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ABSTRACT The Mie theory of scattering is used to provide new information on
how changes in particle volume, with no change in dry weight, should influence
light scattering for various scattering angles and particle sizes. Many biological cells
(e.g., algal cells, erythrocytes) and large subcellular structures (e.g., chloroplasts,
mitochondria) in suspension undergo this type of reversible volume change, a
change which is related to changes in the rates of cellular processes. A previous
study examined the effects of such volume changes on total scattering. In this paper
scattering at 10° is found to follow total scattering closely, but scattering at 45°,
90°, 135°, and 170° behaves differently. Small volume changes can cause very large
observable changes in large angle scattering if the sample particles are uniform in
size; however, the natural particle size heterogeneity of most samples would mask
this effect. For heterogeneous samples of most particle size ranges, particle shrink-
age is found to increase large angle scattering.

INTRODUCTION

Many biological cells and large subcellular structures have been found to undergo
large and reversible changes in their ability to scatter light (1-5). Most such op-
tical changes are caused by particle swelling or shrinking. Particle volumes change
by up to a factor of two. Water flows in or out of a particle while its dry weight
remains constant. Active ion transport, which is coupled to processes such as
photophosphorylation, takes place and water follows the ions. Similar volume
changes also occur in response to changes in medium osmolarity. Optical tech-
niques are very powerful tools for nondestructively following these changes in
particle conformation. Such techniques are rapid, sensitive, and convenient; how-
ever, it is difficult to interpret reliably the observed changes in optical quantities
without assistance from light-scattering theory.

We previously used the Mie theory to survey the influence on total scattering of
changes in particle volume with no change in dry weight (4). Total scattering is
all light, the direction of which has been changed by the sample. It might be reason-
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able to expect total scattering and scattering at the various angles to change simi-
larly. Exploratory theoretical calculations, however, revealed that volume changes
influence scattering in the various directions differently. To provide a more com-
prehensive picture of how observable light fluxes should change when the sample
particles swell or shrink with no change in dry weight, we provide new information
on the effects of volume changes on scattering at 10° (forward scattering), 45°,
90°, 135° and 170° (back scattering) from the incident beam.

THEORETICAL APPROACH

The Mie equations, which are exact solutions of Maxwell’s equations for isotropic
homogeneous spheres, are used to calculate scattered light fluxes. Experimental
tests of theoretical predictions of changes in total scattering, etc., revealed sub-
stantial theory-experiment agreement (5). These and related equations also have
been shown to correctly predict absolute values of optical cross sections of ery-
throcytes, chloroplasts, yeast cells, Escherichia coli cells, and latex spheres (6-9).
The angular dependences of scattering by yeast, E. coli, and cocci cells have also
been shown to agree with theoretical predictions (10-14). Hence it is realistic to
expect light-scattering equations, based on simple particle models, to correctly
predict changes in observable scattered light fluxes by actual biological cells and
subcellular structures.

The Mie equations (15, 16) give scattering in terms of the particle size parameter
x and the relative complex index of refraction m, where x = 2wa/\, a is sphere
radius, A is the wavelength of the incident light in the medium, m = n — in’ where
n governs phase, n’ is proportional to the absorption coefficient, and i = (—1)2,

It is assumed that a biological cell or isolated subcellular structure behaves
optically like a simple spherical sack of proteins and carbohydrates dissolved in
water. Effects of the membrane and structural detail are neglected. Then if such
particles take up or extrude medium (water), the expression for the refractive index
of a solution gives

m=14 (m, — 1)V,/V, (1)

where ¥ is the particle volume, and the subscript o denotes initial or ordinary con-
ditions. While equation 1 is an oversimplification, it is an adequate and convenient
first approximation.

