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ABSTRACT

Laser light scattering measurements of sperm motility have
traditionally assumed spermatozoa to behave as point scatterers at
small forward scattering angles, and motile cells to exhibit an isotropic
distribution of translation vectors. Such assumptions have lead to
interpretations of fluctuations in the detected optical field as arising
from Doppler-beats.

Experimental and theoretical results presented in this thesis show
that for bull spermatozoa, the large dimensions (>> A) and slab-like
conformation of the rotating head result in large intensity fluctuations
at the photodetector which call into question the role of coherence and
render the Doppler-beat interpretation untenable.

A sharply peaked scattering lobe (width ~ 20°) lying in the
equatoriél plane of the head is shown to give an intensity peak when
the normal to the head plane becomes aligned with the scattering vector.
Consequently only those motile cells swimming with appropriately aligned
translation vectors contribute to the detected signal. Immotile cells,
which are shown to exhibit geotaxis, become visible only to a detector
aligped in the horizontal plane. A marked concentration dependence in
the ratio of motile and immotile autocorrelation components is modelled
on the basis of hydrodynamic interactions between motile and immotile
fractions, which result in immotile cells being recoriented outside the
range of visible alignments.

A complex opto-dynamic system is defined by a series of experiments
which demonstrate that the traditional laser light scattering geometry
gives only an empirical measure of the percent mctile spermatozoa but
may be used to obtain an absolute measurement of the head rotation rate.

Discussion is given to variations in the scattering geometry and
sample chamber design which are more appropriate to the phenomenology

within the system.
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FRONT PLATE I

Swimming trajectories of motile bull spermatozoa and suspended immotile

cells as viewed from their scattered light field.
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1.0 An introductory perspective

Reproduction is fundamental to the existence of all living species.
Nature shows enormous diversity and imagination in the way that it is
achieved and the study of the remarkable phenomena which are involved
has long provided a research field of great scientific fascination.

Within the classification of living animals, which extends to over
one million species (Rothschild, 1961), reproduction commences when a
self-motile vehicle of genetic material, the spermatozoon, encounters
the membrane of the female egg cell. In many species, enormous numbers
of spermatozoa must be released by the male so as to achieve an
acceptable probability that one normal sperm cell will encounter the
female egg.

Manipulation and control of the various components of the
reproductive process have become major scientific achievements with
enormous implications for the social and economic structure of modern
society. In animals, particularly sheep and cattle, widespread gains
in the efficiency of agricultural production on a world scale have
been achieved by controlling the selection of propagated characteristics,
the timing of fertilisation and the source of genetic material. Methods
of monitoring and guantifying the steps in these processes have in many
areas reached a high level of technological development, while in other
areas methods have remained as basic as the phenomena they observe.

Successful fertilisation demands that the male generates motile
spermatozoa of sufficient numbers and sufficient motility to reach the
site of the egg before environmental or energy factors result in their
immobilisation. The in vivo motility of sperm cells is therefore a
physical attribute of primary significance in the reproductive chain
of events. Its significance relative to that of the biochemical
environment however, is uncertain. Quantitative and objective measure-

ments of 'sperm motility', both in vivo and in vitro, have proved to



be a challenging but largely unsuccessful scientific endeavour.

In general, subjective visual appraisals remain the most widely
accepted method of characterising sperm motility.

Many different quantitative methods of varying levels of
objectivity, have been devised and tested but in virtually all cases,
have failed to find any general acceptance as routine assays of
motility. Such methods have been found to be time consuming, useful
only under specific conditions, or deficient:in objectivity, repeata-
bility or convenience. Discussion of these techniques, in terms of
both their methodology and their applications, is given in chapter 3.

The problem in objectively measuring sperm motility appears to
lie in the diversity and complex behaviour which is a feature of many
biological systems, together with the statistical problem of character-
igsing a large microscopic population.

If translatory motion is the physical observable of primary
interest, two general approaches are possible. We may either opt to
measure the nett result of translation, the distance of migration over
an extended period of time, or we may elect directly to characterise
the kinetic parameters over a short timescale. Alternatively, indirect
indicators of swimming 'vigour' may be used. The problem also arises
as to the site of the measurement since spermatozoa were designed by
nature to function in the egg's environment, which may or may not be
a female body.

The migration distance method is the only technique which has been
used in a mammalian in vivo situation where detailed observations of
the population kinetics are not readily carried out. In vivo measure-
ments would appear to be the most realistic measure of sperm motility
in terms of fertilisation probability although we must accept the
inevitability of environmental variations and the specificity they may

impart to results. Further, such measurements clearly pose serious



impracticalities for use as routine assays and it is for these
reasons, that much reasearch effort over the past thirty years has
been directed towards the development of in vitro methods.

While in vitro techniques may lack the general attributes of the
female environment, they do offer greater convenience and the opportunity
of more closely controlling and standardising the measurement environment.
The nature of this environment is very important and measurements made
are specific to it, therefore raising the important question of the
extent to which results may be extrapolated to the sperm behaviour
within the female body.

Accepting these reservations in the fertilisation context, we must
also consider the great value of in vitro measurements to laboratory
studies of sperm preservation and storage, an area of central signifi-
cance to artificial insemination.

However, it is remarkable that the progress of in vitro motility
measurements beyond the level of traditional microscopic visual assess-
ment, has been virtually non-existent in routine semen evaluations.

There is noc doubt that the eye is able to simultaneously take account

of and assemble many factors and impressions and to semi-quantitatively
express the result as a score. This is a time honoured method which,
even if it is highly subjective, is reasonably rapid and convenient.

In gquantitative terms, however, there are definite limitations to the
value of such a subjective method which gives poor resolution of motility
changes and differences, and is subject very strongly to the visual
acuity, skill and consistency of the observer.

While a variety of more objective in vitro approaches to the problem
have been examined in the scientific literature (detailed in chapter 3)
over a period of more than thirty years, none, other than variations
in visual methods, have found significant application in artificial

breeding laboratories. This tends to suggest that current techniques



have been found adequate and the need does not exist for higher
resolution and objectivity. In view of major studies which have
shown a poor correlation between fertility and sperm motility (e.g.,
Linford, Glover, Bishop and Stewart; 1976), this view is understandable.
It is also true, however, that such experiments utilised existing
motility assessment techniques most of which were variants of the
traditional subjective methods.

From a physical viewpoint, what then are the requirements for a
complete characterisation of motility in suspensions of spermatozoa?

Although the experimental objectives may vary their relative importance,

and swimming motions vary between species, we might consider:

(1) the fraction of sperm cells in the population which are
motile (moving).

(ii) the ratio of normal or progressively motile cells to
defective swimmers.

(iii) the frequency distribution of translational swimming
speeds.

(iv) the distribution of uni-directional path-lengths.

(v) the frequency distribution of head-rotation rates or

other characteristic internal motions.

In terms of fertility, any one of these dynamic characteristics
may be of considerable importance.
Exactly which parameters are of significance in this respect is
not known, since most are beyond experimental accessibility by visual
methods. Measurements of these parameters would perhaps be of greatest
"relevance to fertility where carried out in a dilute environment where
again visual assessments and most other methods have serious deficiencies.
This brings us then to the central theme of this thesis : the

characterisation of the dynamics within a suspension of motile spermatozoa



by using laser light scattering. The concept in general is not

new. The value of the laser beam as a probe of motion is well known
since movement of an object which scatters the beam introduces a
Doppler shift into the scattered light. This Doppler shift is propor-
tional to the velocity component of the object in the direction of the
scattering vector (fig. 1-5) and it enables one degree of freedom of
the motion to be measured in absolute terms.

Applications of the system to macroscopic situations have become
widespread since the pioneering experiments of Pecora (1964) and
Cummins, Knable and Yeh (1964).

Measurement of the Doppler shift in the scattered light field
(perhaps only 1 part in 1013 or 10l% ) is the key to the technique
and is carried out by light beating methods which are gquite analogous
to those commonly employed in the radio-frequency spectrum. Doppler
shifted light in the scattered field is mixed with unshifted light
(derived from the incident beam) in a non-linear photodetector to give
a heterodyne beat frequency in the photocurrent equal to the Doppler
shift. In addition, the light scattered from an assembly of moving
scatterers generates a distribution of beat frequencies between the
various Doppler shifted components so giving a measure of relative
motion between the scatterers, the so-called homodyne or self-beat
spectrum. All this was clearly possible, only through the extremely
small line-width, the high degree of collimation and intrinsic bright-
ness of the laser beam which therefore emerged as a powerful new remote
sensing probe of motion.

