Spectral broadening of light scattered
from polysaccharide gels

W. Mackie, D. B. Sellen and J. Sutcliffe*
Astbury Department of Biophysics, University of Leeds, Leeds LS2 9JT, UK
(Received 7 April 1977, revised 1 August 1977)

Light scattering Rayleigh linewidth measurements have been made on 0.5% calcium alginate gels using
the autocorrelation method. The degree of spectral broadening has been found to be smal! {(~2%} al-
though two relaxation times (~7 and ~50 msec) within the broadened component have been measured.
The variations in the degree of spectral broadening and the relaxation times with angle of scatter were
found to be much less than predicted by any existing theory, and no systematic variation in any of the
parameters with temperature was detected within the range 3° to 88°C. By scanning through the gel
with the focused laser beam, however, it has been shown that long range (tenths of millimetres), iong
term (tens of minutes), fluctuations in alginate density occur. It is possible that the observed relaxation
times represent the continual rearrangements of polymer chains which, assuming a junction zone type of
structure, would be necessary for these fluctuations to take place. Oscillations were generally found to
be superimposed upon the autocorrelation functions and these have been positively identified with bulk
oscillations of the specimen. A theory is advanced explaining why bulk oscillations manifest themselves
in the autocorrelation function and predicting the marked increase in amplitude with angle of scatter
observed experimentally. Experiments are also described in which the diffusion coefficients of dextran
fractions and globular proteins within 0.5% gels were measured by investigating the heterodyne beat
spectrum. It was found that the movement of macromolecules with 1/Doqy less than 3 x 104 sec/mm?

was virtually unimpeded by the gel. Diffusion constants fell to about one third of those in aqueous
solution for values of 1/Dagyy ~ 9 x 10% sec/mmZ2. Thus there are large interstitial spaces within the
gel and if a junction zone type of structure is correct, each junction zone must consist of an association
of some hundreds of chains. Some preliminary results are presented of experiments with agarose and

bovine vitreous humour.

INTRODUCTION

In recent years measurement of the Rayleigh linewidth of
scattered light has been extended to include the light scat-
tered from gels'~®. This paper describes extensive measure-
ments with calcium alginate gels together with some prelimi-
nary measurements with the gels of other polysaccharides,
and suggests a theoretical interpretation of the results. The
degree of spectral broadening has been found to be small,
and this has made possible measurement of the diffusion
coefficients of small compact macromolecules within gels
by investigating the heterodyne beat spectrum. Some
measurements of this type using dextran fractions and glo-
bular proteins are described.

EXPERIMENTAL

Calcium alginate gels were prepared by dialysing 0.5% solu-
tions of sodium alginate in 0.1 M NaCl against 0.1 M CaCl,
using dialysis tubing 6.5 mm in diameter. Each rigid cylinder
of gel so formed was removed from the tubing, and then sup-
perted with its axis vertical in a cylindrical light scattering
cell in which it was surrounded by water. The light scatter-
ing cell was a small weighing bottle, 20 mm in diameter, with
its rear side blackened. Gels for the experiments with dex-

*  Present address: Physics Department, Royal Devon and Exeter

Hospital, Exeter, Devon, UK.

tran fractions and the globular protein, bovine plasma albu-
min, were prepared by mixing these at concentrations suffi-
cient to give a suitable level of scatter, with the sodium algi-
nate prior to dialysis. Each resultant gel was then placed in
the light scattering cell and surrounded by dextran or globu-
lar protein solution of the same concentration. Experiments
were also made using the globular protein, chymotrypsinogen.
Because of the presence of calcium in the preparation used,
it was not possible to mix this with the sodium alginate prior
to dialysis, and in this case the chymotrypsinogen was allow-
ed to diffuse in after the gel had been formed. As dextran is
a good bacterial growth medium, a bactericide (sodium
azide) was added in these experiments. The sodium alginate
consisted of 70% guluronate and was obtained from the sea-
weed Laminaria hyperborea. It had a weight-average mole-
cular weight of 700 kg/mol and due to the high solution vis-
cosity, 0.5% represented the highest concentration of solu-
tion which could be conveniently handled. Prior to making
the gels the sodium alginate solutions were centrifuged for

1 h at 100000 g and then made to pass through a Millipore
filter of pore size 1.2 ym.