The relative roles of the particle size, scattering angle, and wavelength on ob-
servable light fluxes are suggested by the key parameter of the Rayleigh-Gans
(Rayleigh-Debye) approximation: X = 2sin(8/2)x = 2xaf/\, where 6 is the
scattering angle. Ideally the sample particles should be uniform in size, the photome-
ter should be of high angular resolution, and the light beam should be spectrally
pure. Monochromatic light is readily obtained; however, samples of cells or sub-
cellular structures are usually heterogenerous in size. Furthermore the weakness
of the scattered light usually requires the sacrifice of some angular resolution. Thus
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meaningful calculations should account for effects of reasonable spreads in both a
and 6. In view of the complementary roles of a and 6 in X, however, an assumed
spread in either quantity should give results equivalent to those for smaller spreads
in both.

The incident light is assumed to be unpolarized. Then at each nominal scattering
angle, e.g. 8 = 45°, we assume a spread in 6 but not in a. The average intensity of
the scattered light is assumed to be proportional to the weighted sum of the light
scattered at three angles:

Intensity = c[I(9) sin 6 + I(0 + 5°) sin (0 + 5°) + I(6 — 5°) sin (8 — 5°)), (2)

where I(9) is the sum of the Mie intensities of the two polarization components of
scattered light and ¢ is a constant.

Observable scattered light intensities were calculated as functions of particle
volume on the IBM 360-50 programmed in Fortran-IV. The Mie coefficients were
calculated using Moore’s scheme (17, 18). Nine representative particle sizes (0.002-
4000 »*) were used for illustrative calculations; the same sizes were previously
used for Fig. 2 of reference 4. Assuming constant dry weight, scattering at the five
different angles was calculated at volume intervals of 0.02 ¥, from 0.5 ¥, through
2.08 ¥,. For each particle size, scattering was calculated for a vacuum wavelength
X, = 500 mu! (green light) assuming m, = 1.05 — i 0.0. For most particles sizes,
the calculations were repeated for A\, = 1000 mu (infrared light) and/or for m, =
1.05 — i 0.015 (absorbing particle) at 500 mu. The vacuum refractive index of the
medium, water, was assumed to be 1.336 so that if A, = 500 mgu, x is evaluated using
A = 500/1.336 = 374 myu.

RESULTS OF CALCULATIONS

Figs. 1-5 show theoretical scattering intensities at five different scattering angles.
The curves are for spheres of volumes which approximate those of the biological
particles listed in Fig. 1. These curves illustrate how particle size, absorption coeffi-
cient, and wavelength influence scattering changes when particle volume increases
or decreases. The curves of Fig. 1 for 10° scattering are seen to be relatively simple,
while those for the larger angles are more complex.

The curves of Fig. 1 resemble those for total scattering by the same particles
(4). Quantitatively, most of the light scattered by these particles appears at small
angles. Then small angle scattering dominates total scattering. Increases in particle
volume are seen to decrease 10° scattering for the smaller particles, and increase
it for most of the larger ones. Wavelength and absorption coefficient have only
minor effects on 10° scattering.

1 my is used here instead of the equivalent unit nm (nanometer) used in other papers in this issue.
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FiGURE 1 Scattering at 10° to the direction of the incident beam when particle volume V
changes but dry weight remains constant (see equation 1). For all particles, n = 1.05. All
curves are for spherical particles. Each plotted light intensity is effectively an average value
over an assumed angular view of the photocell (see equation 2). Note that for V' = 0.5 ¥, ,
a =079 a, and n = 1.10, while for ¥ = 2.0 V,,a = 1.26 g, and n = 1.025. (a) Small bac-
teria, (b) mitochondria, (c) bacteria, (d) chloroplast fragments, (¢) chloroplasts, (f) erythro-
cytes, (g) large erythrocytes, (&) cells, (i) leukocytes.

Figs. 2-5 reveal that scattering at larger angles is more sensitive to changes in
particle volumes. Here, especially, for the larger particle sizes and angles, the scat-
tering curves have maxima and minima. While these illustrated curve structures
are indeed dramatic, they represent only a fraction of the potential total structure
because of the limited angular resolution of the photocell (see equation 2).