Numerous applications suggested themselves, although the greatest
potential appeared to lie in measurements of motion in microscopic
systems where the high light intensity and the comparable dimensions
of the scatterers and the wavelength allowed a significant scattered

intensity to be obtained down to macromolecular particle sizes.



Applications to Brownian diffusion, electrophoresis, f£luid dynamics,
and other systems, were successfully implemented. Several useful
reviews of such methods are available (e.g., Berne and Pecora, 1976;
Cummins and Pike, 1976).

The application of the technique to the motility problem with
spermatozoa and also bacteria followed logically since a spermatozoon
swimming at a speed of 100um/s along the scattering vector should give
a Doppler shift of the order of 100 Hz. Such shifts are easily measured
using light beating methods. The first report (Berge, Volochine, Billard
and Hamelin; 1967) demonstrated substantial broadening of the Doppler
beat spectrum by motile as opposed to immotile spermatozoa. In principle,
it seemed there was the potential in the method to rapidly measure, in
a quantitative and completely objective fashion, the Kinetic parameters
of the sample. A subsequent series of published light scattering
experiments over the intervening thirteen years (reviewed in chapter
1) using largely bull, human and marine sperm, indicated that the
Doppler beat spectrum gave a measure of the percent motile cells in
the sperm suspension and a numerically plausible swimming speed distri-
bution. A very significant advance appeared to have been made since
these measurements were achieved over a remarkably short measurement
timescale of a few minutes.

Although publication on the subject was not voluminous, several
comprehensive studies have been reported (section 1.5). The closely
related application to motile bacteria appeared to receive more
attention and several excellent detailed analyses of the expected light
beating spectrum for various swimming dynamics were published. 1In the
case of motile bacteria the dynamics of the suspension were rather
more complex and variable than for spermatozoa.

The basic problem in all of these experiments was the absence of

any precise gquantitative knowledge of what comprised the actual kinetic



parameters. The method could not be calibrated against or compared
with other techniques since there were none which could make similar
measurements over a similar timescale under the same environmental
conditions.

The validity of the results, in the case of motile bacteria,
rested with comparing the theoretically calculated behaviour of optical-
dynamic models (i.e., through their predicted light scattering spectra),
against the scattering data from real samples. Of particular interest,
was the contribution of the internal motions of the bacterium to its
Doppler beat spectrum. In the case of spermatozoa however, the simplest
optical model was assumed, that of a point scatterer and on this basis
the light scattering spectra yielded numerically plausible swimming
speeds and levels of percent motile cells (ref. section 1.5). Sperm-
atozoa were however, significantly larger than bacteria and the justi-
fication for the point scatterer optical model lay in the presumed
invariance of the form-factor at small forward scattering angles.

The original light scattering studies which are described in this
thesis, found their origin in the context of such contemporary thinking
on the application of light scattering to spermatozoa.

The first experiments, (reported by Woolhouse, 1976), appeared to
demonstrate that the percent motile cells in samples of bull spermatozoa,
and the swimming speeds, could be measured by characterising the
intensity autocorrelation function of the scattered light field.

Subsequent studies carried out by the author (M.W.W.) to quantitatively
determine the relationship between the autocorrelation components and
the percent motile cells, uncovered a remarkable dependence on sperm
concentration and that result formed the starting point for the
experimental sequence detailed in chapters 4 and 5 of this thesis.

The research to be described deals primarily with bull spermatozoa

and was undertaken with the long term objective of assisting the



improvement of artificial breeding efficiency in New Zealand.

Artificial breeding of cattle, in dairy and beef breeds, has
played an important role in improving animal production in New Zealand
over the last twenty-five years. Currently in 1980, approximately 55%
of the New Zealand national herd of 2.3 million dairy cows is artifi-
cially inseminated from a highly selected group of proven bulls. The
system has many advantages for the farmer. Bulls need not be kept on
the farm and the probability of improving the genetic merit of the
herd is significantly improved.

The largest system is organised and serviced by the New Zealand
Dairy Board.(NZDB) which has developed a highly efficient bull selection
system based on progeny testing. Production and ancestry records are
used to locate the best cows in the country (in terms of milk production
and other desirable characteristics) and these are mated to the top
proven bulls in the NZDB team. The bull calf off-spring (about 150 per
yvear) enter the NZDB sire proving system wherein they sire several
hundred (perhaps >1000) daughters in special proving herds. The
production and desirable traits in the daughters are evaluated over a
four year period and compared with other cows in the herds.

From the initial 150 bulls about 5% are then selected each year
to join the élite proven bull team and provide semen for widespread
inseminations on a country-wide scale.

This small proven team of bulls (<30) are considered to represent
the best overall compromise of all those traits which contribute to
genetic merit in dairy cattle. Each year, over half of the cows in
the New Zealand national herd (i.e., ~ 1.2 million cows) are inseminated
from these bulls within the ten week September - November mating period.

A unique aspect of the system through which this massive logistical
feat is achieved, is the distribution of semen from a central collection

and processing laboratory, in liquid form at ambient temperature.



Conventional practice in most other countries entails the use of
deep frozen semen in 'straws'. Use of fresh semen distributed in
liquid form is possible only because of specially developed sperm
extenders and a highly organised country-wide distribution system
over the short timespan of the mating season. The use of liquid semen
is in fact essential to the system since the sperm losses associated
with deep freezing of semen, require ten times more semen to be used
than is possible with fresh ($48 hrs) liquid semen to achieve the same
conception rate. The NZDB have progressively developed liquid semen
diluents which now allow average conception rates of N 66% (at first
service) to be obtained from insemination with 2 x 108 sperm in a 0.5ml
dose.

Table I shows the improvements in artificial breeding efficiency
achieved by the NZDB since the inception of the scheme in the early

nineteen fifties.

1953/57 1958/62 1963/67 1968/72 1973/78

Average conception

rate (%) 58 63 66 65 66
Insemination dose

(10% sperm) >25 12.5-25 6.25 2.5 2.0

reducing to reducing to
6.25 3.25

% inseminations to

proven bulls 9 22 79 100 100

Table I. Conception rates (first insemination) and sperm dose
levels in the NZDB artificial breeding scheme over the
27 year period from 1953, together with the percentage

of inseminations to proven bulls.

In recent years since 1963, the conception rate has remained
constant at V663% but has been achieved with substantially smaller sperm

doses, therefore giving a substantial improvement in overall efficiency



10.

of semen utilisation. The efficiency of the system is evident
therefore, in considering that one average bull service of 5.05ml
of semen at a concentration of 1.64 x 10° sperm/ml (refer table 2-3
later) is potentially capable of being used to inseminate 4000 cows.
Two aspects of this system are vitally important and were seen
as botential areas of application for an objective high resolution

motility assay which would operate at high sperm dilutions:-

(1) Quality assessment for individual ejaculates:

Prediction of conception performance is extremely
important since a 5% decrease in conception rate for an individual
ejaculate (the standard deviation is normally ~Vv3%) due to a poor
service, could leave perhaps 100 cows not pregnant and a costly
delay to the next insemination. Variations in motility associated
with such conception rate changes are not resolvable by eye
assessment methods and the potential value of a high resolution
motility assay as a screening measure is therefore very great,

particularly within the bull selection/proving programme.

(ii) Laboratory evaluation of sperm extenders:

The composition of the diluent is vitally important for
sperm kept in dilute liquid suspension at ambient temperature
for a period of 24-48 hours prior to insemination. Further
improvements to diluents which allow greater storage times or
higher sperm dilutions and the development of other storage methods,
could be considerably expedited by the use of a high resolution
assay method which allowed the effect of variations in the sperm

storage environment to be rapidly and quantitatively measured.

Detailed reference to these ultimate applications is not made in
the work described in this thesis, which had the primary objective of

exploring the characteristics and specific problems associated with the
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light scattering method. However, by way of completeness, brief
details of a preliminary, but very extensive study, along the lines
of application (i) above, are given in appendix V together with
illustrative results.

The preceding pages have, therefore, set out the context and
background of the experimental work to be described in later chapters.
The work represents a project taking up a promising new probe of sperm
motility, laser light scattering, against a background of potentially
significant applications in New Zealand animal production.

The research is described (chapters 4, 5) as a series of self-
contained experiments in an approximately historical sequence. The
starting point in chapter 4 concerns the long held belief that at
small scattering angles the sperm cells behave as point scatterers and
that the percent motile cells is directly obtained, probably in an
absolute sense, from the autocorrelation function of the scattered
field. The swimming speeds and their associated autocorrelation
component were not at that stage the primary issue.

Studies through chapter 4 generated results which could not be
understood on the basis of the accepted optical-dynamic model and it
became increasingly evident that a more detailed understanding of the
behaviour of the sperm suspension was required.

