e in
the size distribution by either agglomeration or dénaturation.
However it is curious that the plateau do es not turn downwards
but stays flat before resuming a positive gradient again.
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This can partly be explained by size effects. Flocculation o f the suspension has probably
occurred in aging and even after the preparative spin a larger fraction o f the suspension
is made up o f larger species. This would put more weight on the descending component
o f the spectrum at shorter wavelengths. An alternative explanation is that protease attack
has modified the size distribution to produce a similar effect. It is curious in either case
that the plateau should be flat and not reduce in value before increasing again as might
be expected if the mechanism above is responsible for the effect. The third possibility is
the cytochromes absorbance mentioned earlier, in conjunction with a size distribution
change may produce such an effect.

4.2 Dynamic light scattering analysis of yeast homogenate

Dynamic light scattering was carried out on clarified yeast homogenate. The commercial
software o f the Malvern 4700 was used which involves a lengthy analysis to optimise the
fit by varying the starting conditions such as range and resolution. Ten 10s experiments
were collated on each run and those with merit and in-range figures within

1

standard

deviation o f the data set in the run were selected for analysis. The merit figure is the ratio
o f the initial point in the correlogram to the baseline value and is a measure o f the signal
to noise ratio o f the experiment. The in-range figure compares the far-point baseline
estimate with the last few correlator channels. This checks that the correlation function has
decayed close to the baseline and hence the full range o f particle size has been covered.

An aperture o f 100pm was selected and the sample time was automatically selected by
the computer. The fundamental sample time ranged between 10 - 50pS and the dilation
o f the correlator was 4. (see §2.1)

Three figures are shown for different levels o f clarification. All were subjected to a
20,000g spin in an Europa 24M, MSE centrifuge (MSE, Crawley, Sussex, UK). At
intervals of 15, 75 and 155 minutes samples were taken from the centrifuge.

The most obvious feature of all three graphs is the bimodal distribution o f size. This
complements the theory from the wavelength scans that the distribution was suspected to
be bimodal.
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In fig 4.6a the lowest particle size registered is about lOOnm, in figure 4.6b, 75nm and
in figure 3 60nm. The overall distribution average falls from 4.6a-4.6b but not from 4.6b0

. It would seem that the larger particle size seems to broaden and even shift to a higher

size with longer centrifuge times. This may be due to agglomeration after removal from
the centrifuge or possibly numerical instability in the computer algorithm. As was
mentioned in § 1.4 there will be difficulty in obtaining accurate data with the larger particle
sizes and this may be a manifestation o f this fact. Two figures (4.6a and 4.6b) show an
apparently complementary shifting of intensity between peaks ie. a drop in the lower peak
gives rise to an increas in the other peak. This would suggest that the ill-conditioned
nature o f the analysis procedure leads to a number o f distributions all fitting the data ie.
the peak to peak variation is indistinguishable in the data.

An interesting point concerned with convergence o f the program to a suitable solution is
shown in figure 4.7. The chi squared fit value is plotted against experimental time for 15
calculations. There seems to be a trend towards poorer fits with longer experimental times,
the inverse of the expected trend. Longer experimental times should lead to better data
(§1.4) and thus a better convergence to the model. What might be affecting the
measurement is the presence of dust or perhaps large agglomerates infrequently entering
the beam but distorting the result by affecting the baseline value o f the correlogram.
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Fig 4.6a: Size distribution of clarified yeast hom ogenate
by DLS using Malvern software. The centrifugation
conditions were 15 minutes at 20000g. A bimodal
distribution is apparent peaking at 200nm and 400nm. An
overlay of 5 results is shown to dem onstrate the variation
encountered. It is noticeable that increases in the upper
peak are linked to d ecreases in the lower peak. This is
very likely the ill-conditioned nature of the problem
leading to several solutions to the sam e sample.
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Fig 4.6b: Size distribution of clarified yeast hom ogenate
by DLS using Malvern software. The centrifugation
conditions were 75 minutes at 20000g. Again a bimodal
distribution is apparent. A lower minimum particle
diameter is measured, 75nm com pared to lOOnm in fig
4.6a. A similar trend of peak complementarity is noticed
as in fig 4.6a.
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Fig 4.6c: Size distributions of clarified yeast hom ogenate by
DLS using Malvern software. The centrifuge conditions were
155 minutes at 20,000g. In these examples the size
distributions seem to be more stable except in one case
where a significant shift in the upper peak is observed. The
minimum particle diameter m easured in this ca se is about
60nm but broadening of the upper peak occurs.
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Fig 4.7: Chart showing an apparently positive correlation
between experimental time and chi-sqared fit value for the
Malvern 4700 analyser. This is an unexpected trend as an
increased data collection time should produce less noisy
data and allow a closer fit in the analysis. The apparent
reduction in fit quality might be explained by dust or other
contaminants in the samples unpredictably affecting the
data at each run and affecting longer runs the most.

Chapter 5: Computer simulations and analysis

5.1 Computer simulation of size distributions

In order to test the numerical algorithms written to invert the data collected from a
dynamic light scattering experiment,

a simulation of the decay constant distribution

expected is required. Convolving the distribution by means of equation 1.35 §1.43 to
produce data of the sort expected from experiments allows assessment of the algorithm
in controlled conditions. The type of functions to simulate a DLS

decay constant

distributions commonly chosen by authors in the past are Schultz, Pearson, Gaussian and
rectangular distributions (Stock and Ray 1985).

The true distribution of cell disintegrates is not known, however work (Agerkvist and
Enfors, 1990) has shown DLS on E. Coli that a bimodal distribution is created in three
different forms of disruption. Work on yeast by (Keshavarz-Moore et al 1987), by the
electrical sensing zone method also shows a bimodal distribution, and the research
described in chapter 4 on characterisation of yeast homogenate by optical methods gives
two further pieces of evidence to point to a bimodal distribution of homogenate by means
of DLS and a wavelength scan. It is assumed then, that the size distribution of
homogenate is bimodal. The actual form of the peaks in most cases is symmetrical

on

a logarithmic axis. When transferring from size to diffusion coefficient, the raw
measurement, a transform of 1/R is required (see §1.2). Since the size distribution is
defined over a relatively narrow size range a symmetrical distribution in diffusion
coefficient as well as size distribution results. Hence a Gaussian distribution may be used
to simulate the decay constant distribution in this situation.
The decay constant distribution is evaluated at 64 points corresponding to the 64 channels
to be evaluated for the correlation function.

5.2 Simulation of correlograms

To simulate the DLS data the Laplace integral equation (eq 1.35 §1.41) can be evaluated
by numerical means having substituted a function for the decay constant. The integral
1 34

needs to be normalised in such a way that the area under the decay constant distribution
function is unity. Subsequently a background value must be multiplied by each channel
which represents the total intensity scattered by the sample. The coherence factor p is also
multiplied to the function to simulate the real situation where light is collected from more
than one coherence area of the sample (see §2 .0

2 1

).