While the curve structure normally increases with both particle size and angle,
the curve in Fig. 5 i, which is for the largest particle size and largest angle, has very
little structure. In this case the inherent angular structure of the scattering pattern
is finer than the assumed effective spread in the angular view of the photometer.

The figures reveal that doubling the wavelength frequently has a large effect.
In terms of the size parameter x, the doubling of \ implies a reduction in effective
particle radius to 14, the effective volume to 14 of the original value. Absorption
is seen to have only a small effect on scattering by small particles, and a larger
effect on scattering by large particles.

All curves in these figures are normalized to an intensity of scattered light of 1.0
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Ficure 2 Scattering at 45° when particle volume changes but dry weight remains constant.
The particle sizes of parts g—i are those of Fig. 1.
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FIGURE 3XScattering at 90° when particle volume changes but dry weight remains constant.
The particle sizes for parts a-i are those of Fig. 1.
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FIGURE4 Scattering at 135° when particle volume changes but dry weight remains constant.

The particle sizes for parts a—i are those of Fig. 1.
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FiGURE 5 Scattering of 170° when particle volume changes but dry weight remains constant.
The particle sizes for parts g—i are those of Fig. 1.
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when V = V,. This normalization causes most of the curves to lie near the center
of the figure. For more structured curves, however, changes in volume induce large
percentage changes in scattering levels (e.g., see Fig. 2 f). Then if a scattering mini-
mum occurs at an angle close to the nominal angle, e.g. 45°, when V = V,, the
normalization at this point throws most of the scattering curve off scale (see Figs.
4b,4d,5b,5c,and 5 g). These curves are basically no different from the others
except that our normalization procedure raised them to very high levels.

OPTICAL MECHANISMS

While the exact Mie equations are powerful tools for predicting light fluxes, op-
tical approximations are the best source of physical pictures of the events. The
well-known Rayleigh approximation describes scattering by particles of dimensions
less than A/10. Light senses such a particle essentially as a point. All elements of
the particle scatter “in phase.” Total scattering per particle is proportional to the
square of the particle mass. The angular dependence of scattering is independent
of particle size. Changes in the dimensions or shape of such a “point” particle
leave it as a “point”’ of the same “magnitude” when dry weight is constant. Then
conformational changes have essentially no influence on scattered light fluxes.

The Rayleigh-Gans (Rayleigh-Debye) approximation (15, 16) extends the do-
main of the Rayleigh theory to particles of dimensions of up to about A. It corrects
for destructive interference, in certain directions, of the light scattered from the
different elements of a particle. If the particle is not too large, the primary effect
of shrinkage is essentially to make it more pointlike. This reduces destructive inter-
ference at nonzero angles and thereby increases total scattering.

For particles larger than ), diffraction theory can be used to describe small angle
scattering. This scattering is closely related to single slit diffraction. Interference
between light from the different parts of the slit is of prime importance in deter-
mining the angular scattering pattern (19). In diffraction theory, the scattered
light is the sum, allowing for phase, of light which passes around the particle plus
that which passes through it. The light which passes around the particle can be
represented as that diffracted by an opaque circular obstacle. Light which passes
through the particle can be represented as that diffracted by a circular opening in a
baffle. According to Babinet’s principle, the obstacle and opening produce comple-
mentary scattering patterns which completely cancel out, except insofar as the par-
ticle modifies the phase and amplitude of the light passing through it. For simplicity
we presently use only one of these two wave fronts, not the sum, to represent scat-
tering by diffraction. This neglects effects of phase shifts which should influence
only the details of curve structure.

Both the Rayleigh-Gans and diffraction theories predict scattering maxima and
minima at various angles. The x values of spheres for which the Rayleigh-Gans
theory predicts scattering minima have been tabulated (15). From them we find
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that, to a first approximation, scattering minima occur at angles
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where k is a positive integer and d is particle diameter. For larger particles diffraction
theory (19) predicts scattering minima at angles which are approximated by a
similar expression:
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These equations are similar to that for single slit diffraction: 6 = k\/d. Note that,
in these approximations, the locations of scattering minima depend on particle
diameter and wavelength, not on refractive index.

