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Introduction

Gels and microgels are an important class of substances from both scientific and
economical viewpoints. A variety of analytical techniques are available for their
characterization but only very few researchers have been studying gels/microgels by
means of analytical ultracentrifugation in spite of the fact that this technique is a
powerfui tool for the determination of thermodynamic, elastic and molecular para-
meters and structural properties of gels. This lack of popularity might be due to
experimental difficulties concerning the detection of the polymer concentration in
turbid gels, adhesion problems etc. Nevertheless the potential benefit of such experi-
ments has over the years led to several significant investigations in this field. These
have resulted in the introduction of a theoretical treatment of the sedimentation of even
multicomponent gels and also an improved experimental approach which permits the
characterization of a gel/solvent system in a limited concentration range in a single
sedimentation equilibrium experiment. Also established is the gradient method which
avoids many of the adhesion or detection problems researchers have struggled with
before. For microgels that have been prepared and crosslinked in emulsions, an
interesting rapid sedimentation velocity technique is now available for their charac-
terization. This review article describes the capabilities of the experimental method
and what has been achieved with it in the past. Furthermore it gives an cutlook of
applications which may be possible in the future.

Since the introduction of a new generation of analytical ultracentrifuges namely the
Optima XL-A by Beckman Instruments (Palo Alto, USA), a renaissance of analytical
ultracentrifugation can be observed especially in the ficld of Biophysics/Biochemis-
try. No longer are time consuming photographic data aquisition techniques necessary
anymore. Hence, it can be expected that analytical ultracentrifugation will play an
important role in the characterization of biopolymer systems again. A feature of many
biomolecules is self-association which can often lead to large aggregates or even gel/
microgel formation. Especially if the gel/microgel quantity is small it is hard, if not
impossible, to characterize their physical and structural properties by means of

Biotechnology and Genetic Engineering Reviews — Vol. 16, April 1999
0264-8725/99/15/87-140 520.00 + $0.00 © Intercept Ltd, P.O. Box 716, Andover. Hampshire SP{0 1Y, UK

87



88 H. COLFEN

common techniques. Analytical ultracentrifugation however needs only small sample
amounts and can yield a large variety of information. This review will describe the
capabilities of analytical ultracentrifuge technologies for the characterization of such
systerms.

The first experimenis with gels in an ultracentrifugal field were reported in the early
years of the technique by McBain and Stuewer {(1936) and by the pioneers Svedberg
and Pedersen (1940). For the following two decades however only two studies were
published using the ultracentrifuge as a tool for the quantitative detection of microgels.
In the 60’s and 70’s Johnson and coworkers carried out basic investigations on the
behaviour of gels in the centrifugal field (Johnson and Metcalfe, 1963, 1967; Johnson,
1964, 1963, 1971, 1972; Johnson and King, 1968). After a further ten vears of relative
stagnation. researchers became interested once more in using the analytical ultra-
centrifuge as a tool for the characterization of gel properties. In these years the
characterization of gels in the analytical ultracentrifuge has been advanced with
regards to both theoretical and experimental aspects. Nowadays the ultracentrifuge
can be more effective than any other method known for the characterization of gels. As
many as seventy samples can be characterized simultaneously in terms of thermo-
dynamic, elastic, molecular and structural parameters. Another great advantage of the
ultracentrifugal investigation of gels is the continuous equilibrium which can be
determined by the selection of the rotational speed. Therefore the analytical ultra-
centrifuge should be applied much more for gel characterization than is the case up to
now, especially in the light of medern data aquisition and computer techniques. This
review will cover the technical advances and applications that have been achieved so
far and will look forward to what can be achieved in the future. More detailed aspects
can be found in another article recently published by the author, to which the interested
reader is referred (Colfen, 1995). The present review will cover the following: a
general part describing the basic principles of the technology; sedimentation velocity;
sedimentation equilibrium; density gradient methodology; the gradient method, and
as part of the conclusions will provide an estimate of the potential of this technology
for the future.