With this in mind, a series of direct visual observations then
form the basis in chapter 5 for a more realistic optical-dynamic model
which enable a qualitative understanding of the previous results to be
obtained.

A basic outline of light scattering, light-beating and previous
applications to motile microorganisms, is given in chapter 1. Further
groundwork is laid in chapter 2 with a discussion of those properties
and behaviours of spermatozoa which may be considered as relevant to

light scattering experiments.
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An additional perspective is given in chapter 3 (part 1), with a
description of the methodology of the various other techniques
evaluated over the past thirty years for use as sperm motility assays.

Part 2 of chapter 3 then details the light scattering equipment
and sample preparation methods used in the following experimental
studies of chapters 4 and 5.

An interesting irony becomes apparent in the results of chapter
5, when it is realised that the historically accepted light beating
interpretation of the detected field is untenable and in reality, that
the method is closely similar to the photo-electric methods of twenty-

five years before.



CHAPTER 1

AN INTRODUCTION TO LIGHT SCATTERING AND LIGHT BEATING
SPECTROSCOPY WITH A REVIEW OF APPLICATIONS TO MEASUREMENT

OF THE MOTILITY OF MICROORGANISMS.

13.



"Life can only be understood backwards;

but it must be lived forwards.”

ce et S8ren Kierkegaard,

1813 - 1855.
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Static Light Scattering from Small Particles

A brief perspective of light scattering from micron and sub-micron
sized particles and the way in which the scattering is related to
particle size will provide an appropriate introduction to the discussions
which are to follow.

Light scattering from particles was first suggested by Rayleigh
(1871) as arising from oscillations of the electrons in the material
induced by the incident electromagnetic fieldf The bound electrons in
the particle act as dipoles which reradiate part of the incident energy
in directions other than the direction of propagation. Usually, unless
some absorption of energy takes place, the scattered wave is of the same
wavelength as the incident wave.

Using the concept of an assembly of independent and very small
dipole oscillators, Rayleigh (1881) extended the phenomenoclogical model
to a general theory of light scattering for particles of arbitrary shape
and size but having a refractive index of close to unity. Later work
(Rayleigh, 1910, 1914, 1918) derived specific solutions for spheres of
arbitrary size.

Further work by Gans (1925) dealing with large particles having
dimensions similar to or greatexr than the wavelength, lead to the
Rayleigh-Gans theory of scattering.

Here we discuss briefly the phenomenological aspects of light
scattering from particles in terms of the most important physical para-

meter, particle size relative to wavelength.

1.1.1 Small Isotropic Particles

Consider a particle with a characteristic dimension £ which is very
small relative to the wavelength A of an incident light beam.
(i.e., 2 < 0.01 X).

As proposed by Rayleigh, the particle acts as an oscillating electric



16.

dipole and gives the distribution of reradiated intensity characteristic

of a dipole, as is illustrated in fig. 1-1.

; 1Y

intensity I, |
wavelengfh X

Fig. 1-1. The scattered intensity distribution for a very small
particle (<0.01)) illuminated by an incident beam of
intensity Io and wavelength A, having a defined

electric field vector E.

Two significant features of the scattered intensity distribution
are that no reradiation occurs in the direction of the dipole oscilla-
tions (X) and that the radiation is uniformly distributed in the plane
(YZ) noxrmal to the incident electric field vector.

Analytically the result is well known. The scattered intensity
i(r,e) at any point P defined by position vactor r and angle 0 (measured

with respect to the on-going beam)

i(r,S) = {8r2a2/\*r2} (1 + cos?p) Io (1.1)

where a is the polarisability of the particle (considered isotropic
here) and Iy the intensity of the incident beam.

In the case of plane polarised light as illustrated in the fiqure
where E lies in the horizontal XZ plane, the intensity distribution is

uniform with 6 in the YZ plane, this corresponding to the first term in
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equation 1.1 but has a cos?f distribution in the horizontal XZ plane,
this being the second term.

If the incident beam is unpolarised the entire radiation pattern
is axially symmetric about the propagation vector Ri following the
orientation of the induced dipole moment and the dipole thus generates
a radiation pattern with extended lobes in the forward and rear
directions. However, as 6 -+ 90° the scattered radiation becomes
completely plane polarised in the vertical (YZ) plane, regardless of
whether the incident beam is polarised or unpolarised. If the polarisa-
bility is anisotropic, then for a polarised incident beam, the scattered
field will contain a depolarised component, (i.e.,a component whose
polarisation is perpendicular to that of the incident beam).

A scattering particle of extended dimensions was considered by
Rayleigh to comprise an assembly of elementary dipole radiators. For a
concentration p of such elements (per unit volume), Maxwell derived
the dielectric constant € for the mixture as

€—€O
€0

= Too (1.2)

and relation 1.1 may therefore be rewritten in terms of the optical
constants of the system,

212 (n/ng-1) 2

)\|'+ ) r2

where N is the refractive index of the particle and n, that of the

r,0) (1 + Cos?8) (1.3)
medium A' is the wavelength of the light incident on the particle.

We see here that the scattering depends strongly on the refractive
increment (n-ng) between the region comprising the particle and the
surrounding medium. The other significant effect is the very marked
wavelength dependence of the scattering, an inverse fourth power

relationship.
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1.1.2 Particles > 0.1 )

The preceding scattering model,that of an array of elemental
dipoles, works well for particles of molecular dimensions, regardless
of shape, but assumes the particle is optically isotropic.

However, as the linear dimensions of the scatterer increase above
v 0.1 A (i.e., v 50 nm), the distribution of scattered intensity
departs from the 1 + cos2p description. This arises due to the signi-
ficant phase differences which exist between the oscillating electrons
in different regions of the particle.

The geometry of the particle then becomes important and it is
necessary to add both the phases and the intensities of waves scattered
from its various elements.

The problem falls into two general classifications:

(a) particles with refractive index n close to that of the
medium ngy (n>ng)
(b) particles of refractive index substantially different

from that of the medium.

In case (a) where n®ng, the problem merely involves summing the
phase relationships from independent dipole oscillators over the particle
volume, although the integration is complex for other than simple geo-
metrical forms. Rayleigh (1910) solved the simplest case, that of
spheres of arbitrary size.

However, in case (b) where n differs appreciably from ng the
particle must be considered as having higher order electric moments
‘since the electric field amplitude is not uniform throughout the particle
and internal phase changes may be large.

Mie (1908) produced an elegant solution for the case of spheres
having radii >X and of large refractive increment. Using spherical

harmonics, the intensity was expressed as the sum of a series representing



19.

the contributions from a complete set of induced electric multipoles
and the refractive index and particle size appear in the coefficients
of the series. The technique was to expand the incident plane wave,
the scattered field and the field inside the sphere, in terms of
electric and magnetic spherical waves. The boundary conditions at the
surface of the sphere eliminate consideration of the coefficients of
the internal field. The solution is exact and in the limiting case of
very small spheres having n - no,the Mie series reduces to the single
dipole texrm of equation 1l.1l. An increased refractive index at large
particle sizes implicates higher order multipoles and computations of
the Mie series show that scattering increases significantly in the
forward direction with increasing dimensions. This effect is evident
in fig. 1-2 which shows the angular distribution of scattered intensity
as calculated from the Mie series, for spheres dimensionally both much

smaller than and comparable to the wavelength of the incident light.

x|l

IV’ Ih
normalised

d=60nm —
— . —" 05
FORWARD LOBE

A =6328 nm

Fig. 1-2. BAngular distributions of total scattered intensity for
spheres of diameter 500nm and 60nm when illuminated by
a beam of wavelength 632.8nm (calculated from the Mie
series).
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The substantial increase in forward scattering for larger spheres
is clearly evident, the ratio of forward/backward intensities being 1.18
for spheres of 60um diameter but 4.0 for spheres of 500nm diameter.

The solutions given by the Mie theory are exact and departure of
experimental results from the theoretical predictions may be used as
an indicator of sphericity for the scatterers or of their optical
anisotropy. Blau, McCleese and Watson (1970) reported experimental
measurements of the angular intensity distribqtion (at optical wave-
lengths) for spherical scatterers in the diameter range 7.5um - 110um

and obtained excellent agreement with the Mie theory.

1.1.3 Polarisation

The small (<<}) optically isotropic dipole element generates a
scattered field which is completely plane polarised at a scattering
angle of 90°, regardless of whether the incident beam is polarised or
unpolarised. If however the polarisability of the element or particle
is anisotropic, the scattered field at 6 = 90° will not be completely
polarised, and the degree of depolarisation gives a measure of the
optical asymmetry. Large particles (#)), even if optically isotropic,
also give depolarisation at 68 = 90° due to the increased significance of
higher order multipoles which introduce localised non-linear polarisabi-

lities.