The results from clarified homogenate suspensions suggest that the distribution will be
bimodal with one peak in the region of 200nm and the other in the region o f 450nm both
with similar widths (full width at half maximum, fwhm) o f about 200nm. For the longer
centrifugation times the lower peak reduces in width and size to about 125nm with a
width of 80nm. The upper peak falls at about 350 - 400nm with a width o f 200-300nm.
All sizes quoted here are equivalent spherical diameters.

The experiments to produce the above results were carried out at 90° and at a temperature
o f 18.1°C. The decay constants corresponding to the size regions quoted above are shown
in the following table.

R h (nm)
225
200
175
100
62.5

D„ (nm)
450
400
350
200
125

r(s-M
328
370
420
740
1183

Table 5.1: Decay constants, radius
and diameter equivalents.
The test size distributions chosen are based around these decay constants as typical size
distributions that will be encountered. Added to the list is a simulation o f homogenate plus
a product particle at low size to simulate the presence o f virus-like particles in clarified
yeast homogenate. Table 5.2 shows the chosen size distributions from which correlogram
data is simulated. The first column shows the minimum and maximum decay constant, the
second column the sample time, the following columns show the mean and standard
deviation o f peaks present in the decay constant distribution. The standard deviation is
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approximated by taking half the fwhm value of the peaks in the preliminary results above
and converting to the equivalent decay constant range.
r
/r
^minf * max
200/800

T
lOOus

r
500

0/2000

200us

0/2000

lOOus

d
OOOnin)

Gr
100

(60nm)

370 (400nm)
1184 (125nm)

115
380

(125nm)
(40nirl

370 (400nm)
1184 {125nm)
1850 {80nm)

115
380
75

(125nm)
(40nm)
(3nm)

Table 5.2; Simulated size distribution details

5.3 Initial assessment of performance of algorithms

Each data analysis method has been tested with the simulated unimodal distribution and
bimodal distribution described in the table. No additional noise was added so the only
noise effects present in the data are those to round-off or truncation in the computer. The
performance of each method is shown in figures 5.1 through 5.9. The test for goodness
o f fit is the

criterion which is shown here:
ndata

where Np is the number o f parameters and i represents the ith data or fit point.

5.31 Histogram method

Figure 5.1a shows two results for the histogram method. One is an unweighted fit with
7 histograms and the other a weighted fit with 40 histograms. Both display very good
values. The fit with less histograms follows the true line more closely and has a slightly
lower

value of 0.007. Attempting to perform an unweighted fit with more than 7

histograms in this situation leads to an unstable solution with many negative amplitudes.
This reflects the resolution limit achievable from the method. The range of F covered in

1
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Fig 5.1a: Perform ance of weighted and unweighted histogram
fits to a monomodal distribution. Histogram 2 is a 7 param eter
unweighted fit with a
value of 0.007. Histogram 3 shows that
40 or more param eters may be fitted with a weighted fit
although som e negative portions are present at the edges.
This results in a low
value of 2e ®.
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this example is 600 s '\ The weighting procedure improves the performance in this
situation by stabilising the solution across the range. The very good

value is an effect

from the negative portions o f the graph at the outskirts which is an over-fitting effect.
Figure 5.1b shows the same method applied to a bimodal distribution. Again a very good
fit is achieved. The resolution (histogram spacing) in this case is lower (2000/15 (133 s'*)
compared to 600/7 (85 s'*)). This is most likely due to the more complex distribution to
be fitted.

5.32 Trapezoidal method

Figures 5.2a and 5.2b show the performance o f the trapezoidal method to a unimodal and
bimodal distribution respectively. In both cases poor fits result. The method seems to
under-estimate the distribution for most o f the range and there is evidence o f a spurious
extra peak forming at about 1,600 S-1 in the bimodal fit. Both fits have very large %2
values indicating the poor reconstruction o f the original distribution.

533 Exponential sampling method

Figures 5.3a and 5.3b show results for reconstruction o f unimodal and bimodal
distributions by the exponential sampling method. The graphs are shown as vertical bars
as this method estimates exponentially sampled points on the graph rather than an
integrated area as most o f the other methods. Good results are shown in both cases but
the bimodal fit tends to over and under-estimate across the range. Care must be taken
when interpreting the

% 2

values from this method as it is easy to have a very low

% 2

value

but a highly oscillatory fit to the distribution. This generally occurs when the interleaving
process is used as described in §1.4321 rather than increasing w^^, the decay constant
distribution sampling frequency (See §1.4321). Also low values o f w ^ rather than
producing reasonable but under-resolved fits to the data actually produce very poor fits
oscillatory in nature and with negative values. This is the same as the effect when wmax
is too high as over-sampling occurs.
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Fig 5.1b: Performance of the histogram m ethod to reconstruct a
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139

0 .0 0 5
-

tru e
fit

0 .0 0 4

CO

d
O)
c

0 .0 0 3

.i
C3
“05 0 .0 0 2
OC

0.001

200

400

600

800

D e c a y c o n s ta n t (g i)
Fig 5.2a: Trapezoidal fit to m onomodal distribution. 11
param eters are used in the range 200 to 800 S-1. A very iarge
value is returned indicating the under-estim ation at th e iower end
of the range.

10
— true

■"" t r a p e z o i d

CD

CD

CD

OC

O

400

800

1 ,2 0 0

1 .6 0 0

2 ,0 0 0

D e c a y C o n s ta n t (S O
Fig 5.2b: Perform ance of trapezoidal fit to a bimodal distrbution. A
poor fit with under-estim ation across the range occurs resulting in a
high
value. The range of analysis is 0 to 2000 S ^ with 10
p aram eters.

0.005
— tru e
0.004

0.003
CO
c
0

)
0.002

-

CO

<D

OC
0.001

-

0.001

200

600

400

800

D ecay C onstant (S^)
Fig 5.3a: Performance of the exponential sam pling m ethod to
fit a monomodal distribution. The range Is 200 to 800 S'^ an d
Wmax is 20. It Is preferable to choose a higher w^ax to Increase
resolution than a lower one and Interleave several fits as the
latter leads to Instability In the solution,
for this fit Is
0.00139.

14 2

— tru e

0.8

.■
S'
(/)
C
CD

• “

I

0.6

1

0 .4

0.2

O

400

800

1200

1600

2000

D e c a y c o n s ta n t (S^ )
Fig 5.3b: Perform ance of the exponential sam pling aigortihm to
reconstruct a bimodal distribution. A value of 0.013 is returned and a
re aso n ab le fit is recorded visually. The fit show s under and
over-estim ation throughout the graph. The analysis range is 100 to
2000 S'"" and w^ax is 20.
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5.34 Exponentially spaced histogram m ethod

Figures 5.4a and 5.4b show fits to the unimodal and bimodal distributions using the
exponential histogram method. As in the normal histogram method good fits are achieved
in both cases. There is however an upturn at low F in the case o f the bimodal fit and the
lower peak does seem to be slightly shifted to higher F. This upturn is also apparent in
the exponential sampling reconstruction in figure 5.9. The range for the bimodal fit starts
at 100 s ' and covers up to 2000 s ', w^^ is 20 corresponding to 19 histogram steps in this
graph and 7 steps in the unimodal plot whose range spans 200 to 1000 s '.

