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1. Introduction

400—750 nm were made on the green alga Chlorella
pyrenoidosa and the marine diatom Navicula minima
[1]. These indicated peak values located in the
-510—515 nm and 690—700 nm regions. Chlorella
contains appressed chloroplast membranes but
without the distinctive grana structures of higher
plants. More recently, the selective scattering spectra
at 90° of non-intact spinach chloroplasts were studied
and scattering peaks about 518 nm and 690 nm were
shown [2]. Light-induced slow 90° scattering changes
in the 520 nm region were the principal purpose of
these investigations and these were shown to be related
to light-induced grana shrinkage by a corresponding
theoretical analysis [3], and also to changes in the
650—750 nm region.
The experimental spectrum of 90° scattered light

in the 650—750 nm region was later measured [4],
for chloroplasts containing different degrees of grana,
with the outer envelopes either intact or broken. They
found that the scattering spectrum for intact granal
chloroplasts had a peak at 703 nm, and non-intact
chloroplasts gave a peak at 690 nm. They also calcu-
lated a theoretical 90° scattering spectrum in the red
region by modelling the chloroplast as a homo-
geneous pigmented sphere by use of the van de Hulst
approximation of Mie theory. This gave the total
amount of light scattered by the sphere. Good agree-
ment between the theoretical and experimental spec-
tra was obtained for broken chloroplasts at 690 nm.
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However, for intact chloroplasts the peak of the
theoretical curve also remained at 690 nm, instead of

hifting Aid the i
shifting as did the experimental peak to 703 nm.

This could not be reconciled [4] by making reason-
able changes to the particle parameters. They explained
the frequency shift between intact and broken chloro-
plasts as being due to the decrease in chloroplast
refractive index caused by dilution with the surround-
ing medium when the outer envelope was broken.
However, the van de Hulst approximation does not
reproduce this shift when such a difference in refrac-
tive index is taken into account.

In this letter it is shown that 90° light scattering is
more sensitive to particle size, refractive index and
incident light wavelength, than is total scattering, this
latter being the quantity given by the van de Hulst
approximation. It is necessary to use the full Mie
theory to show that the theoretical scattering spectra
reproduce the frequency shift given by the experimen-
tal 90° scattering spectra.

2. Comparison of total and 90° light scattering by
chloroplasts

The van de Hulst approximation of Mie theory
[5—8] allows the total amount of light scattered from
a homogenous pigmented sphere to be calculated under
the restrictions that the particle is large compared to
the wavelength of light, and that the refractive index
of the particle is close to that of the surrounding
medium.
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The advantage of this approximation over Mie
theory is that it can be used to calculate the total
amount of scattering from large particles, whereas the
use of Mie theory becomes quite laborious. However,
only Mie theory gives the light intensity scattered at
90°; the experimental quantity measured in [4].

The efficiency factor for the total amount of light
scattered by a sphere is given by the van de Hulst
approximation {5}:

Qscal = Cext — Pavs )]
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where a is the particle radius and A is the wavelength
of light in the surrounding medium. The complex
refractive index of the particle is defined by:

m=n(l —ik) 6)
Mie theory [5] gives the scattering efficiency as:

Quua =20 2= QU+ 1) (1a P +1bg ) (7)
=1

where a, and &, are functions of the size and refrac-
tive index of the particle and « is the size parameter:

a = 2naf\ @)
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The intensity of light scattered at a particular angle
is given by:
AZ

lp= Py (i +i) €))

where i, and i, are intensity functions dependent on
the particle size, refractive index, the angle of scatter-
ing, and the polarization of the incident light.