Light scattering Rayleigh linewidth measurements were
made by obtaining the autocorrelation function of the homo-
dyne beat spectrum using the apparatus previously descri-
bed!®~!'. The light scattering cell was surrounded by a water
jacket so that the temperature of the gel could be held con-
stant at values between 3° and 88°C. Measurements were
commenced 48 h after preparing the gel.
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Figure 7 Rayleigh ratio of light scattered from a 0.5% calcium
alginate gel: X, 546nm; O, 436nm
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RESULTS AND DISCUSSION

Conventional light scattering measurements

The intensity of light scattered from the alginate gels was
found to be some two orders of magnitude greater than that
from macromolecular solutions at concentrations commonly
used in light scattering experiments. In order to verify that
the scattering arose from density fluctuations at a molecular
level, and not from dust or other macroscopic impurities,
conventional light scattering measurements were made at
Ao =436 and 546 nm using the Aminco apparatus (American
Instrument Co. Inc., Silver Spring, Maryland, USA). Accor-
ding to the Debye theory?, if A§ Ry is plotted against
sin%(8/2)/A} a single plot should be obtained and Figure 1
shows this to be the case. For convenience the plot has been
converted to that expected at the laser wavelength (636 nm).
The geometrical optics of the system presented calibration
difficulties and the absolute values of the Rayleigh ratio,
Ry, are only approximate. As the optical path length within
the gel was shorter than the length observed by the detecting
system of the Aminco apparatus the normal (sin 9)~1 scat-
tering volume correction was not applied. Figure I shows
data for a freshly prepared gel. However measurements on
a gel some four months old (stored surrounded by water)
yielded a plot of identical shape.

Rees'? has proposed a rigid structure for alginate gel in
which micelle-like junction zones of the polyguluronate are
formed with the calcium ions in an ‘egg box’ configuration,
the interzonal chains being mainly polymannuronate. Light
scattered from this type of structure would arise mainly
from the junction zones, the interconnecting chains scatter-
ing much less. As far as the overall scattered intensity is
concerned the system could be regarded as a random spatial
distribution of junction zones and classical solution theory**
applied — although of course the dynamics of the system
would be quite different. A Guinier plot however does not
yield a straight line but a curve bending sharply upwards
with decreasing angle. It must be assumed, therefore, that
the spatial distribution of junction zones does not obey
Gaussian statistics, there being fluctuations with distance in
mean concentration of junction zones which increases the
scatter at low angles. A simple picture is one of small clus-
tered regions in which the junction zone concentration is
higher than in their surroundings, the clusters being random-
ly positioned with respect to each other. It would be expec-
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ted however that single junction zones would give rise to
most of the scattered intensity at high angles. Assuming this
to be so a very approximate molecular weight of 7000 kg/mol
may be calculated by taking the concentration and dn/dC to
be that of the original sodium alginate solution. This would
indicate that there is on average one junction zone per

(100 nm)3 in a 0.5% gel, and assuming that 100 nm there-
fore represents the maximum length, that each junction zone
consists of an assembly of some hundreds of chains. These
conclusions are of course meaningful only on the assumption
that alginate gel does in fact have a junction zone type of
structure.

Autocorrelation functions

Figure 2 shows a typical normalized autocorrelation func-
tion of intensity fluctuations of light scattered from an algi-
nate gel. Typically 10 min of integration time was required.
This was achieved by making repeated measurements with a
20 sec time constant, so that any large short term systematic
variations (such as in the oscillations) could be detected. S
here is the value of ¢ expected at 7 = 0 if the spectral broaden-
ing were complete; this was found from the coherence factor
and the d.c. component of the photoelectric signal (see
Appendix). The degree of spectral broadening is small and
therefore given by ¢p/2S. The autocorrelation function in
this case represents the Fourier transform of the spectral
distribution.