5.35 N on-negatively constrained least squares m ethod

Figures 5.5a and 5.5b demonstrate the results achievable from the NNLS analysis routine.
The unimodal fit performs quite well visually but has a high

value due to the over

estimation at high F. The fit to a bimodal distribution is very poor. Most o f the 10
parameters are zero and the remaining ones do not make up the area although a bimodal
distribution does result.

5.36 R egularised iterative m ethod

Figure 5.6a shows the performance o f the regularised iterative procedure for data
inversion. Fits are shown for different values o f the smoothing parameter a . Without
smoothing the peak occurs in the correct location o f 500 s ' but is underestimated due to
the area taken up by the spurious peak at the right-hand edge o f the chart. A large value
o f a leads to over-smoothing which removes the upper peak but shifts the correct peak
down and broadens the distribution. A smaller value makes little difference. In this
situation it would seem that truncation at 800 s ' and renormalisation would produce a
better fit. However in order to converge properly the full analysis range o f 200 to 1300
s ' is required. The performance of this method to a bimodal distribution is very poor
(fig.5.6b). The resulting distribution is bimodal but the upper peak is over-estimated and
appears at the edge of the diagram independent o f the analysis range.
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5.4 Performance of algorithms in noisy conditions

In the initial assessment it appears that the trapezoidal constructions and the NNLS
algorithm,since they do not produce good fits in the absence o f noise, will not perform
well in noisy conditions. They will not be considered further. The following section tests
the algorithms in the presence of varying amounts o f random noise added as percentage
o f the baseline value to each correlogram channel. The percentage noise quoted is the
standard deviation o f noise value over the correlogram. Noise samples are created using
the Box transform method (Numerical Recipies).

5.41 Exponential sampling

Figs. 5.7a and b show the performance o f the exponential sampling method in inverting
a bimodal distribution with 0.04% noise and 0.09% noise added. The chief features are
that

is reduced slightly and that the range covered needs to be increased for

convergence o f the algorithm. Again values o f w „^ up to close to the convergence
produce over oscillatory results.

5.42 Exponentially spaced histogram

The exponentially spaced histogram method in the presence o f 0.04% and 0.09% is shown
on fig.5.8a. It demonstrates that for low values o f T, close fitting is achieved to the
distribution whereas, whatever the upper range, negative portions always occur at the last
amplitude. The consequence is the incorrect estimation o f the last peak.

5.43 Histogram method

Fig. 5.8b shows the performance histogram method to three levels o f noise on the data,
0.04%, 0.09% and 0.4%. It is notable that this is the only method that was able to cope
with larger noise levels than 0.1%. Detail o f the algorithm is given later in this section but
in its operation manipulation o f the singular values o f the singular value decomposition
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(SVD) amounts to a noise filtering process which the other methods approach in a
different manner. The fits for the lower two noise levels, give reasonable reconstructions
of the decay constant distribution and for the higher noise level, instead o f producing
meaningless results , the resolution is lost and an average o f the distribution is returned.

5.44 Regularised inversion

The regularised inversion procedure was able to resolve a bimodal as was demonstrated
in §5.36. Reports in the literature (Dhadwal 1989) do not suggest this, so it is suspected
that the algorithm coded here directly from equations in the literature has been
compromised in some way. The reason that it is being considered further is partly because
it is expected that the algorithm can perform more adequately and also in the
considerations of parallel processing the equations are very suitable for translating into a
parallel format. This is described further in §5.3.

Figs 5.9a and b show the results of the regularised iterative procedure in the presence of
0.04% and 0.09% noise respectively. In the case o f 0.04% noise, the solution is
underestimated as before and a spurious peak appears at high T on the edge o f the chart.
Increasing the value of the smoothing parameter from zero flattens the upper peak but
shifts the lower peak to a lower decay constant. The higher noise level data (fig.5.9b)
produces a more distinct spurious peak at higher T. This is reverted to the usual artifact
at the edge o f the chart with the application o f smoothing and a better estimate o f the
distribution is achieved.

5.5 Discussion

The performance o f the exponential sampling method and the histogram method appear
to work well in the presence of noise up to -0.1% standard deviation. The histogram
method will converge at higher noise levels, however the resulting distribution losses
resolution. The range o f F that is required for the exponential sampling method increases
as the noise on the data increases however the histogram method is able to operate at the
same decay constant limits, for different noise values. Regularised inversion suppresses
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noise effectively but oversmooths the solution and is only effective as coded here, on
unimodai distributions.

5.6 Implementation of the histogram method

The histogram method follows the theory described in §1.4322. The resulting decay
constant distribution is calculated using singular value decomposition (SVD) as suggested
by most authors who implement linear least square fits o f this sort. A feature o f SVD
analysis is its ability to filter out elements of the data which contribute to the instability
o f the solution. Knowledge of the level o f noise in the data is ideally required in order to
chose a threshold value for the program to use to effectively remove some data from
contributing to the solution.

A clear description o f the technique is given in (Numerical

recipes) from where the algorithm was taken.

The version o f the histogram method used in these experiments is based on a method
(Kulkami 1991) for image restoration signal processing where a neural network approach
to reducing the weights in a SVD system using a-priori knowledge about the data statistics
is described. A much simpler implementation is adapted here where the weights in the
single value decomposition are changed in turn to bring the solution closer to a realistic
distribution. The steps are as follows:
1) Enter 0 ^ ^ and 0^^. and number o f histograms to fit.
2) Perform SVD analysis (least squares fit) - the result is

an erratic distribution o f

positive and negative values.
3) Increase the value o f the smallest weight by a step value and

check the change to

the distribution.
4) If all histograms are positive, exit.
5) If present weight has reached maximum effective limit move

to the initially next

smallest weight and return to step 3.

The usefulness o f this technique is that it fits to the level o f the noise in the data without
needing to know the noise levels before hand. The algorithm speed depends on the
number of histograms chosen.
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In the neural network application a critical weight had to be arrived at and all weights
below this value were adjusted simultaneously until the data satisfied a particular criterion.
This method was applied to this application first but it was realised that autonomous
choice o f the critical weight by the program in the different noise conditions would be
difficult. A more robust method, if inelegant, is to start at the lowest weight and work up
as described in the algorithm.

5.7 Implementation of the regularised iterative algorithm in parallel processing

It is noticed that the form o f equations for the regularised iterative procedure lend
themselves to a parallel calculation architecture (Dhadwal et al). The published results
suggest better performance than was found here and speeding up o f processing o f this
technique,which requires tens o f thousands, and sometimes over

1 0 0 , 0 0 0

iterations to

converge would be desirable. Fig.5.9c shows the schematic o f a regularised iterative
parallel architecture.