1.1.4 Large Particles (£>))

When the scattering particle is significantly larger than the
wavelength, a number of interacting effects may occur, in particular
diffraction, refraction, reflection and interference. The scattered
intensity distribution in this case, particularly where 2>>X, may be
approximated by summing a set of rays passing through the particle

(Van de Hulst, 1957). This approach requires that the refractive
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increment be large and it can be shown that the Mie formulae asympto-
tically approach a localised ray model for 2>>).

Summing the intensity at a point over a set of rays traversing the
particle still requires, as in the Rayleigh approach, that the phases
be added, although in many situations, even for very large particles,
the phase effects may average out.

In addition, absorption of the incident and scattered fields may
become important, particularly where the pathlengths are long. For
scatterers in this multi-wavelength size domain, diffraction becomes
important and in fact the large forward scattering lobe of fig. 1-2
(d = 500nm) essentially represents the diffraction pattern.

Van de Hulst points out that each Mie coefficient can be separated
into two terms, one depending on the nature of the particle and the
other independent of it. When the scatterer is large these two compon-
ents may be usefully separated, one giving the Fraunhofer diffraction
around the particle (and independent of its optical composition) and
the other the scattering by reflection and refraction.

Diffraction in the forward direction peaks rapidly as the particle
diameter moves into the multiple wavelength range. Fig. 1-3 for example,
shows the angular width of the diffraction peak for particles of circular
cross-section as a function of diameter and provides a perspective of
the magnitude of the diffraction effect which will be useful in consider-
ing the light scattering from spermatozoa at a later stage.

The bull spermatozoon head, when oriented so as to give a maximum
characteristic dimension of 8um generates a diffraction peak half-
width in the range 2° - 3°. When oriented edge-on to the incident beam
the characteristic dimension shrinks to ~ lum and the peak half-width

broadens to > 20°.



22.

Ul
o
J

=~
()
|

N
o
]

—
o
]

DIFF. PEAK WIDTH (deg)
S
1

(&

T T I 1
0 10 20 30 40 50

PARTICLE DIAMETER (um)

Fig. 1-3. Angular width of the principal diffraction lobe
for a spherical particle as a function of diameter

(A = 632.8nm)

1.1.5 Rayleigh-Gans Scattering

A special case which is particularly appropriate for biological

cells arises when

(a) the refractive increment for the particle is small
|n-no| << 1 (1.4)
and (b) the phase shift within the particle is small
i.e., (472/2) |n-no| << 1 (1.5)

where £ is a characteristic linear dimension of the particle.

While (1.5) is a restriction on the particle size, the actual size
range which meets these criteria depends on the refractive increment.
That is,

2 << A/4m|n - ng (1.6)

Particles meeting these criteria can be considered weak scatterers



and the scattering may be modelled on the basis of a modification of
the simple Rayleigh Theory discussed in section 1.1.1 being commonly
referred to as Rayleigh-Gans scattering.

The intensity in this case is expressed as the Rayleigh limit for
a small scatterer (<<)) multiplied by a form factor which takes account

of the distribution of phases throughout the volume V of the particle,

i.e.,
2 b4y2 -
i = Io{l + cos“6} K'V4 (n-ng) |P |
2 x4 2w (6,9) (1.7)
1 ié

where P = = |2 av 1.8

(8,¥) vj (1-8)
and § = k . r is the phase difference between waves
scattered from two regions of the particle defined by the
displacement vector r,and 6 and y define the particle orientation.

I, = 1intensity of the incident beam
and K = 2m/A
The factor P(e ) is a volume integral over the particle which

for many regular geometries is readily evaluated.
An important result of significance in later discussions is that
for 6—>O,|P(e l‘})|-> 1 and the simple Rayleigh scattering model of
’

equation (1.3) applies.

1.1.6 Applications of Rayleigh-Gans Scattering

This particular scattering model has been extensively applied and
has proved useful for biological cells such as bacteria. Bacteria are
generally >A in size and due to their 70-80% hydration have a refractive
index comparable to that for water. Wyatt (1972a) refers to Staph.

aureus as having a radius of 477 nm and a refractive index of ~ 1.4.
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On the basis of the Rayleigh-Gans criteria for such cells immersed

in water;

n - ny = 0.067 complying with relation (1.4)
but (4m2/A) |n - ng| = 1.3 (A = 632.8nm)

These values fail to satisfy the requirements of relation 1.5 and although
the bacterial cells do not therefore comply with the Rayleigh-Gans criteria,
the theory has still been found sufficient to give a reasonable description
of the static scattering characteristics. The range of experimental
parameters over which a scattering description is required (e.g., scatter-
ing angle), is an important consideration. An adequate scattering model
may well be provided by the Rayleigh-Gans method over a limited range of
parameters, even though the particle or cell does not comply fully with

the approximation criteria.

The foregoing discussion of light scattering in terms of particle
size is relevant to a wide range of applications ranging from molecular
scattering through to colloidal particles and aerosols whose dimensions
may range up to the sub-millimeter region.

The general objective of such applications is to characterise those
physical features of the scatterers such as size, refractive index and
conformation, in terms of the light scattering measurements. The angular
distribution of scattered intensity for the two scattering planes, some-
times at different wavelengths, and the degree of depolarisation, enable
these physical attributes of the scatterers to be characterised in a
semi-quantitative fashion.

Such applications are generally known as Differential Light Scatter-
ing (DLS), an excellent review of which is given by Wyatt (1973).
Applications of DLS to bacterial cells have been widely discussed by

Wyatt and it appears that the Rayleigh-Gans scattering model provides
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an adequate basis for understanding the angular distribution of
light scattered from such cells.

As an example of such measurements on bacteria, and in view of
forthcoming discussions of the dynamics of motile bacteria, fig. 1-4

shows typical DLS results for a sample of Escherichia coli suspended

in water.

RCLATIVE INTENSITY

40° 0w 83 100° 120" 140”
SCATTERING ANGLE

Fig. 1-4. DLS data showing the horizontal angular distribution
of intensity for E. coli for a vertically polarised

incident beam at A = 632.8nm, (Wyatt, 1973).

Changes in cell conformation as produced by bacteriocidal agents, heat
treatment or growth conditions, result in changes in the fine structure
of these distributions; that is,changes in the secondary peak amplitudes

and locations.

1.1.7 Conclusions
The preceding discussion has outlined the basic concept of static

light scattering from particles when the average intensity and
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polarisation of the scattered field is related to the particle size
and geometry.

However in this thesis we are primarily concerned with the study
of the motion of moving scatterers (self-motile micro-organisms) by
measuring time dependent attributes of the scattered field - i.e., so
called dynamic light scattering. Nevertheless, we do need to consider
the implications for dynamic light scattering of the static scattering
characteristics, and the following points arising out of the discussion

in section 1.1 are noted for possible future reference:

(1) Time dependent changes in the scattered field intensity
will occur for asymmetric scatterers when the scatterer
reorients and the scattering cross-section changes.

(2) Such orientation effects will become more apparent with
increasing particle size and similarly will vanish as the
particle becomes very small relative to the wavelength.

(3) Optical anisotropy will generate orientational scattering
effects regardless of particle size and will give depolar-
isation of the light scattered at 90°.

(4) Scattering from large particles (>A) (e.g., spermatozoa) is
largely in the forward direction and may be considered as
a combination of a diffraction field together with a field
scattered from the structures of the cell. The diffraction
lobe becomes of relatively small angular width (<10°) for
particles having diameters of more than a few wavelengths.

(5) 1In studying small angle (forward) scattering from large
particles, polarisation of the incident beam will not be
important since the forward scattered intensity is very
similar for all planes of polarisation. Even at large

scattering angles (45+90°) where plane polarisation of the
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scattered light is most likely, depolarisation arising

from optical anisotropy and particle size, is likely to
occur. For a plane polarised incident beam, a depolarised
scattered field may arise depending on the anisotropy of the
polarisability tensor.

(6) Since a bull spermatozoon has a highly irregular geometrical
form (section 2.4), the question arises as to the relative
contributions to the scattered light arising from its two
principal components, the head and the flagellum. In terms
of the dimensional effects discussed in section 1.1 it seems
likely that at small forward scattering angles, the scattered
field will be generated largely by the head structure whereas
with increasing scattering angle the field scattered by the
long (50um) thin (v0.5um) flagellum will contribute to a

greater but indeterminate extent.