Using both the van de Hulst approximation, eq. (1)
and the full Mie theory, eq. (7), the total amount of
scattered light has been calculated for a range of inci-
dent light wavelengths. The ratio of light scattered at
90° to the transmission at 0° /oo/7,, has also been
calculated using eq. (9) for a refractive index typical
of chloroplasts, and for a range of particle radii. The
results are plotted in fig.1. It can be seen that fora
particle of 100 nm radius, Igq is insensitive to wave-
length, and that it is approximated in shape reason-
ably well by the total scattering; given by either the
van de Hulst approximation, Q. 1, or by Mie theory
Qyeaz- However, for a particle of 1000 nm radius,

T4 varies much more with wavelength, and is poorly

1
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Fig.1. Variation of normalized total scattering intensity and
90° scattering intensity with wavelength. Index of refraction
relative to medium, » = 1.01. Selective dispersion is not
considered for these particles. (a) Qgcq1.2 = 100 nm. (b)
Qgea2r @ = 100 nm. () 1o, a = 100 nm. (d) I/l a=
1000 nm. (&) Qq9.4 = 1000 nm.
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approximated by (.., the total scattering for the
same particle. Since chloroplasts have the dimensions
of ~5000 nm, this shows that Q.,, will give inaccu-
rate results in calculating the 90° scattering spectra
of intact chloroplasts, and that eq. (9) for Mie theory
giving the 90° scattering should be used.

3. Calculation of 90° scattering spectra using Mie
theory

In order to calculate the 90° scattering from a
suspension of chloroplasts, we model the chloroplasts
as a homogeneous pigmented sphere and use eq. (9).
The functions /, and i, depend on the complex refrac-
tive index of the sphere; the variation of this quantity
within the absorption band can be modelled using
the theory of selective dispersion [9], which gives the
refractive index:

m = (1 +Co+ < 2))‘/z (10)

1 (0-’/0)0)2 — (Iyw/wo

where wq is the frequency of the absorption peak;

7 is the half width of the absorption band, Cy is a

constant determined by the index of refraction far

from the absorbing band, and C, is a constant deter-

mined by the relative strength of the absorbing band.
To calculate the scattering spectrum for intact

granal chloroplasts, we use in angular measure:

we =27.802 X 1014 57!
y=1583X 10" 5™

and from the absorption spectra {4] we find Cy =
0.85 and C; = 0.0022. Using a particle radius of
2000 nm, which is typical of chloroplast size, the
scattering spectrum was calculated for the angles
90° + 3°, corresponding to the experimental situation
in [4]. This is compared with the theoretical broken
chloroplast spectrum in fig.2. The use of full Mie
theory then gives agreement between experiment
[4] and theory whereas the van de Hulst approxima-
tion is not appropriate.

When the chloroplast outer envelope is broken, it
seems likely, as suggested [4], that the refractive index
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Fig.2. Theoretical 90° scattering spectra (normalized intensity).
@) I/, @ = 2000 nm, m = 1.013. (b) I3/, a = 2000 nm,

m = 1.003. These spectra relate to chlorophyll-pigmented
particles with selective dispersion present in both (a) and (b)
(see text and eq. (10)).

of the chloroplast will decrease due to dilution by the
outside medium. It is shown in fig.2 that when the
particle refractive index is decreased by 1% the scat-
tering peak moves to 690 nm, in line with the experi-
mental peak. This provides a theoretical explanation
for the experimental shift in the scattering peaks
between intact and broken chloroplasts.

Class B agranal chloroplasts have a scattering peak
at 682 nm. The above analysis shows that 90° scat-
tering is very sensitive to particle size, and that as
noted [4], this blue shift is probably due to Rayleigh
scattering from the large number of small chloroplast
fragments.

4. Conclusion
It has been shown that the 90° scattering from par-
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ticles of the size and refractive index of chloroplasts,
is a much more sensitive function of incident wave-
length, particle size and refractive index, than is the
total intensity of light scattered from the particle. As
a result of this the full Mie theory should be used

in comparing theoretical and experimental 90° scat-
tering spectra.

It is also the purpose of this letter to alert biologists,
intent on using 90° light scattering spectra in studies
on particulates the size of the light wavelength order
or greater, that the full Mie scattering theory should
be used [5]. Where such studies include absorption
bands when selective dispersion also occur, then the
Mie function serves to modulate the selective disper-
sion effect.
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