Apart from the oscillations, which will be discussed later,
Figure 2 may be represented as the sum of two exponentials,
and this was found generally to be the case. Figures 3a and
3b show the two relaxation times and Figures 3¢ and 3d
show the degree of spectral broadening and the percentage
of spectral broadening attributable to the shorter decay, as
a function of angle of scatter and temperature, for one gel
sample. Four gels were investigated with similar results. Sur-
prisingly, no systematic variation with temperature was de-
tected in the range 3° to 88°C and the error bars each repre-
sent the standard error in the mean value of all the results
obtained at a given angle of scatter. There was however a
correlation between the degree of spectral broadening and
the order in which the experiments were carried out, the
degree of spectral broadening increasing with time. No such
variation was detected in the other parameters.
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Figure 2 Normalized autocorrelaton function of intensity fluctua-
tions of light scattered at 90° from a 0.5% calcium alginate gel at 20°C.
The specimen is a cylinder 20 mm long and 6 mm in diameter suppcr-
ted with its axis vertical and surrounded by water
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A theory for the spectral broadening of light scattered
from gels has been formulated by Tanaka et al.'. The broad-
ened component of the scatter is assumed to arise from freely
diffusing fluctuations in polymer segment density, the effec-
tive diffusion coefficient being given by the ratio of the lon-
gitudinal elastic modulus to the force per unit volume re-
quired to maintain unit relative velocity between the polymer
network and solvent. The spectral linewidth then varies as
sin20/2, and this has been verified experimentally for poly-
acrylamide', polystyrene®? and poly(dimethyl siloxane)*
gels. In these experiments the degree of spectral broadening
was found to be small and increase with angle of scatter, the
unbroadened component being attributed to long range sta-
tionary fluctuations in polymer density, occurring over dis-
tances not small compared with the wavelength. Figure 3
however shows that in the present work neither relaxation
varies inversely as sin?6/2, much less variation being observ-
ed, and that there is no detectable variation in the degree of
spectral broadening with angle of scatter. An entirely diffe-
rent theoretical approach has been taken by assuming that
scattering centres diffuse independently under the influence
of restoring forces proportional to their displacements from
mean positions”°. The spatial density fluctuations of this
model contain a time invariant component associated with
the fixed mean positions, so that partial spectral broadening
is predicted, as well as non-exponential autocorrelation func-
tions. The theory predicts that when the degree of spectral
broadening is small (in the case of highly restricted diffusion),
it varies as sin20 /2, which is clearly not the case in the pre-
sent work. Even if additional, long range, stationary fluctua-
tions are postulated a satisfactory agreement with the data
cannot be obtained. Thus the variations in the relaxation
times and degree of spectral broadening with angle of scatter,
observed in the present work, are not consistent with either
theory and an alternative explanation will now be given.

Alginate chains have been shown to be very stiff in solu-
tion’®. If the gel structure is assumed to be of the junction
zone type then it would be expected to be very rigid due
to the long persistence length of interzonal chains. Thus
only small temporal fluctuations would be expected, and
hence a small degree of spectral broadening as actually ob-
served. However, by measuring the overall scattered inten-

. sity as the sample was moved short distances relative to the

focused laser beam (Figure 4a), and by observing changes
with time in a given position (Figure 4b), it was shown that
large fluctuations in alginate density occur, but these these
are very long range (tenths of millimetres) and long term
(tens of minutes)*. 1t is unlikely that these fluctuations
could occur with a junction zone type of structure without
continual rearrangements of polymer chains. Thus in the

* Fluctuations of this sort are not observed in conventional light

scattering measurements (Figure 1) where the illuminiated volume is
some four orders of magnitude larger. They enhance the overall scat-
tered light intensity only by randomly refracting the incident light.