5.8 Considerations for product monitoring

The simulation experiments so far have indicated that for rapid data analysis where noise
in the data is relatively high, even with the inclusion o f a-priori information such as range
o f decay constants and positivity, the solutions are seen to be rather erratic. An alternative
approach is presented here, where the difference in correlogram due to homogenate plus
a product are subtracted. The difference in this case will provide a measure o f the amount
o f product present. The noise on the correlogram will be the problem in distinguishing
between curves and due to the subtraction process will be larger than the correlogram
noise by a factor o f Vl . However there is no instability due to algorithm performance.
The key consideration is the stability o f the homogenate correlogram for different
conditions so that in the situation where the measurement is to be applied, the appropriate
baseline is subtracted.

Figs. 5.10 and 5.11 assess the difference method with the homogenate decay constant
distribution curves used previously in this chapter. Fig 5.10 shows the amount o f light
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Fig 5.10: S c h e m a tic of parallel implementation of
regularised iterative algorithm. This r e p r e s e n ts the
formula
+ P G<^ ’>which is at the heart
of the algorithm. The sm oothing param eteris
contained in P along with the model for the
correlation function to be fitted to.
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Fig 5.10: Chart constructed from a simulated size
distribution to dem ostrate the percentage of intensity
scattered from the product to be detected. This is plotted
as a function of the maximum particle size present in the
distribution so gives an idea of the improvement gained by
removing the larger particles from the suspension. The
b ase distribution has a maximum particle size of SOOnm
and a 10% volume fraction of product. The intensities are
calculated assum ing Rayleigh-Gans scattering (§1.2222).

scattered form an 80nm particle in the presence o f homogenate and the improvement made
by removing the largest particles from the suspension.

In order to obtain 1% scattering

from the product, particles down to 200nm should be removed. Fig. 5.11 demonstrates the
difference method for a wide range of percentage light scattered from the product. The
characteristic curves indicate that the maximum sensitivity is found in the first half o f the
function. A change of about 0.15 is achieved for the pure product at the maximum point.

The heavy bias in this method to a particular type o f size distribution o f homogenate
indicates that other information on the process conditions will be necessary before carrying
out the correct size distribution is assumed.

5.9 Summary

In summary, this chapter has reviewed some potential programs suitable for fast
processing of noisy data and presented an algorithm developed from another application
whereby autonomous operation maybe carried out on data where noise levels are
previously unknown but available. Consideration has been given to the extension o f a
method of data inversion to parallel architecture to increase the speed o f the operation.

In order to reliably detect product particle in homogenate the more direct approach o f
subtraction technique described in §5.8 may have advantages.

0.2
•

-

20 %

• - 80%
50%

0 .1 5

^ 90%
O)

0.1

0 .0 5

0
0

16

32

48

64

Channel num ber

Fig 5.11: Plot of the difference between a correlogram due to
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particle of 80nm diameter in homogenate. The percentages in
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Chapter 6 : Analysis of light scattering from experimental data.

6.1 Analysis of vims-like particles by dynamic light scattering

Intensity

width (nm)

mean (nm)

Number mean

width (nm)

(nm)

83.3

34.1

49.5

11.9

85.3

35.4

47.7

1 1 . 6

82.3

29.6

49.6

12.3

83.2

36.1

48.8

11.3

80.3

29.2

50.4

1 2

85.8

32.9

49.9

12.4

85.5

34.3

49.3

1 2 . 2

80.9

29.0

49.9

1 2 . 2

80.5

31.1

50.1

11.7

84.2

32

49.1

1 2 . 1

Table 6.1: DLS measurement of virus-like particle diameter showing intensity and
number averages for 10 measurements. This preparation o f VLB's was prepared by method
1 described in chapter 3. Experimental conditions were:- angle 90°, temperature 19.9 °C
and aperture 1 0 0 pm.
The results in the above table show that the virus-like particle preparation by method 1
gives a particle size distribution with intensity mean o f 83.1nm ± 4nm and a width o f 32.3
± 6 nm. Hence the choice of an 85nm latex for the simulation experiments to replace virus
like particles. The above experiments were carried out using the Malvern 4700 software.

6.2 Latex standards.

The Malvem 4700 autosizer is described in chapter 3. All the following experiments in
this section were carried out at a temperature o f 24.7 °C and a scattering angle o f 90°.
The aperture was 100pm unless stated otherwise. Latex standards (IDC

latex spheres,

Polymer Laboratories, Portland OR and Polysciences Inc, Warrington PA) o f diameters
39nm, 85nm, 480nm and 1030nm were used to cover most o f the range o f application for
the instrument. Sample times of 15pS, 30pS, ISOpS and 300pS respectively were set in
the correlator to analyse the latex suspensions. The shorter sample times were used to
analyse the smaller particles. The latex spheres were supplied in two approximated
concentrations. The 39nm and 85nm were 10% by volume and the 480nm and 1030nm
were 2.5% by volume. These were diluted for analysis several hundred-fold until the
scattered intensity displayed single scattering. This can be approximated by observing the
surrounding region of the laser beam to detect significant diffusion o f light due to multiple
scattering from this region or, alternatively, the concentration o f the sample may be
increased and a measurement of the scattered light made for each concentration. If a
change in concentration gives rise to a proportionate change in scattered light then the
sample concentration will be within the single scattering region. In this set o f experiments
the former of the techniques was used. The average scattered light intensity measured as
photon counts per second was 50 x 10^ s ' for the 39nm, 80 x 10^ s'* for the 85nm, 15 x
10^ s'* for the 480nm and 30 x 10^ s'* for the 1030nm particles.

Experiments were carried out for three different total experiment times o f 10s, 30s and
60s. Statistical analysis was performed to assess the variation o f the correlogram and
distributions calculated by using the cumulants method (§1.4311) and the histogram
method (§1.4322 and §5.6) of data analysis. The histogram method has been assessed as
the most suitable in the present application (chapter 5) and the cumulants method can be
used as a quick alternative for monomodai distributions or in the case o f multi-modals as
a precursor to assess the range of an unknown sample to then choose range limits for a
more detailed analysis such as the histogram method.
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6.21 The cumulants method.

Table 6.2 shows results o f analyses o f latex spheres by the cumulants method. It appears
that the size returned is dependent upon the experiment length presumably as a result of
the different noise level on the data. A longer experiment duration may improve photon

Ave

sd

width

sd

d

0.054
0.062
0.24
0.27

0.045
0.058
0.15
0.063

36.1
74.4
413.4
734.7

0.045
0.051
0.087
0.15

0.034
0.032
0.063
0.12

35.1
75.3
451.2
898.9

é1

10 second experiment time
39nm
85nin
480nm
1030nm

4208.0
2043.6
367.9
207.5

172.8
67.2
34.7
14.4

30 second experiment time
39nm
85nm
480nm
103Onm

4333.5
2019.0
337.1
169.2

113.3
40.3
16.7
10.9

Table 6.2: Cumulants method analysis data.
counting noise but any long-term fluctuations due to, for example, the presence o f small
amounts o f large contaminants, bias the result to produce a larger polydispersity than the
true value. The data in the table shows a large standard deviation on the distribution width
suggesting that this is indeed the case. However in all cases the size is underestimated.
The Malvem software attempts to overcome the dust problem by taking several short
duration measurements and accepting or rejecting correlograms dependent upon a quality
criterion such as the merit or in-range measures (described in §4.2) being within a certain
range. In this application it is desirable to perform as shorter measurement as possible to
enable on-line reaction to a system.
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6.22 Histogram method applied to latex sphere data.