[
[\

Kinetics of Scattering Systems by light beating spectroscopy

The studies of spermatozoa motility to be discussed in this thesis
were based on a technique which only recently became experimentally
feasible with the development of laser technology. The technique
allows quantitative and absolute measurements of the motion of a
microscopic particle by measuring the relatively small Doppler shift
which the motion generates in the scattered light as seen by a station-
ary detector. Since for velocities of tens or hundreds of microns/sec.
the Doppler shifts are very small, an extremely high spectroscopic
resolution (nv1013) is required. This has been achieved by light beating
methods which, in principle, are exactly the same as those used in
radio frequency technology for many years.

The high intrinsic brightness of the laser beam and its very small

line width have made light beating methods experimentally simple and
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have so provided a window into a region previously inaccessible to
optical spectroscopy.

High performance scanning Fabry-Perot interferometers had
realised a spectroscopic resolution limit of v108 (Yeh and Keeler (1969)
reported an instrumental resolution of 15 MHz) which fell short by
orders of magnitude, of the performance required to study line shifts
or widths in the region below 10°Hz. Laser line widths of less than
1Hz have recently made this spectroscopic domain accessible with
relatively simple equipment through the use of the light beating
technique.

The general principle is that of combining light fields which
differ in frequency due to Doppler shifts, in a non-~linear photo-
detector such that beats between the Doppler components appear as
photocurrent fluctuations. In fact, for very small beat frequencies,
the coherence and brightness of a laser source actually enables the
beats to be observed visually in the scattered field.

Therefore, we have a light scattering technique which gives
information not primarily on the size and structure of the scatterer
as that discussed in section 1.1, but on the dynamics of the particle.
The gquestion, arises however, as to what extent the two types of light
scattering technique overlap. Do the static scattering characteristics
of a particle affect the dynamical information accessible by the Doppler
beating technique?

Answering this question will prove to be the major concern in

later chapters of this thesis.

1.2.1 Measuring the temporal features of the Scattered Field

Consider an assembly of particles illuminated by a coherent plane
polarised monochromatic beam of constant intensity, having the electric

vector in the vertical plane.
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The total scattered field Es(t) at a detector located in the
far field is
ik .ri(t) -iwe .t

Es (t) = E Ai(t) e e (1.9)

where Es defines the scattering geometry and is known as the

scattering vector (see fig. 1-5).

~ ~

ks = ki - kf

and |E |
s

{4wnosin(0/2)}/ko (1.10)

ri(t) is the position vector of ith scatterer w, and A, are the frequency
and wavelength respectively of the incident field and 6 is the scattering
angle as defined in fig. 1-5 and lies in the scattering plane defined by

the incident beam and the scattered wave (XZ plane).

ma
°

BEAM

det

Fig. 1-5. Geometry of the light scattering system.
Generally lkfl = |ki|

Equation 1.9 relates to the vertically polarised scattered field
which arises from the polarisation of the incident beam (in the 2Y plane).
An identical equation, however, may be written for any depolarised

scattered field (ﬁ lying in the 2ZX plane in the case of fig. 1-5) which
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may be generated by optical anisotropy within the scatterer. In the
case of spermatozoa the level of depolarisation is quite small and we
shall not therefore consider this field component, although further
reference will be made to it in the literature discussion of section
1.5.

The term Ai ) in relation 1.9 is the scattered field amplitude for

(t
the ith scatterer and it is noted at this early stage, particularly in
view of the previous discussion in section 1.1, that this may be time
dependent for larger particles if the orientation changes.

The scattered field Es is an observable and information regarding

(t)
movements of the scatterer is contained in the time dependence of the
phase relationships of the scattered field. This temporal .information
may be extracted by determining the time averaged autocorrelation function
G(l)(T) for the optical field;

¢ (tr) = <E;(t).Es(t+‘r)> (1.11)

(1) (t)

For any assembly of point scatterers having known dynamics, G
may be calculated directly from the time dependence of gi(t)' (using
equation 1.9). However, experimentally we can only measure the second

order correlation, the intensity autocorrelation function, by analysing

the photodetector output current I(t).

ie. P = 1) LT+ (1.12)
* * 0 (1.13
= <E (t) . E_(£)E_(t+1)E_(t+ > .13)

and G(2)(T) is related to G(l)(r) by a relation which depends on

the mode of the light beating detection system.
An extremely important point to consider here, is that while the
. . (1) (2)
dynamics of the scatterers uniquely determine G (1) and hence G (t),

the converse is not necessarily true. Measuring the temporal field

autocorrelation at a single point in the scattered field; cannot give
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a unique set of dynamical variables which characterise the motion

of the scattering system. This highly significant point will be
further considered in relation to the light scattering applications
reviewed in sections 1.3 and 1.4 and the subsequent results of chapter
5.

However, if the scatterer motions conform to some defined dynamical
model, then the temporal information contained in the autocorrelation
function of the scattered field at a point enable some of the para-
meters of that model to be determined.

An example is Brownian motion of microscopic scatterers wherein
the particles conform to a known and specifiable dynamical model and
autocorrelation of the scattered field thus enables the diffusion
constant to be determined. If the scattered field is a stationary
Gaussian random process, G(l) and G(2) are related by the Siegert

relation (Glauber, 1963).

(2)

g (1) = Ig(l)

(m|?+ 1 (1.14)

(1)

where g (t) and g(z)

(1) are the normalised first and second order

autocorrelation functions respectively.

This relationship requires that the field at the detector be the
result of a large number of statistically independent contributions.

(2)

By measuring g (t) we can therefore obtain access to the kinetic
information contained in the phase relationships between the components
of the scattered field. In this case I(t) represents a summation over
all the mutual beats between the individual Doppler components in the
scattered field and the process is termed homodyne detection. In
simpler terms I(t) (ignoring detector noise) results from the relative
motions of the system of scatterers.

A further approach to examining the scattered field is to coherently

combine it at the detector with a reference field, usually derived from
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the same laser source.

The system is analogous to the radio-fregquency mixing method where a
selected local oscillator frequency is combined with the incoming signal.

In the light scattering case it may be shown (for example,Jakeman,

1974) that;

|9(2)(T)| = ¢ (| (1.15)

and the first order correlation function of the scattered field may be
measured directly.

This process is logically known as optical heterodyne detection
and allows absolute translational speeds to be measured for the system
of scatterers by way of their Doppler shifts.

(1)

Transformation from the time domain g (t) to a frequency domain
description of the scattered field, is via the Fourier transformation

and the optical spectrum of the scattered field is thus given by;

I(w) = %ﬁIG(l) (1) e "tar (1.16)

where I(w) is the scattered intensity at beat frequency w.

Experimentally therefore, determination of either the autocorrelation
function or the power spectrum of the detected photocurrent, will give the
distribution of Doppler shifts in the scattered field and hence allow
information on the dynamics of the scattering system to be obtained.

As previously discussed, to acquire any physically meaningful
information on the motion of the scatterers, a dynamical model is required.
The detection system sees Doppler shifts Aw of magnitude Iis.QI (refer
fig. 1-6).

That is, Aw = + (4mn/X,) |v| cosy sin(6/2)

Taking a typical velocity relevant to the motion of spermatozoa,
say |§| = 100um/s with the velocity at an angle ¥ = 45° to the scattering
vector, then for a scattering angle 8 = 10°, and Ao = 488nm the Doppler

Shift is 34Hz, (n is the refractive index of the scattering medium).
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Fig. 1-6. Geometry for calculation of Doppler Shift in
the scattered field k_.

f

It is clear that there exists an infinite set of velocities all
of which will give the same velocity component along Es and hence the
same spectral information in the scattered field. Therefore, when
observed at a single point, the scattered field gives information regard-
ing only one degree of freedom of the scatterer's motion. If, however,
the dynamical model is known, the phase information in the scattered
optical field may be used to quantify, to some extent, its kinetic para-
meters.