As the maximum refractive index difference involved is of the order

of 0.001, this effect is negligible within the range of angles investigated.

Figure 3 Relaxation times (a) and (b) and the associated degrees of
spectral broadening {(c) and (d) of light scattered from a 0.5% calcium
alginate gel as a function of angle of scatter and temperature. The
bars each represent the standard error in the mean value of all the
data at a given angle. X, 3°C; O, 21°C; ®, 38°C;V, 49°C; &, 63°C;
v,67°C; A 78°C; 0, 88°C
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Figure 4 (a) Fluctuations of scattered intensity with distance ob-

served by moving a 0.5% calcium alginate gel relative to the focused
laser beam. O, ,30°%; X, ————, 135° (scattered intensity x 10)
{b) Fluctuations of scattered intensity with time at a fixed position

short termt the structure could be regarded as stationary
except for the migration of peripheral polymer chain seg-
ments between junction zones, causing the latter to fluctuate
in mass. Assuming the junction zones to be polydisperse
this situation would be consistent with the experimental re-
sults as regards variation with angle of scatter. The angular
variation in the relative contributions of the shorter and
longer relaxation times to the spectral broadening suggests
that they are associated with fluctuations in mass of single
junction zones and clusters, respectively. The temperature
dependence of the relaxation times, however, would be af-
fected by a complexity of factors, e.g. the proportion of
chain segments free of junction zones at a given time would
be expected to increase with temperature. It would in any
case be necessary to postulate the exact mechanism by which
these molecular events occur in order to discuss their tem-
perature dependence.

In all light beating experiments it is standard practice to
use a focused laser beam in order to maximize the coherence
factor. However the question arises as to whether the ob-
served phenomena are natural or arise from a local heating
effect, although it must be emphasized that the explanation

t Spectral broadening arising from the long term fluctuations would
be due to heterogeneity of motion within a single coherence volume
resulting in a randomly varying distribution of Doppler shifts, and
over the time scale of the observed relaxation times (e.g. Figure 2)
would result in long term random positive fluctuations of the base
line. However in the present work the bandwidth of the electronic
system (lower 3db point ~0.2 Hz) was not sufficient for this effect
to be observed.
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in terms of molecular events given above could apply in
either case. Determination of the temperature of the gel
within the laser beam is intractable. However the turbidity
of the original alginate solution was ~10~4mm~1! and its
wavelength dependence indicated the absorption coefficient
to be much smaller (<10~®mm—1). The focused beam from
the 50 mW laser was ~0.1 mm wide over the entire path
length within the specimen due to the diffraction limitation
and the long focal length of the lens. Hence assuming that
no additional absorption arises on gelation, a local heating
rate of <0.1°C/min may be calculated. It is unlikely that
this would upset the thermal balance within the specimen
and the phenomena observed are thought to be natural. Tt
would in fact be difficult to envisage a junction zone type
of structure in which local rearrangements of polymer chains
did not take place, as reverse osmosis, which requires the
structure to be partly in solution, is necessary for the stabi-
lity of the gel.

Autocorrelation function oscillations

The superimposed oscillations on the measured correla-
tion functions were found to be undamped, (over the time
range of the autocorrelation function), and for a given gel
the frequency to be independent of both time and angle of
scatter. The amplitude tended to vary at random with time,
although sometimes it varied periodically with a period of
several minutes and sometimes oscillations were not observed
at all. The maximum amplitude relative to the zero time
value of the autocorrelation function, however, increased
some hundred fold with angle of scatter between 30° and
135°. It was found that on shortening the length of the
specimen, (Figure 2 represents a specimen 20 mm in length),
the frequency of oscillation increased and the amplitude de-
creased. The amplitude of the oscillations could be tempo-
rarily increased by gently tapping the cell table. Thus these
oscillations can be positively identified with bulk oscillations
of the specimen which are possibly thermally maintained
and represent cooperative movement between alginate and
solvent. It is still necessary to explain how they manifest
themselves as oscillations in the autocorrelation function.