Figures 6.1a-b show the performance of the histogram method described in chapter 5 in
inverting latex sphere light scattering data. The results for 1030nm, 480nm, 85nm and
39nm were averages o f 690nm, 370nm,

6 8

nm and 37nm respectively. However the peak

intensities are at 1215nm, 670nm, 70nm and 37nm respectively. The reason for the large
discrepancy between the quoted values and those measured in this set o f experiments is
the noise on the data due to the short experimental period (10s). The method appears to
overestimate the lower section o f the distributions.

6.23 Performance of the histogram method to homogenate and latex mixtures

The chart in figure 6.2 shows a typical performance o f the histogram method to latex and
homogenate suspensions. The homogenate in this case is spun at 20000g for 2 hours.. The
approximate volume percent o f homogenate is indicated by means o f scattered intensities
o f the individual components before mixing. The data used in this case was collected
using the multiple sample-time facility in the Malvem 4700 correlator to cover a wider
range o f particle size. An explanation o f this is given in §2.1 Also longer experimental
times were required in order for the program to converge. The general feature o f a
decrease in one peak and an increase in the other follows the sample well but the position
o f the lower peak seems to be erratic.

63 The difference method

6.31 The difference method with homogenate and latex mixtures

In figure 6.3a the difference method described in chapter 5 is shown in response to
different mixtures o f homogenate and latex spheres. The volume ratios are calculated
approximately according to the intensity proportional to volume squared relationship. The
graph shows that in principle the addition o f latex may be detected in the presence o f 90%
by volume of homogenate, the sensitivity increasing when less homogenate is present. The
homogenate in this example again is spun at 20000g for 2 hours. In comparison to the
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Fig 6.1a: Inversion of latex sphere correlogram
data for 480 and lOSOnm standards. The d ata
collection time was 10s. The resulting average
diameters calculated from the average decay
constant are 690nm and 370nm. The
underestimation can be explained by the noise
on the data.
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Fig 6.1b; inversion of 39nm and 85nm latex standard
correlogram data. The data collection time was 10s. The
average diameters are calculated from the average
diffusion coefficients as 36.9nm and 68.1 nm. As in fig 6.1a,
there is a discrepancy in the size of the stand ard s and the
m easured distribution. The deviation in this c a s e however
is lower. The photon counting noise (see §1.4) on the
correlograms will be lower due to the smaller diameters
and consequently larger number of total sam ples of the
scattered light taken. This could explain the closer
estimates to the diameters.

70

60
30%
50

- - 50%
--7 0 %

40

CO

B 30

20

10

10

100

1000

Particle diameter (nm)

Fig 6.2: Graph showing inversions using the histogram
method of correlogram data from mixtures of 85nm latex
sp h eres and clarified hom ogenate. The essential features
of a growing peak at lower size and diminishing peak at
the upper size range is recorded, however the position of
the lower peak is erratic. The volume percent of
hom ogenate in the mixture is approximated by the
scattered intensities of the com ponents before mixing
and using the relation: intensity « volume^
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Fig 6.3a: Graph to show the difference between
homogenate and mixtures of homogenate and latex
correlograms. The different percentage volumes are
approximated by recording the fraction of the scattered
light from the separate components (85nm latex and spun
homogenate) and taking the square root (intensity =
(volume)^) to give the amount of homogenate present in
the suspension. The trace for latex alone appears at the
top with maximum difference and as more hom genate is
added the difference approaches the baseline.
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simulated curves in Chapter 5,

fig. 5.11, these have higher tails at the high channel

numbers and their main peak is at a higher channel number. The reason for this is that the
real particles are more polydisperse than represented in the simulation. The curves
otherwise are very representative of the real situation.

The addition of latex below the 10% level incurred problems due to overlapping so that
indistinguishable curves resulted. However it would be possible to infer that the latex is
present to less than

1 0

% by volume when the plot is in the overlap region.

6.32 Difference method for clarified homogenate and VLP mixtures

Figure 6.3b shows the VLP and homogenate mixtures for clarified homogenate. The
amount o f VLP present before mixing was estimated by means o f the assay described in
chapter 3. The VLP was collected from gel column fractions also detailed in chapter 3.
The percentages quoted are wet weight homogenate to VLP fractions. The chart for
clarified homogenate shows that the technique is sensitive only at very low levels of
homogenate addition. More than 5% leads to erratic and overlapping plots so that
concentrations up to this level only may be estimated by this method. The higher
sensitivity of latex in the same method is due to its greater scattering efficiency derived
from its greater refractive index. At the 5% level the correlogram difference is about 0.02.
The latex curves for similar levels shows a 0.18 difference in correlogram at maximum.
This suggests that the VLP's scatter

6

times less efficiently than the latex, a similar result

to that in chapter 4 where the ratio was estimated at 7.5 times.

633 Difference method for unclarified homogenate and VLP mixtures.

Figure 6.3c shows VLP and unclarified homogenate mixtures with weight percent
calculated as in §6.32. In this case the technique is apparently extended to greater
concentrations o f homogenate. This is due to the relative size o f the VLP and unclarified
homogenate. The amount of material close to the VLP size has been reduced and the
larger particles have a greater difference in correlogram value over the graph. (This is
discussed theoretically in §1.421. This suggests that should the situation arise where the
VLP makes up the larger portion of the mixture then the VLP may be measured to a
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Fig 6.3b: Graph showing the difference method
applied to the different mixtures of VLP and clarified
hom ogenate suspensions. The graph shows that
approximately 95% or more VLP is required for the
technique to detect the product in the homogenate.
Curve matching techniques may then be used to
estimate the percentage VLP to homogenate. The
deviation of the curves from those simulated in chapter
5 su g g ests a more polydisperse product.
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Fig 6.3c : G r a p h s h o w i n g d if f e r e n c e m e t h o d a p p l i e d
t o VLP a n d unclarified h o m o g e n a t e s u s p e n s i o n s .
T h e c h a r t s e e m s to i n d ic a te a g r e a t e r r a n g e of
a pp lic ab il ity t h a n in clarified h o m o g e n a t e (fig 1.3b).
This is d u e t o t h e la rg e s iz e d i ff e re n c e b e t w e e n t h e
h o m o g e n a t e a n d VLP's. In p r a c t i c e a l a r g e i n c r e a s e
in n u m b e r of VLP's p r o d u c e d p e r cell in
f e r m e n t a t i o n w ou ld b e r e q u i r e d for this d i st rib ut io n
to occ ur. T h e s e c u r v e s a p p e a r to b e s m o o t h e r t h a n
t h e unclarified re s u l ts d u e to t h e c h a n g e of s c a l e of
t h e y-axis.