In the case of Brownian diffusing particles, the model is a simple
one, and light scattering has been highly successful in measuring the
diffusion coefficient, the most important parameter associated with the
motion (see,for example,Berne and Pecora, 1976). Similarly,electrophore-
tic or flow induced motion of scatterers along the same translational
vector, is another dynamical model which has been conveniently studied
by light beating methods, (e.g., Pike, 1970; Uzgiris, 1972; Harvey, Wallg

and Woolford, 1976).
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The more complex case of an isotropic distribution of translational
velocities may also be characterised in terms of the distribution of
velocity components along the scattering vector (Nossal, 1971) although
any departure from an isotropic distribution becomes exceedingly
difficult.
The discussion to this point has concerned the phase content of
the scattered field arising from motion of the scattering particle.
There is also, however, the question of the static scattering parameters
of individual particles, a background discussion on this question having
been given in section 1.1. The particle size, wavelength, refractive
increment and scattering angle all affect the amplitude of the scattered
field at the detector. 1In terms of our primary interest in the temporal
features of the scattered field for spermatozoa, these factors are
unimportant unless one of them creates a time dependence in the amplitude.
The factor of greatest concern in this respect is the particle geometry
since the effective scattering cross-section may change if the particle
undergoes a reorientation. In this situation, the field autocorrelation
function may be expressed as the product of a phase component and an
amplitude component. (Cummins, Carlson, Herbert and Woods, 1969) .
For an assembly of N identical particles;
. -1 k_.r(t) i k_.r(t+1)
cM ) =n@ (1) Asd e 5 e ° > @am
The term A*(t) A(t+T) arises then from changes in the scattered amplitude
resulting from reorientation while the phase component ;

-i k_.r(t) i k_.r(t+1)
S S > is generated by changes in the

(e e

particle position.

For point scatterers (<<}) A(t) = constant.
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However, for particles in the region >\ the amplitude term will
contribute to the autocorrelation function of the field if the
conformation is anisotropic, and further confound the interpretation
of the scattered field in terms of the dynamical parameters. It
becomes necessary therefore to have two models, a dynamical model and
a conformational scattering model.

Extensive theoretical consideration has been given to the effects
of particle shape on the light beating spectrum, largely within the
context of diffusion measurements on macromolecules and virus particles.
Pecora (1968), Cummins et al.(1969) for example, considered the case of
diffusing rigid rod-shaped scatterers, a conformation very relevant to
macromolecules and biological cells. They computed the total spectrum
for such scatterers undergoing simultaneous translational and rotational
diffusion and showed that it comprised a series of Lorentzians.

The first term in the series corresponded to the spectrum expected
for spheres and successive terms represented the contributions from
higher order modes arising from the asymmetry of the particle. The
important point was that at small scattering angles when using samples
of Tobacco Mosaic Virus (TMV), which has an axial ratio of 17:1, the
higher order terms vanished although the maximum linear dimension was
only 0.3um (v0.5)). At larger scattering angles, samples of TMV gave
light scattering spectra which were best fitted by two Lorentzians.

In general, the question of small asymmetric scatterers has been
comprehensively treated and no further discussion is necessary at this
stage. Berne and Pecora (1976) give an excellent and comprehensive
summary of the problem as it applies to macromolecules. It is, however,
appropriate to now become more specific and continue the discussion
within the context of those types of scatterers with which we are

primarily concerned, motile micro-organisms.
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Applications of Light Beating Spectroscopy (IBS) to

Motile Bacteria

A discussion of bacterial motility, as measured by laser light
beating methods, is worthwhile and relevant since it gives a perspective
of the particle size considerations and it is very close to the sperm-
atozoa application with which we are concerned.

Use of the LBS method in quantifying the dynamics of motile micro-
organisms appears an effective answer to a long-standing biophysical
problem. In principle, not only can the swimming speed distribution be
measured, but it can be followed in close to real time, in marked contrast
to other techniques which require hours of photographic analysis or data
collection/analysis. A further advantage is that data may be collected
from a large population of cells over a short timescale (minutes). That
is, a speed distribution determined over a period of a few minutes may
result from the motion of thousands of cells. Alternatively, by using
appropriate dimensions and scattering geometry, dynamical information may
also be obtained on the swimming motions of individual cells. The

potential of the method therefore appears to be very great.

1.3.1 Conformation and Swimming Motions

The interpretation of light beating data requires both a realistic
scattering model for the cell and a model of its swimming motions.

Bacteria are not always spherical in shape. This is certainly the
case for many motile bacteria which tend to be rod-shaped or ellipsoidal,
often having an axial ratio of 5 or more. The axial dimension ranges of
E. coli for example, which is approximately rod-shaped, are length lum -
4um and diameter O.4um - O.7um (Wyatt, 1958).

The most commonly observed axial dimensions of E. coli appear to be
3.0um length and 0.54um diameter, being of prolate spheroidal conform-

ation. The refractive index has been measured as 1.4 in the cell wall
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(thickness 0.0lum) and 1.35 in the cell interior. The flagella are
generally short and of very small diameter (0.015um) their contribution
to the scattered light being justifiably neglected.

The dynamical model, however, is not generally characteristic or
easily specified since the motion involves translation, internal
motions during translation and frequent stops, 'twiddles' and reorient-
ations which result in directional changes. Berg and Brown (1972)
carried out a unique study of the motions of various strains of E. coli,
using a tracking microscope (Berg, 1972) which followed the coordinates
of individual cells in three dimensions. They analysed the motion of
individual cells as being a random walk process, with a directional bias
if the population as a whole was undergoing a displacement (as in chemo-
taxis). That is, individual cells move some randomly varying distance
in a straight line, pause and reorient through a variable semi-random
angle, then move off in a new direction, all at some characteristic speed
which varies between cells. Keller and Segel (1971) discussed a one-
dimensional step model of such bacterial motion. Other studies by Boon
(1975) reviewed and evaluated the various dynamical models and their
application to the chemotactic phenomena exhibited by bacteria. The
point was made that the theoretical models while helpful, were simplistic
in relation to the experimentally observed behaviour.

The three dimensional motion of a large number of random walk cells

in the absence of chemotaxis is described by Roberts, {1974) .
L = uvn (1.18)

where n is the concentration of cells and u is a motility coefficient.
The parameter u (the motility coefficient) is analogous to the diffusion

coefficient (Keller and Segel, 1971) and for motion in three dimensions

u o= A%2/6T = u’1/6 (1.19)
where ) is the mean straight line path (i.e., we may refer to this as

the distance over which the motion is correlated). Hence T is the
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mean time between reorientations and u is the mean swimming speed.

twiddle
point

U

Fig. 1-7.

Swimming model for motile bacteria.

Initial and
final velocity vectors are u and v, respectively.
(Roberts, 1974).

The change in motion at each reorientation involves six degrees of

freedom and following Roberts (1974), it can be shown that if the

cell delays for a time St during orientation,

_ u?(T-8t) 2 (1+Cosh)
LA 6T (1-CosH)

(1.19)
where 6 is the mean angle of reorientation as defined in fig. 1-7.

The value of 6 has been considered not to be a random variable,
the random directional component arising largely from a random selection

of azimuthal angle a (fig. 1-7).

Typical values for these various kinetic parameters, as ascertained

from the experiments of Berg and Brown, are given in Table 1-1, for

illustrative purposes and may later be compared with the information on

spermatozoan dynamics given in chapter 5.
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Bacterial Strain AW405 Unc 602 Che C497
(wild type) (uncoordinated) (non-chemotactic)

Number bacteria

tracked 35 10 14
Tracking time (min) 20 3.0 2.7

u (um/s) 14 + 3 14 + 3 20+ 5

6 (degrees) 68 + 36 74 + 33 33 + 15

T (s) 1.0 + 1.4 0.56 + 0.51 6.4 + 5.4

§t (s) 0.14 + 0.19 0.14 + 0.24 0.10 + 0.13

Table 1-1. Kinetic parameters for various strains of E. coli

(Berg and Brown, 1972).

The mobility coefficient p was found to vary widely both between
individual cells and between populations of cells such as to make the
parameter quite meaningless. From a light scattering viewpoint,
complications also arise from wobbling motions of cells during the
'straight-line' translation phase, and these were analysed by Boon, Nossal
and Chen (1974). Of particular interest for light beating experiments
is T, the time over which the motion remains correlated since this must
must be greater than the characteristic decay time of the autocorrelation

function if a measure of swimming speed is to be obtained.

1.3.2 Light Scattering Studies of Bacterial Dynamics

On the basis of the simple bacterial model discussed in section
1.3.1 it is apparent that extracting meaningful dynamical parameters
from light beating measurements is not a trivial problem. It represents
a different situation again from that of large asymmetric molecules
undergoing a combination of translational and rotational diffusion.
Nossal (1971) presented a theoretical investigation of the light scatter-
ing spectra to be expected from motile microorganisms having various
swimming speed distributions. He pointed out that where the swimming

motions are correlated over times which are long compared with the
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autocorrelation decay time, (a reasonable assumption for motile

bacteria ) the light scattering spectrum gives the reduced distribution

function P of directed velocities.

2
that is S, . = “ll—zf—l—-PqK'—“’mp (1.20)
(k,W) lkl ]‘;

where N is the number of contributing scatterers and A is a
scattering amplitude factor.