It is possible that the long range, long term fluctuations in
alginate density described above, coupled with bulk oscilla-
tions of the specimen, lead to oscillations in scattered inten-
sity as the gel moves across the beam. Whereas this effect
may make some contribution to the observed oscillations, it
cannot be the major cause as the fluctuations shown in
Figure 4a are independent of angle of scatter. The oscilla-
tions in the autocorrelation function must arise mainly from
the oscillatory relative movements within a single coherence
volume } resulting from the oscillatory strain. A simple
analysis of this situation will now be given.

It is proposed that within a single coherence volume os-
ciltatory relative movement resulting from oscillatory strain
leads to optical interference, the phase differences oscillating
with time and varying linearly with distance. Mathematical-
ly this situation is analogous to that in which light is scat-
tered from a rod-like molecule in a fixed orientation of oscil-
lating length but fixed mass. The modulation in scattered
light intensity is given by:

% This is the volume over which light may be regarded as scattered
in a single phase in the absence of any relative motions within it, and
within which optical interference occurs as a result of motion. 1t is
that volume which is just resolved (in an image forming sense) by the
scattered light received system.
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Figure 5 Oscillations in the autocorrelation function (see for
example Figure 2) as a function of angle of scatter. The error bars
represent the standard errors in the mean values of ten sets of data.
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o ( sin(K-a/2 sinwt)) 2 i

K-a/2 sinwt

where K is the scattering vector, a the maximum relative dis-
placement within the coherence volume and w the frequency
of oscillation of the strain. 7 is the scattered light intensity
and -y the coherence factor. If it is assumed that relative dis-
placements are small compared with the wavelength a second
order approximation may be made which yields an alternating
component:

7
:,;Z (K-a)? cos 2wt ®)

Thus there is an intensity modulation of twice the frequency
of the strain oscillation. This gives rise to an oscillation of
the same frequency in the autocorrelation function with a
peak to peak value of ¢/S equal to:

2(K-a)* 3
242

Expression (3) predicts that the magnitude of the oscillation
in the autocorrelation function depends upon the direction
of the strain oscillation and is a maximum when the strain
oscillation is in the direction of the scattering vector. Thus
the random nature of this phenomenon is explained. The
peak to peak value of ¢/S should vary from zero to:

8 a\*
© afl?) 4
971 ()\) sin® /2 4)

where A is the wavelength in the gel. Figure 5 shows a sta-
tistical analysis of ten complete sets of data. The bars rep-
resent standard errors in the mean values. It can be seen
that the maximum value of ¢/ does not follow a sin®/2
law, the oscillations being larger at both high and low angles
when the best fit is made. However, it has been assumed in
the above theory that the coherence volume is independent
of angle of scatter. In fact it has been shown experimen-
tally'®'! that the coherence factor, 7, is independent of
angle of scatter so that the coherence volume must vary as
cosec 0, i.e. in proportion to the volume from which scat-
tered light is received. In order to take account of this varia-
tion it is necessary to know how the shape of the coherence
volume varies with angle of scatter. If the simplifying as-
sumption is made that the coherence volume is a prolate
spheroid with major axis in the direction of scatter and ratio
of major to minor axis equal to cosec ¢, then the magnitude
of a is now a function of direction. It can be shown that
the autocorrelation function oscillations are now a maxi-
mum when the strain oscillation is at an angle ¥ to the scat-
tering direction where:

tan ¥ = sin26 tan 6/2 (5)

(cf. the scattering vector is at an angle €/2 to the scattering
direction) and that sin* (8/2) in expression (4) should be
replaced by [1/4 +sin? (8/2)]2, a now representing the
value for § = 90°. This gives a much better fit to the data
although an equally good if not better fit may be obtained
by simply assuming that the oscillations in intensity are
modified by a factor cosec 8, in which case sin4 6/2 is re-
placed by tan2(8/2)/4. However in view of the statistical
nature of the data and the simplifying assumption made in
taking account of variation in coherence volume, agreement
between theory and experiment is as good as can be expect-
ed. The magnitudes of the autocorrelation function oscilla-
tions indicate values of a/A of the order of 10—1 correspon-
ding to oscillating strains of the order of 5 x 10~4.