175

0.16
b a tc h a
■■b a tc h b

0.14

b a tc h c

0.12
0.1
)
Ü
0

I 0.08

b
0.06

0.04

0.02

0

16

32

48

64

C hannel N um ber

Fig 6.4: Graph showing the difference method appiied to
three different batches of VLP elutions. The baseline is
singly scattering clarified hom ogenate. This shows that
the technique can be susceptible to large batch to batch
variation - two traces lie close together while the third
falls below the others across the range by up to 40%. The
two curves that lie close together were m easurem ents
from the sam e column run whereas the other was
m easured on a separate occasion.
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greater sensitivity than in the case of clarified homogenate and VLP mixtures. In practice
it is hard to envisage such a case. Currently the debris at the start o f the downstream
process chain forms about 90% of the volume o f the VLP and debris particle mixture
(Milbum 1992). This places a curve well on the x-axis. Removal o f the gross
contaminants then reduces the concentration but the clarified graph (figure 6.3b) must then
be used.

6.4 Run to run variation of correlograms

Given the variation of the distributions calculated by the Malvern software (chapter 4) and
the other analysis method in this chapter it is sensible to assess the variation in
correlogram values in different conditions to indicate the best method for collecting the
data.

To

this

end

50

runs

each

of

different

diameter

latex

beads

(39nm,85nm,220nm,480nm, and 1030nm) were carried out at run times o f 10s, 30s and
60s. The results are plotted in figures 6.5a-e. The plots shown are fractional standard
deviation in each channel ie. the standard deviation divided by the mean at each channel.
This is calculated for the second order correlation function (§2.1) which is the data
presented to the analysis methods.

The features in the figures to note are:
1. An increasing variation with channel number.
2. An increasing variation with particle size.
3. Occasional large variation in the first few channels.
4. A decreasing variation with run length except for the largest particles.

These standard deviations should not be interpreted as random noise on the data which
is a much lower percentage but rather an indication o f the run to run measure of
systematic variations. This will give an indication o f the applicability o f the methods
discussed in this chapter.

The larger variations for the higher channel numbers is due to their susceptibility to large
unwanted particulates in the sample. The correlogram should decay to a steady baseline
which can however be distorted due to these large particles passing through the beam for
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Fig 6.5a: Graph plotting the fractional standard
deviation across the channels for 39nm latex sphere
data. The data set consists of 50 correlograms. The
general trend which exists for all particle sizes is
larger variation at higher channel number. This is
most likely due to the presence of unwanted dust or
other contaminating material which tends to affect the
baseline value ie. higher channels. The upturn at the
lower end for the 10s experiments is more difficult to
explain. It suggests a change in the alignment during
the 50 runs.
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Fig 6.5b: Chart plotting the fractional standard
deviation of correlogram channels for 85nm
particles and for different experimental times. It is
notable that longer experimental times lead to
lower standard deviations. The low upturn feature
is again present as in fig 6.5a but to a lower
degree. Again this may be due to a disturbed
alignment for a number of the set of runs.
Generally the level of deviations is the sam e as the
39nm data.
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Fig 6.5c: Chart plotting the fractional standard
deviation across correlogram channels for 220nm
latex spheres. The general feature of lower variance
for longer experimental time is continued and for the
80s and 60s data the deviation level is com parable to
that in figs 6.5a-b. The IDs data shows a particularly
high deviation, a trend which continues through to the
higher particle sizes. Also to be noted is the earlier
levelling-out of the deviations at about channel 30
rather than channel 50. This is due to the sample time
chosen.
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Fig 6.5d: Chart showing fractional standard
deviation across the correlogram channels for
480nm latex particles at different experimental
times. The deviations are generally higher than the
previous charts (figs 6.5a-c) for lower particle
diameters. Again the 10s data is significantly
higher than the 30s or 60s data.
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Fig 6.5e: Chart plotting fractionai standard
deviation in correlogram across the channels. The
general trend to higher deviation continues but in
this case the 60s data points show a larger
deviation across the chart than the 30s data which
is the converse of the trend in the other charts, (figs
6.5a-d). Again there is an upturn for one of the data
sets at low channel number. This is explained
previously as system misalignment som e of the
correlograms in the data set.
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a short period o f the data collection.

The feature at low channel number is either due to alignment or size distribution change
for several o f the correlograms in the sample o f 50. Effects due to flare from the cuvette
or small amounts of light reflected from other parts o f the instrument into the detector
alter the correlation function (the theory presented in §1.3 would need to be modified to
allow for such a direct scattered contribution which introduces a "light-beating" term on
mixing at the detector see eg. Ford 1983) could lead to variation more distinct at lower
channel numbers than high ones.

The decreasing standard deviations with run time is expected as o f data collected over
long times should be more stable and any fluctuations due to unwanted scattering tend to
be averaged-out over the duration. However for large particles the converse is true - long
run-times produce larger deviations. This is probably due to the size range o f the particles
to be measured being closer to the contaminant (dust etc.) sizes and the correlator then
being more susceptible to change at lower channel numbers.

In general the larger particles give rise to larger variations. The number o f samples
collected in a fixed length experiment decreases with increasing particle size as the sample
time must be larger to measure the correlation function adequately. Hence each channel
is calculated from less samples in the case o f the larger particles and the increased chance
o f spurious data from unwanted scattering causing variation in the correlogram.

6.5 Conclusion

In summary a method for the rapid analysis o f light scattering data has been presented
which, requires the range o f particles to be measured to be input. The method works well
for relatively noisy data collected from experiments on suspensions o f latex spheres.
Better results are obtained for smaller diameter particles. For broader size distributions the
technique can pick out bimodal distributions and shows the correct trends for mixtures o f
latex sphere and clarified yeast homogenate mixtures, however the relative contribution
to the scattered intensity across particle size may not reliably be measured for such short
experimental times.
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A technique where the difference between correlogram data for a product particle and the
homogenate similar to that from which the product is released is described. It is
demonstrated with the use of homogenate laced with latex spheres and shows thatcurves
may be constructed as a measure of relative concentration o f the two components. This
technique is then applied to virus-like particles where such particles are mixed in known
quantity into the homogenate and measured. It is shown that similar curves may be built
up and there is potential for a relative measure o f concentration for VLP's where they
constitute more than 95% of the mixture. Large batch to batch variations can result either
due to actual variations in product quality (due to eg. agglomeration) or the variance of
correlogram channels. The largest such variations are shown to be due to the presence of
larger particles and removal o f these would improve batch to batch results. The sensitivity
however is concerned with the proximity o f the lower size debris particles to the product.
Removal of these clearly will improve sensitivity. The technique then becomes one of
quality control where deviation by a percentage from a standard curve would indicate
intolerance.
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Chapter 7: Internodal light scattering

The work presented in this chapter is a joint project across two PhD programmes: this
thesis and a thesis on ultrasonic manipulation of particles (G.B .Davies, in preparation).
This section will start with a brief description of the application of ultrasonic standing
waves to create bands of alternately concentrated and unconcentrated regions in a
particulate suspension. Then the concept of performing light scattering analysis within
such bands will be described and its application to analysis in the biological dispersions
discussed. Results with latex suspension and yeast homogenate are presented in the final
section.