Here, no time dependence in the amplitude A was considered and in
fact Nossal, Chen and Lai (1971), and Nossal and Chen (1972b) when
reporting the first experimental results for motile bacteria (E. coli
K)p) based their interpretations on a point scatterer model.

For an isotropic velocity distribution among independently moving
point scatterers, the swimming speed probability distribution Ps(v)
can be shown to be related to the normalised field autocorrelation

function via the relationship (Nossal and Chen, 1972a).

o

(fc,t)l = %%g;—;’t) Ps(v)dv (1.21)

lg(l)

°

Taking the Fourier sine transform;
oo

p(v) = sin(kvt) [kt|g ™) (&, ¢) | Jaxe) (1.22)

(-]
where k is the scattering vector and v the translational velocity.

In the experimental results, validation of the point scatterer and
isotropic velocity assumptions, which are implicit in equation 1.21,
rested with the observed kt scaling of the autocorrelation function with
scattering angle over the range 20° - 70°. Here, relating back to the
discussions of 1.1.2, we have an assumed dynamical model combined with
the most elementary scattering model and the interpretation of the light
scattering results can only be in terms of this model. The validity of

these assumptions is therefore extremely important.
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Fig. 1-8 gives the swimming speed distribution Ps(v) obtained by
Nossal and Chen (1972a) using equation 1.22, and shows a significant

departure from a Maxwellian.

320
280
240
200
160

120

[+ 3
(]

EY
(o]

SWIMMING SPEED DISTRIBUTION (arbitrary units)

O 10 20 30 40 50 60 70 80 90
SWIMMING SPEED Vs, um/s

Fig. 1-8. Swimming speed distribution obtained by using
equation 1.22 on light scattering data from
motile E. coli (Kjj) bacteria.

(Nossal et al., 1971).

A further assumption made in this experimental work was that the
individual scatterers were independently motile and this was validated
by the observation that no changes in the autocorrelation data occurred
when the bacterial concentration was changed. Superimposed plots of
the autocorrelation functions scaled as kt are shown in fig. 1-9 and
clearly demonstrate that for these samples of bacteria, kt scaling was
obtained.

Nossal and Chen (1972a) showed that E. coli cells, when rendered
non-motile, behaved approximately as large Brownian scatterers. The
autocorrelation functions departed slightly from the exponential form

to be expected for point scatterers undergoing Brownian motion but the
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Fig. 1-9. Correlation functions for motile E. coli (kjs)
bacteria plotted as a function of kt.

(Nossal et al., 1971).

difference was attributed to heterogeneous elements in the sample and
possibly rotational effects. The diffusion coefficient was computed
from these results to be 5 x 10“9 cmz/s with the hydrodynamic radius of
the equivalent sphere being 0.5um.

Further, consideration was also given to mixed populations of
motile and non-motile scatterers which were expected to give a spectrum

of the form;

- . )
|g(l) k,t)| = alg(;) k,t)| + (1-a) oKDt (1.23)

where D is the diffusion coefficient, o is the fraction of the
field autocorrelation amplitude arising from the motile cells, g(i)(i,t)
is the autocorrelation function of the motile fraction and the second
term represents the Brownian-like contribution from the non-motile cells.
Attention was also drawn to the need to fit and subtract the non-motile
component so as to obtain the pure motile component. In addition it was
suggested that the fraction motile cells (a) could be determined by sub-

tracting autocorrelation functions taken at different scattering angles

(67 = 20°,6, = 40°) (motile component vanishes due to kt scaling) .
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2 2
~k1Dt -k,Dt

)(ﬂ,t) = (1-a)[e - e ] (1.24)

i.e., Ag(l

and determining the peak value of AI max.

This allows o to be calculated from;

L) (1-a) [k_K178K) K

= (kz/Ak)]
ax r r

Agé (1.25)

where kr = ko/k3 Ak = k3 - ks

This technique is interesting to compare with methods to be
described in chapter 4 for finding o in the case of spermatozoa where
direct use is made of equation 1.23. The need to use this autocorre-
lation subtraction technigue which is based on the different scaling
properties for the motile and non-motile compbnents, would appear to
lie in the overlapping autocorrelation timescales for the two components.
Any significant overlap would make it difficult to achieve an independent
fit of one or other component.

Nossal and Chen in the same paper also gave autocorrelation functions
generated by chemotactic behaviour. When a chemical gradient was
established in the sample parallel to the scattering plane (XY plane
in fig. 1-5), a periodic component appeared in the autocorrelation
function. The periodic feature vanished when the gradient was perpendi-
cular to the scattering plane, suggesting that the oscillation was
generated by a general drift of cells along the gradient.

While these early experiments looked extremely promising, the
assumption of a constant scattering amplitude seemed a little suspect,
as Cummins (1973) pointed out, since the cells had dimensions of the
order ), were of asymmetric conformation and tended to wiggle while
swimming. The relative importance of shape and wiggle during trans-
lation would probably vary significantly between strains as the data

of table 1-1 indicate.
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Boon, Nossal and Chen (1974) and, Berne and Nossal (1974),
pursued this aspect of the problem at some length by calculating the
expected light beating spectrum for motile rod-shaped scatterers of
finite length but negligible width. Boon, et al., (1974), drew atten-
tion to the possibility that the bacterial cell may be optically
heterogeneous and due to scattering from internal structures may be
optically much smaller than the physical dimensions suggest. This
situation may have given the reasonable approximation to a point
scatterer scaling behaviour which Nossal and Chen observed.

This possibility was consistent with internal structures evident
in microscopic observations and Boon et al., (1974) therefore in a
detailed analysis, calculated the autocorrelation functions to be expected
for a dumbbell-like model comprising two separated but relatively fixed
point scatterers.

For a swimming speed distribution of Gaussian form the intensity
autocorrelation function for dumbbell scatterers translating with their

axes parallel to 9, was derived to be;

-1 @
Lo = Comwy * [1 * Jo(kd)] lanw I KD <J2n(K"t’> (1.26)

where 4 = point scatterer spacing.
When planar wiggling motions were imposed simultaneous with the

translation, the correlation function was expressed as;

w
- - K,t 1.27
Lo o = (T £ (1.27)
w
where £7(k,t) = [1 + 27 (k) + {3 (x8a) 1/[2 + 20 (x)] (1.28)
and 8 = 2 sin [%(a(t) - a(o))] expresses the nature of the wiggle,

o being the instantaneous inclination of the dumbbell axis to the

direction of translation.
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Taking o = A sinW t
9 %r) o

Boon et al., derived the 'wiggle factor' as;

£70c,t) = [1+ 29 (k) + J_(2kd sin [%a sinw_tD] /201 + 3_ (k)] (1.29)

Intensity autocorrelation functions computed using equation 1.29 are

shown for the same range of scattering angles for two sets of model

parameters in fig. 1-10.

I(kt)

e} i 1 ; 1 | ) | ;
] 1000 2000

kt (s—cm-1)

Fig. 1-10. Normalised intensity autocorrelation functions
for motile 2-point dumbbell scatters at various

scattering angles for a Gaussian speed distribution.

= - g2l 215= _ o
(a) d = 1.5um vwiggle Ss*, v lSum/s,OLmax = 30

-1
(b) same parameters but v_, = 10s
wiggle

(Boon et al., 1974).
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These curves may be compared with those obtained for real samples of

E. coli Kjp bacteria and shown in fig. 1-11.

1(k,t)
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Fig. 1-11. Normalised intensity autocorrelation functions
taken at various scattering angles (34° - 84°) for
a sample of E. coli Kjs in which wiggle motion had
been enhanced by adding 7% Glycerol. Visual

estimates suggested v ., = 2-3 s ! and o = 30°.
wiggle max

(Boon, et al., 1973).

The general scattering angle dependence of these results is
consistent with the calculated curves of fig. 1-10(a) and the following
conclusions may be drawn from both the calculated and theoretical
results;

(1) When K >0 (i.e., experimentally when 6 is small) the wobble

factor £7>1 and the correlation function arises from trans-~

lation only.
(2) At large scattering angles the functions also scale as Kt

although the decay time has been decreased by the presence

of the wiggle factor.
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(3) At intermediate scattering angles, substantial departure

from Kt scaling occurs due to wiggle motion.

In looking back over these two early sets of experiments we find
that the characteristic half-widths for Nossal's experimental data of
fig. 1-9 are all of order Iit] = 400 s-cm™! whereas those for the Boon,
et al., data (fig. 1-11) appear to range from 830 s-cm-1 up to an
estimated 1300-1400 s—cm-1 over the same scattering angle range. If we
assume that both experiments were carried out using the same wavelengtl,
then since Kt scaling was observed in Nossal's data over the same
angular range as that of fig. 1-11, it seems likely that the organisms
used had a more vigorous mode of translation as opposed to wiggling or
other internal motions.