It must be emphasized that the predictions of the above
theory would not necessarily be expected to apply in cases
other than that of a rigid gel supported in the manner des-
cribed in this paper, as it is necessary for elastic oscillation
in the appropriate direction to be possible. Oscillations in
the autocorrelation function do not appear to occur in
experiments on synthetic polymers'~*"°. It is likely there-
fore that bulk oscillations of the specimen are triggered by
the long range, long term fluctuations in alginate density,
and occur only for rigid gels having a comparable structure
(in a purely physical sense) to alginate gel.

Diffusion of compact macromolecules within alginate gel

The diffusion coefficients of chymotrypsinogen, bovine
plasma albumin and seven different dextran fractions within
alginate gel were determined and compared with their diffu-
sion coefficients in aqueous solution (Figure 6). The effect
of changing the concentration of the diffusing macromole-
cule was not investigated although it had already been shown
that in each case the diffusion coefficient in aqueous solu-
tion was independent of concentration!>'¢, and the concen-
trations used in the present work were within the ranges pre-
viously investigated§., They ranged from 5 to 0.3% with in-

§ The globular proteins were previously investigated!! in unbuffered
salt solution at pH~5, and no buffers were added in the present work.
A more recent investigation!7 covering a wide range of pH and using
various types of buffer did not show any significant variation in diffu-
sion coefficient within the range of concentrations of globular pro-
tein used in the present work (below 3%).
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Figure 6 Diffusion coefficients of compact macromolecules within
0.5% calcium alginate gels, D, gel, compared with those in agueous
solution, Dagpy. ® Dextran fractions; O, bovine plasma albumin;

X, chymotrypsinogen

creasing molecular weight.

The autocorrelation function in these experiments con-
sisted essentially of an exponential decay corresponding to
the heterodyne beat spectrum between the light scattered
from the solution and the unbroadened component of the
light scattered from the gel, superimposed upon the auto-
correlation function due to the light scattered from the gel.
These could easily be separated as the relaxation times dif-
fered by two orders of magnitude. The homodyne beat
spectrum due to the light scattered from the solution was
assumed to be negligible, as in all cases the intensity of light
scattered from the gel was some two orders of magnitude
greater than that scattered from the solution. It was neces-
sary to use thin discs of gel only 2 mm thick for these ex-
periments so as to reduce the superimposed oscillations re-
sulting from bulk oscillations of the specimen to a minimum.
So far as the effects of dust are concerned these experiments
were somewhat easier than those with the dextrans and glo-
bular proteins in solution, as the dust particles were immo-
bilized within the gel.

The exponential decay corresponding to the heterodyne
beat spectrum is given by exp(—K 2D7) where K = 4msin(8/2)/
. In each case measurements were made at five angles of
scatter between 30° and 135° and the decay times found to
vary inversely as sin20/2 as predicted theoretically. The
error bars shown in Figure 6 correspond to the standard
error in the mean value of D determined in this way, com-
bined with the corresponding error in the value of D deter-
mined in aqueous solution. Figure 6 shows that movement
of com‘Pact macromolecules with values of 1/Dygyy less than
3 x 104 sec/mm? (corresponding to an equivalent hydrody-
namic diameter of 10 nm on the basis of a hard sphere model)
is virtually unimpeded within the gel and that macromole-
cules three times larger are far from immobilized. This is
consistent with a junction zone type of structure with large
interstitial spaces. It is also consistent with the molecular
weight of the junction zones derived from the conventional
light scattering experiments (7000 kg/mol), suggesting that
for a 0.5% gel there is on average one junction zone per
(100 nm)3. In considering the shape of the curve shown in
Figure 6 it must be remembered that in general the hydro-
dynamic interaction between diffusing macromolecules and
gel will be partially compensated by an increase in osmotic
pressure due to the fact that the macromolecules are diffus-
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ing within a smaller volume than in solution. This compen-
sating effect would be enhanced by a distribution of size of
interstitial spaces.