7.1 Ultrasonic separation of biological particles

Ultrasonic standing waves cause migration of the fine particles in suspension to the nodes
of the sound field which are spaced at half-wavelength distances. The mechanisms behind
this phenomena have been the subject of research since their initial observation by Kundt
(Kundt and Lehmann 1874).

The driving force for migration is the radiation pressure exerted on the particle, other
forces arising from particle sound wave interaction become of importance only when the
particles are concentrated at the nodes, acting to stabilise the bands of particles. The
radiation pressure on a spherical particle in a plane stationary wave is described in
equation 7.1.
fr = 4Tca^KJ?PTsin(2Kx)

7.1

where kappa is the phase constant; E, the mean energy density of the standing wave; a,
the particle radius; x, the time averaged position of the particle from the node; and F, a
correction factor that accounts for the compressibility of the particle and the different
impedances of the particle and the fluid.

p = A + 2(A -1)/3_ 1
1 +2A
3Ao^
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p

where
A = —
, O = —
Po
^0

rho is the density and c is the sound velocity ; subscripts

7 .3

0

and

1

refer to the fluid and

particle properties respectively.

The point of interest is the very strong dependence on the radiation pressure on the
particle radius (P is proportional to the radius cubed) which means the radiation pressure
falls off rapidly with falling particle size. This can be exploited to fractionate particles of
different radii. The radiation pressure displays only a relatively weak dependence on the
particle density and the particle compressibility.

By controlling the intensity o f the sound field produced, any particles over a chosen radius
can be immobilised at the nodal plane of the stationary wave, leaving the smaller particles
free in the inter-nodal spaces.

7.2 Light scattering from internodal regions

The dimensions of the internodal space are in the order of several hundred microns. The
value is dependent upon the driving frequency of the ultrasonic transducer. Laser beam
waists in the dynamic light scattering analyses are of the order of lO's to lOO's of micron.
It is conceivable then that a laser bean may be passed between the nodal planes in the
suspension to impinge on whatever is present between the nodes. Figure 7.1 shows this
schematically with particles above a certain size threshold being held away from the laser
beam while smaller particles are left for analysis by the laser beam.

7.21 Application to bioprocess analysis

Previous chapters in this thesis have concentrated on the analysis of light scattering data
for the monitoring of products in downstream processing. Many of the problems arise due
to the presence of large particulate material in the sample. The larger particles, by having
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Fig 7.1: Schematic of light scattering from
internodal regions in an ultrasonically
separated suspension. The distance between
nodes for a IMHz frequency sound wave is
750 pm and the laser beam is focused to a
waist of approximately 1 0 0 pm.
Larger particles are held away from the laser
beam at the nodes whereas the smaller
particles are left for analysis.
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a much greater scattering efficiency (§ 1 .2 ) either hide the particles of interest or bias the
result in an unpredictable fashion eg. dust particles randomly passing through the beam.

Also it was shown in Chapter

6

that the presence of the larger particles leads to a higher

variance in the correlogram - the first processing stage in the dynamic light scattering
analysis.

The ability to remove such effects by using the ultrasonic banding technique and analysis
between the bands would be a great advantage in both bioprocess analysis and other areas.
An additional advantage for online analysis systems is that sample preparation may be
performed rapidly and in-situ.

The experiments presented in this chapter show that steps towards such a device have
been made. The analysis technique has been termed internodal light scattering (ILS).

7.22 Design of the ultrasonic cell

The detailed design and construction of ultrasonic separation/manipulation equipment is
discussed elsewhere (Davies, in preparation). The key parameters in the design for this
application are minimum particle size affected, concentration of suspensions able to
banded and volume of sample to be analysed. These principles affect the choice of
transducer, resonant frequency and power input. Also to be considered are the dimensions
affecting the focusing of the laser beam through the internodal space, and subsequent
interaction o f the scattered light with the concentration of the particles at the nodal planes.

The cell constructed uses a IMHz transducer (Morgan Matroc Ltd) glued securely to a
durai waveguide which screws directly into a custom built cuvette holder designed to fit
into the Malvern 4700 analyser (chapter 3). The transducer is driven by an Audley
Scientific Stabilised Frequency Signal Generator and Dual Ultrasonic Amplifier. A
diagram of the apparatus is shown in figure 7.1a
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Fig 7.1a:
Diagram of ultrasonic cell construction and sch em atic of
experimental set-up. A full reservoir which is se a le d to the
scattering cell is required to transmit the ultrasound to the
sam p le to be analysed . A 1 Mhz signal is u se d here but other
frequencies are available. Higher frequencies reduce the risk
of bubble creation d u e to cavitation in the sam p le but give less
s p a c e b etw een n o d e s in which to p a s s the laser beam .
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7.3 In te rn o d a l light scattering on latex m ixtures

1 3 1 39nm an d 4000nm latex

The plot in figure 1 2 shows the results o f a unimodal (Cumulants §1.4311) analysis on
a mixture o f 39 and 4000 nm latex suspension. This clearly shows the ILS analysis
picking out the unhanded smaller particle size in the mixture. Included in the figure is a
trace o f a normal analysis of 39nm particles alone. This shows a slightly narrower
distribution. Presumably in the ILS analysis stray light scattered from the concentration
o f the larger particles at the nodal planes is entering the detector and distorting the
measurement. However, the distortion is only slight.

7.32 2um an d 39nm latex

Figure 7.3 shows 2pm and 39nm particles in the ILS cell. Plots here are shown o f analysis
between bands and on a band in the ultrasonic cell. The between the bands signal shows
a clear peak at 39nm indicating complete removal o f the 2000nm particles from the
analysis area. The result from the analysis on the band indicates a measurement o f
18500nm, about 9 times their actual size. This must be due to concentration or the
acoustic field hindering diffusion, as multiple scattered light when interpreted in a DLS
experiment will give rise to a lower than expected particle size.

7.33 15um and 85nm latex

The plot in figure 7.4 shows the trace for a 15um and 85nm latex mixture shows a
bimodal distribution in both normal analysis mode and ILS mode. However, in the case
o f the ILS analysis, the peak at 85nm increases dramatically, indicating a substantial
proportion o f the 15um particles have shifted. The remaining signal in the region 200nm 1200nm must be due to other contaminants in the sample. This peak correlates with the
upper peak in figure 7.4 which is described in the next paragraph. It would seem that such
sizes are below the critical size for banding for this equipment.