A comparison of the scattering at specific angles in the present figures with total
scattering by similar particles (see reference 4, Fig. 2) under the same conditions
reveals that scattering at specific angles can undergo much larger changes. Actually
as the particle swells, the scattering minima located by equations 3 and 4 move to
smaller angles. A photometer observing light at a fixed angle reflects these changes
in the angular scattering pattern as changes in the intensity of the scattered light.
Observable light intensity at a given angle has a minimal value when a scattering
minimum falls at the § of the photocell. Thus the large changes in scattering at
certain angles seen in the figure are caused primarily by changes in the angular
dependence of scattering, not by changes in total scattering.

SCATTERING BY NONIDEAL SAMPLES

Typical samples of biological cells and subcellular structures are heterogeneous in
particle size. Equations (3) and (4) reveal that such a heterogeneity should cause
the intensity patterns for the various sizes to overlap. Then if all of the particles
undergo similar volume changes, the scattered light received at a given angle from
particles of some sizes would increase while that from particles of other sizes would
decrease. The total observable scattered light would then change much more
slowly than the component parts. If the size heterogeneity were sufficient to com-
pletely mask curve structure illustrated in the figures, the observable light fluxes
would essentially follow the envelopes of the plotted curves. Interestingly, the en-
velopes of these curves display a systematic dependence on particle volume. With
minor exceptions, particle shrinkage is seen to always increase the general level of
scattering for 6 = 45°.

In a recent study we examined the effects of varying the angular view of the photo-
cell in transmission measurements. It was found (20) that total scattering at angles
greater than 30° increases rapidly with particle refractive index, even when total
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scattering at all angles remains relatively fixed. The envelopes of the curves in Figs.
2-5 indicate that the fluxes at these large angles behave in this way.

DISCUSSION

Early studies (1, 2) of changes in scattering by biological cells and structures sug-
gested that increases in large angle scattering or decreases in transmission imply
particle shrinkage. Koch (21) offered theoretical support for this conclusion;
however, in a more general treatment using the Mie theory (4), which yielded
Koch’s result as a special case, total scattering does, for some particle sizes, in-
crease with particle shrinkage, but for most sizes, shrinkage decreases total scatter-
ing. Since shrinkage is presently found to increase large angle scattering if the sample
is heterogeneous, large angle scattering and total scattering must frequently change
in opposite directions.

In our previous study (4) it was shown that certain effects of internal particle
structure could cause total scattering and large angle scattering to change in opposi-
tion. Note that all of the present findings are for homogeneous spheres with no
internal structure. The present opposite changes in scattered light fluxes are not
related to the previous ones.

The Mie equations predict scattering by a homogeneous sphere from two parame-
ters, x and m. While they are independent variables in these equations, this study
considers only the special case where both are functions of particle volume. It
was previously shown that these two parameters control total scattering almost
exclusively through the variable p* = 2x(m — 1). Scattering at 10° is now found
to be controlled by the same quantity; however, the manner in which x and m
separately influence large angle scattering is different. The size parameter x con-
trols details of the angular scattering pattern. It is responsible for the structure of
the curves in our figures. On the other hand, m influences the general level of large
angle scattering.

In conclusion, illustrative calculations have revealed the basic functional de-
pendence of changes in particle volume, with no change in dry weight, on light
scattered at various angles. The results indicate that the light scattered at different
angles contains distinctive information about the sample particle. Empirical evi-
dence has previously given some basis for interpreting scattering changes in terms
of changes in particle volume. Theoretical studies such as this one improve our
understanding of the optical changes. Hopefully, this will enhance the capability,
reliability, and usefulness of the optical techniques.
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