PRELIMINARY INVESTIGATIONS OF SOME OTHER
POLYSACCHARIDE GELS

Agarose

An agarose gel was formed by dissolving commercial aga-
rose at a concentration of 0.5% in hot water (>80°C) and
allowing to cool to 20°C. Initially very large oscillations
were observed which remained constant in frequency but
whose amplitude varied at random with time. After about
a week however the oscillations disappeared completely.
These observations have been reported previously by Prins
et al.®. Whereas the oscillations are undoubtedly associated
with long range thermal gradients persisting within the gel
it is likely that the actual phenomenon observed is due to
bulk oscillations which are triggered off by the diffusion
currents rather than the diffusion currents themselves. The
oscillations observed were much too large for the theory
given in this paper to be quantitatively applicable. The fact
that persisting oscillations of the type observed with alginate
did not occur may be a consequence of the way the gel was
supported. In the case of agarose the gel filled the light scat-
tering cell so that bulk elastic oscillations in the horizontal
direction were constrained after the gel had equilibriated.

After the oscillations had disappeared the autocorrelation
function was found to consist of a single exponential with a
relaxation time of 30 msec and associated degree of spectral
broadening ~1%. Both of these parameters were found to
be independent of angle of scatter between 30° and 135°.
As with alginate however there was a tendency for the degree
of spectral broadening to increase with time. Thus the results
for agarose and alginate are qualitatively similar and it may
be speculated that similar explanations apply.

Bovine vitreous humour

Bovine vitreous humour consists mainly of hyaluronic acid.
It is not a true gel in the accepted sense, in that it has no quasi-
static modulus and readily adopts the shape of the light scat-
tering cell. Measurements were made directly at room tem-
perature on material freshly extracted from bull’s eyes. Not
surprisingly, in view of the physical properties of the mate-
rial, the autocorrelation function exhibited no oscillations
but could be represented by the sum of two expontials whose
relaxation times varied continuously from 33 to 16 msec and
from 3 to 2 msec in the angular range 30° to 135°. In this
respect the behaviour of bovine vitreous humour is similar
to an alginate gel and very different from that of a solution.
The degree of spectral broadening was however much higher,
~7% at the time of measurement, approximately one quarter
of which was attributable to the shorter relaxation time.
Here again however, the spectral broadening increased with
time, in this case to such an extent that it was not possible
to determine whether or not there was any systematic varia-
tion with angle. Material which had been kept deep frozen
for several days exhibited complete spectral broadening. Al-
though the autocorrelation functions in this case were not
exponential, it was found that functions determined at diffe-
rent angles of scatter could be superimposed when plotted
against 7sin28/2. This is indicative of a diffusion process and
the data could be represented by two diffusion coefficients
1.7 x 10~7 and 3 x 10~% mm2/sec. Thus bovine vitreous
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humour quickly becomes unstable after extraction and the
structure appears to break up on freezing. It is possible that
in vivo the integrity of the system is maintained by short-
lived junction zones and that these are represented by the
shorter observed relaxation times. The longer relaxation
times possibly represent the dynamics of clusters similar to
those suggested for alginate gel. However investigations of
complex systems such as bovine vitreous humour is probably
best approached through the study of model systems, e.g. a
study of pure hyaluronic acid solutions as a function of con-
centration and temperature.