7.34 1.4um and 85nm latex

7.3 Internodal light scattering on latex mixtures

7.31 39nm and 4000nm latex

The plot in figure 7.2 shows the results of a unimodal (Cumulants §1.4311) analysis on
a mixture of 39 and 4000 nm latex suspension. This clearly shows the ILS analysis
picking out the unhanded smaller particle size in the mixture. Included in the figure is a
trace of a normal analysis of 39nm particles alone. This shows a slightly narrower
distribution. Presumably in the ILS analysis stray light scattered from the concentration
of the larger particles at the nodal planes is entering the detector and distorting the
measurement. However, the distortion is only slight.

7.32 2um and 39nm latex

Figure 7.3 shows 2juim and 39nm particles in the ILS cell. Plots here are shown of analysis
between bands and on a band in the ultrasonic cell. The between the bands signal shows
a clear peak at 39nm indicating complete removal of the 2000nm particles from the
analysis area. The result from the analysis on the band indicates a measurement of
18500nm, about 9 times their actual size. This must be due to concentration or the
acoustic field hindering diffusion, as multiple scattered light when interpreted in a DLS
experiment will give rise to a lower than expected particle size.

7.33 ISum and 85nm latex

The plot in figure 7.4 shows the trace for a 15um and 85nm latex mixture shows a
bimodal distribution in both normal analysis mode and ILS mode. However, in the case
of the ILS analysis, the peak at 85nm increases dramatically, indicating a substantial
proportion of the 15um particles have shifted. The remaining signal in the region 200nm 1200nm must be due to other contaminants in the sample. This peak correlates with the
upper peak in figure 7.4 which is described in the next paragraph. It would seem that such
sizes are below the critical size for banding for this equipment.
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Fig 7.3: Internodal and nodal analyses of a mixture of 2000nm
and 39nm latex spheres. Between the nodes the suspension is
evidently clear of 2000nm particles and a distribution mean of
49.3nm is measured. The deviation from the expected size of
39nm Is again most likely due to scattering from the larger
particles at the nodal planes (see fig 7.2). A m easurem ent with
the laser beam adjusted to Intentionally scatter from the nodal
region is also shown. This gives a diameter of 18500nm for the
distribution mean. This is Indicative of the high concentration
present in the bands as multiple scattering in a DLS analysis
usually gives rise to an underestimate of particle size. Diffusion
is being hindered either due to the ultrasonic forces or to
interparticle interaction such a s charge repulsion. Such
hinderance will give rise to a larger effective diameter.
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Fig 7.4: Internodal analyls (solid line) and normal DLS
analysis of a mixture of 85nm and a small quantity of
ISOOOnm latex spheres. The internodal result show s a
greatly increased contribution in the 80nm region
demonstrating removal of a substantial fraction of the larger
particles. However a broad peak at around lOOOnm is
apparent. This is due to other contaminants in the sample.
The difficulty of moving such particles in the current
experimental set-up is dem onstrated in the next figure (fig
7.5).
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7.34 1.4um and 85nm latex
This plot demonstrates the size limit of this ultrasonic cell for moving particles. The
distribution was unchanged from the previous analysis indicating that no change took
place in the sample. This result does not define the limit for the technique, only of this
particular cell, because redesign using, eg. two transducers instead of one will extend the
range to lower particle sizes.

7.4 ILS analysis of yeast homogenate
Unclarified yeast homogenate, prepared as described in chapter 3, diluted approximately
10:1 was placed in the ILS analyser to monitor the improvement that could be gained in
yeast based product analysis. Several runs were performed but it was found in practice
that it was very difficult to produce consistent results or to keep the bands stable as easily
as with the latex suspensions. This is probably because power levels need to be higher due
to the reduced density of the particles ( see equation 7.3).

When held stable long enough to perform several analyses a result of 636 ±215nm and
a polydispersity of 0.438 ±0.051 were returned. The suspension without ultrasound was
1003 ±328.2nm with a polydispersity of 0.535 ±0.186. The scattered light level from the
normal and internodal samples was 129.9 ±14.4K Counts

and 79.8 ±14.5K Counts s'^

respectively indicating that material contributing to over a third the scattered intensity had
been shifted to the nodal plane.

7.5 Summary
A novel technique for in-situ sample preparation and analysis by light scattering has been
presented. The method has been demonstrated successfully with latex particle mixtures to
remove particles « 1.4/1m and above away from the laser beam and allow analysis of inter
nodal components. The performance of the method for biological material was promising
although the stability of the sound field in this set-up appears to be a problem. Other
configurations for ultrasonic manipulation of biological particles have produced more
consistent results (Davies and Titchener-Hooker 1991) where the additional design
consideration of the light scattering geometry need not be considered.
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Fig 7.5: Chart to show internodal analysis of a suspension
of 1.4 micron and 85nm latex spheres. The original
distribution (not shown) is very similar and shows that, for
this experimental set-up, the banding limit for latex sp heres
is about 1.4 microns. It will be possible to extend banding
to lower particle sizes by appropriate modification to the
design of the ultrasonic cell.
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Chapter 8: Future directions

8.1 Optical measurement of virus-like particles

For rapid on-line detection and quantification o f virus-like particles in yeast homogenate
to become reality for more than just the far end o f the process chain, development of
some o f the methods discussed in this thesis should pave the way. Three methods o f
detecting

particulates

in

a homogenate

suspension

have

been

discussed

-

a

spectrophotometric assay, a particle size distribution analysis, and difference method
against a known background.

The spectrophotometric assay (Chapter 4) has not been well characterised in terms o f its
application over a range of conditions and this will be necessary.

The size distribution method in an on-line environment fails in detection o f small amounts
o f product due to the excessive noise on the signal. Improvement o f signal to noise ratio
in by eg. addition o f analyte to initiate a chemical or physical change will be necessary
in this case.

The difference method (Chapter 6 ) shows application to contaminant detection for fairly
pure preparations. Extension of this further upstream by rapid sample preparation will be
useful.

The use of antigens to virus-like particles has recently become a prospect and use o f their
binding reactions in terms o f either aggregation or fluorescence labelling would be a great
benefit.

As improvements in the growth and processing o f the virus-like particles are made then
by this means the methods presented here may find further application eg. further
upstream.
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8.2 Analysis of size distributions on-line

A software method has been developed for fast size distribution measurement with
relatively high noise levels (Chapter 5). The extension,refinement and fuller testing o f this
method is required to produce more accurate results.

The description o f a parallel processing architecture for a more standard processing
technique with noise suppression has been indicated (Chapter 5). Implementation o f this
should effect a rapid and robust process analysis.

83 Internodal light scattering

The application o f internodal light scattering (chapter 7) to biological systems needs to be
investigated. Particularly the design o f the ultrasonic geometry to effect more efficient
separation and provide a possible means of small component measurement in turbid
solutions.

The integration o f the on-line dynamic light scattering system (chapter 2) into an ILS
instrument could be a useful analysis tool for bioprocess systems.

The application of ILS to laboratory measurements where dust contaminants in samples
could easily be held away from the laser beam thus improving data collection with the
absence o f noise from such contaminants.

It may be worth investigating whether the change in size distribution by ILS analysis with
an increase in ultrasonic power between consecutive measurements could be useful to
fractionate size distributions for analysis.
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