The modelling component in the interpretation of light scattering
data is therefore the key to physically useful applications of the
method. Considerable exploration of the model parameters, as in the
case of Boon, et al., who essentially carried out a sensitivity analysis
of a particular model (for scattering angle), is required to improve
insight into the dynamical interpretation of the scattered light field.

Stock and Carlson (1974) refined the conformation model further by
applying the Rayleigh-Gans approximation to rod and ellipsoidal shaped

scatterers of bacterial dimensions.

~ o~

ik.r(t)
ie., A, =AYV . 1/v e av (1.30)
v

where A is the time dependent form factor of a particle of volume V

(t)

~

the motion of which is defined by the time dependence of r(t) for
individual elements.
Their results are probably best discussed here in graphical form, the

principal objective of the study being to examine the effect of a

correlation between the cell orientation and its direction of translation,
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The simple case of spheroids translating without wiggle having their
major axis oriented along the translation vector is shown in fig. 1-12

as a function of scattering angle, for a mean swimming speed of

lvs| = 20um/s. 1.0

o 5 w0 156
kt (s-cm™')
Fig. 1-12. Calculated autocorrelation functions at various

5 20 2.5x10°

scattering angles for spheroids of axes 1l.5um x 0.3um
translating without wiggle with their major axes
aligned along the translation vector.

(Stock and Carlson, 1974).

The departure from Kt scaling becomes very significant for
scattering angles 6 > 10° and it is also apparent that for 6 - 0° the auto-
correlation function approaches that for a point scatterer (solid line
in fig. 1-12) and the spectrum is determined solely by the translational
motion.

A further extension of the model involved allowing the major axis

of the spheroid to assume a Gaussian distribution of angles about the

translation vector with o = i_2o°and it is apparent that the departure

from Kt scaling is substantially less than in the simple case of

fig. 1-12.
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major axis alignments peaked along the direction

20um/s.
(Stock and Carlson, 1974).

of translation. vS =

The effect of allowing the rod axes to be uncorrelated with the

translation vector and to oscillate at a frequency of 10Hz and

amplitude ¢ = 30° was also investigated.

These data are given in

fig. 1-14 but unfortunately the physical and dynamical parameters of

the model differ from those of figs. 1-12 and 1-13 (in this case the

model is that of rods of length 2.5um with Ve =

10um/s).
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(Stock and Carlson, 1974).

In this case the large angle decay time becomes shorter than for
the spherical case although the absolute value of the mean swimming
speed has been halved.

Finally, Stock and Carlson (1974) present experimental autocorrela-
tion functions for Salmonella typhimurium at various scattering angles.
This data (fig. 1-15) exhibits a similar angle dependence to that of

fig. 1-14.
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Fig. 1-15. Autocorrelation functions for Salmonella
typhimurium for scattering angles 3° - 61°

at 30°c.

(Stock and Carlson, 1974).

It was concluded that the magnitude of deviations from Kt scaling
at higher angles may be used to indicate the extent of wobble or off-
axial alignment of the translating bacteria. Comparing the functions
of fig. 1-13 and 1-14 we might be able to define a parameter indicating
the level of departure from Kt scaling; a shift towards increased decay
constants on the basis of these models, would indicate axial wobble while
deviations towards longer decay constants appear to be associated with
an increased level of alignment along the translation vector. A combin-
ation of these two dynamical parameters would clearly be much more
difficult to deconvolve and again the question of ambiguity arises in
the interpretation of the autocorrelation data.

The experimental and computational data of Stock and Carlson appear

to lie in a much lower translational velocity range than the early work
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of Nossal et al., since the characteristic half-width of the low angle
functions in fig. 1-15 is ~3000 s—cm-l, large in comparison with the
400 s-cm_l, evident in Nossal's data of fig. 1-9. The reason for the
differences in Kt scaling characteristics between these reported
experiments probably lies in the conclusion of Boon et al., (1974),
that for vigorous bacterial strains (as presumably Nossal and Chen used)
having a strong and dominantly linear mode of movement, 'wiggles' and
'wobbles' superimposed on the translational motion will not result in
significant irregularities in the correlation function or errors when
light scattering is used for measuring the translational swimming speed.
Substantial variation in the motile characteristics between cultures
clearly exists and the level of response to chemotaxis is probably also
closely related to the swimming properties.

If the low scattering angle data is to give translational inform-
ation, it is a fundamental requirement of dynamic light scattering that
the translation is correlated over a mean time which is substantially
larger than the characteristic autocorrelation decay time (Berne and
Pecora, 1976). Looking at table 1-1 (Berg and Brown, 1972) we see that
the translational correlation time was in the range 0.56 - 6.45s showing
an order of magnitude variation between bacterial strains.

Assuming A = 632.8nm we can calculate the approximate decay times
for the data of Stock and Carlson (1974) in fig. 1-15 and that of Nossal
et al., (1971) in fig. 1-9. For a scattering angle of 5° the values are

given in table 1-2.

Characteristic
Estimated low angle Xt Estimated
- from data (s/cm -
K (cm 1) o (s/cm) T l(ﬁ
Nossal and Chen (1971) 1.15 x 1o* 0.8 x 103 0.070
Stock and Carlson (1974) 1.15 x 10* 5 x 103 0.44
Table 1-2. Estimates of autocorrelation decay times for

data of figs. 1-9 and 1-15.
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On the basis of the data from Berg and Brown, (1972), T in
table 1-1, the interpretation of the Stock and Carlson data at low
scattering angles as being due to translation seems a little doubtful
unless the sample was vigorously motile in a linear sense. The
translational interpretation appears valid in the case of Nossal and
Chen which may account for their Kt scaling result.

A completely different approach to light scattering studies of
motility was reported by Schaefer and Berne (1972) and then Schaefer
(1973) , who looked at the time dependence of the scattering volume
population by analysing the intensity fluctuations in the scattered
light. If the region within the sample from which scattered light is
collected by the detector, is small and contains fewer than V100 cells,
a fluctuating amplitude term appears in the photocurrent spectrum.

These fluctuations, the mean value of which is represented by
<6N(o). 6N(t)> , occur on a timescale characterised by the time Tn
required for a particle to traverse the scattering volume. The intensity

autocorrelation function then becomes,

¢@ iy = (uDa+ P « A% { N (o) 6N (1)) (1.31)
The second term has the effect, at least in the case of motile
bacteria, of adding a 'long lived tail' onto the rapidly decaying phase
component g(2)(1) (Cummins, 1973).

While we are not primarily concerned with this approach to motility
measurement which uses number fluctuation spectroscopy, it has been
cited here since the significance of the number fluctuation term is
later considered in interpretations of results using spermatozoa in

chapter 4 and is analogous to cinephotographic methods described in

section 3.8.
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1.3.3 Conclusions from Light Beating Spectroscopy studies

using Motile Bacteria.

The published studies which have been discussed have all been
based on the approach of defining dynamic light scattering models
for motile bacteria, then comparing the scaling characteristics and
functional form of computed autocorrelation functions with those
obtained from real samples. Accepting that large variations in
motility parameters occur between individual bacteria and strains of
bacteria, the technique looks quite promising. However, the problem
of validating the light scattering parameters as predictors of motion
is clearly very difficult since independent measurements of the motion
by other means are not readily carried out. The validation must there-
fore be indirect but it would certainly appear that the general features
of the motion can be objectively characterised.

In terms of the measurable light scattering parameters the

scattering behaviour studied in the literature suggests;

(1) Bacterial cells may be optically smaller than their
physical dimensions suggest.

(2) At small scattering angles (<5°) model calculations
suggest that the autocorrelation function results from
translation alone although there is little independent
evidence that this is a safe assumption.

(3) Departures from Kt scaling at intermediate and large
scattering angles are associated with axial wobble or
reorientation.

(4) Shifts towards larger decay constants imply significant
axial wobble while shifts to smaller decay constants
imply an increasing degree of axial alignment.

(5) It appears difficult without ambiguity to individually

characterise both axial alignment and wobble using the
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autocorrelation data.
(6) The autocorrelation decay time must be considered
relative to the time over which the swimming is

correlated, which varies considerably from strain

to strain.

Bull Spermatozoa, with which we shall be primarily concerned in
chapters 4, 5, have a head which is an order of magnitude larger again
than most mopile bacteria, and is highly asymmetric. Consequently,
while the swimming motions are substantially different, it seems likely
that internal motions of the spermatozoan would potentially be of

considerable significance.
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