CONCLUSIONS

The degree of spectral broadening of light scattered from
calcium alginate gel is small and the variation in the para-
meters associated with the broadened component with

angle of scatter does not conform to any existing theory.
The existence of very long range, long term fluctuations

in alginate density may, however, be demonstrated, and it

is possible that the observed relaxation times represent the
continual rearrangements of polymer chains which, assuming
a junction zone type of structure, would be necessary for
these fluctuations to take place. Bulk oscillations of the

specimen manifest themselves in the autocorrelation function.

This is due to optical interference within a single coherence
volume resulting from the oscillatory strain.

The diffusion coefficients of compact macromolecules
through a 0.5% calcium alginate gel indicate large interstitial
spaces having dimensions consistent with a very approximate
molecular weight for the junction zones of 7000 kg/mol de-
rived from the scattered intensity at high angles. If a junction
zone type of structure is correct, then each junction zone
must consist of an association of some hundreds of chains.
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APPENDIX

Analysis of the autocorrelation function in the general case
of partial spectral broadening

Figure A1 shows a spectral distribution for an arbitrary
case of partial spectral broadening, together with the corres-
ponding phase correlation function, one being the Fourier
transform of the other. The phase correlation function
F(7) may be written:

F(ry=A +Bf(r) (A1)
At zero correlation delay time F(7) = 4 + B = I, the overall
scattered intensity. The parameters most likely to be inter-
pretable in terms of any molecular model are the normalized
Fourier transform of the broadened component of the spec-
tral distribution f{7), and the degree of spectral broadening
B/(4 +B). The problem is to find these from the autocor-
relation function of the photoelectric signal. In general this
autocorrelation function, ¢(r) is given by:

¢(r) = k{F(1)}? (A2)
where & = (c2y2)/2, c is the overall sensitivity of the photo-
electric system and vy a coherence factor. Substitution of
(A1) in (A2) yields a term kA4 2. This is the autocorrelation
function of the homodyne beat spectrum resulting from the
unbroadened component and would only be observable after
infinite integration time. Thus in practice:

$(r) = k({F(1)}2 - 4%) (A3)
Experimentally ¥ may be found by making measurements
upon any system for which the spectral broadening is com-
plete, i.e. for which 4 = 0, and any macromolecular solution
is suitable for this purpose. In this case ¢¢(r) = k/2 =
(¢2y21%)/2 = (s2v2)/2, where s is the d.c. signal resulting
from the scattered light. Thusy may be found from the
zero time value of the autocorrelation function ¢g(r), and
the d.c. signal. In the present work a 0.5% solution of
Ludox was used for this purpose and vy was found to be
0.31 independent of angle of scatter.

le Flt)

[

1 {
i=— Integrated B

! area A ‘}»

Integrated A
~ area B

O w O T

Figure A1 An arbitrary case of partial spectral broadening showing
the intensity distribution function 1., as a function of the displaced
frequency w, and the phase correlation function F(r) as a function of
the correlation delay time 7
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In the general case it is useful to define § as the value of
do(7) expected if the spectral broadening were complete.
Thus experimentally § = s2y2/2 and in terms of the phase

correlation function:
S=k(4 +B)?

Also from equations (A1) and (A3):
o(r) =k{24Bf(r) + B[]}
¢o(r) =k(24B + B2)

Equations (A4)—(A6) yield:

[6(r) — do(r) + 812 — [S — po()] /2

1O e Is — g 12

and

A+B
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(A4)

(A3)

(A6)

(A7)

(A8)

In the case of complete spectral broadening A = 0 and equa-
tion (A7) becomes:

_[em] 12
flr)= [ 00 (A9)

In the case where the degree of spectral broadening is small,
i.e. A » B equations (A7) and (A8) becomes:

_ (1)
f(r) e (A10)
B ¢o(r) (A1)

A+B 2§

This is the heterodyne case where the broadened component
beats with the unbroadened component and the homodyne
beat spectrum of the broadened component may be neglected.
By making a second order approximation it may be shown
that equation (A10) is valid within a fractional error of p of
the zero time value of f(7) for values of ¢g(7)/S less than 16p.