General behaviour of a gel in an ultracentrifugal field

THECORETICAL CONSIDERATIONS

If a gel is placed in an ultracentrifugal field in the sector shaped ultracentrifuge cell,
two cases can be distinguished which are schematically presented in Figure I. The
tirst case a) is the beginning of the experiment or an experiment at low rotational speed
where no sedimentation of the macroscopic gel phase occurs (as sedimentation of the
gel phase, the sedimentation of the gel meniscus is understood). Nevertheless, a
concentration gradieni of the polymer in the gel phase will occur at these lower speeds
due to the sedimentation of the crosslinked polymer. The gradient indicates the locally
dependent deswelling of the gel which is caused by the swelling pressure generated by
the centrifugal field. The concentration gradient changes until a final equilibrium
gradient is established. This concentration gradient is considered in the so-called
gradient method and the determination of the sedimentation coefficient via the
movement of the centre of mass.
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Figure 1. Gel in an uttracentrifuge cell. a) At the beginning of the experiment or at fow speeds where no
sedimentation of the gel phase occurs. b) At high speeds where the gel phase has sedimented establishing
a sol phase. @ is the angular velocity. h the height of the ultracentrifuge cell, @ the sector angle of the
uitracentrifuge cell and r the distance to the axis of rotation with the indices 7 = top, m = meniscus, b =
bottom, g/v = boundary gelfvapour. s/ = houndary solven¥/vapour and g/s = gel/solvent, Redrawn from
Cdlfen (1993} and printed with kind permission of Dr Koster Verlag, Berlin. FRG.

The second case b) is observed at higher rotational speeds i.e. above 10,000 rpm
(revolutions per minute) for the system gelatin/water. Again, the polymer concentra-
tion ts increased at the cell bottom whereas it is decreased at the meniscus gel/vapour.
These processes are illustrated in Figure 2.

At the beginning of the experiment (with the angular rotor velocity ® = 0), the
polymer concentration in the gel is constant. Increase in the rotor speed @, after a time
t leads to a decrease in the polymer concentration, ¢, at the meniscus between gel and
vapour {(see Figure 2). At a critical angular velocity ®, the polymer concentration
drops to the value of the maximum swolien gel ¢, . As the polymer concentration in
the gel cannot be lower than ¢, | a sol phase is introduced as soon as the polymer
concentration has reached this lower limit and the meniscus gel/sol begins to sediment
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Figure 2. Radial dependence of the local polymer concentration in the gel ¢, at different angular
velecities . . ¢, = concentration of the maximum swolten gel, Redrawn from Célfen {1993) and printed
with kind permissior of Dr Kdster Verlag, Berlin, FRG.
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{w,). This corresponds to case b} of Figure I. The sol phase might consist of pure
solvent as well as of a solution of non-~gelling material. The gel phase sediments untii
an equilibriutm is reached. From the equilibrium states of both, case a) and case b) in
Figure 1, information about thermodynamic, elastic, structural and molecular param-
eters of the gel can be obtained.

If the rotational speed is chosen very high, a sedimentation velocity experiment
can be performed in analogy to a sedimentation velocity run with a polymer
solution. In this case the movement of the boundary gel/sol towards the cell bottom
can be measured as a function of time although recently it has been pointed out that
the movement of the centre of mass has to be considered rather than that of the
meniscus gel/sol (Steensgard er al., 1992; Borchard and Hinsken, 1997; Hinsken,
1998).

PRACTICAL PROBLEMS

Adhesion

Adhesion of the gel to the cell walls of the ultracentrifuge cell is a very significant
problem when bulk gels are to be investigated. This becomes evident for the example
of the system gelatin/water — the prototype of a gelling system - and also a good glue.
Without any precautions, the gels stick to the centrepiece walls and windows so that
eiastical forces upon movement of the gel phase will distort the experimental results.
One elegant way of avoiding this would be to prepare such systems in the form of a
microgel and then look at their properties but this provides great practical problems of
synthesis in many cases. Ways of minimising interactions between the centrepiece and
window material and the gel have however been investigated.

The first person to look at the possibility of how to minimize adhesion to get
reproducible results was Johnson. With Metcalfe (Johnsor and Metcalfe, 1963) he
reported that the same centrepiece had to be used for all sedimentation velocity
experiments with gelatin/water gels to ensure reproducibility. The range of variation
in the results using different centrepieces or centrepiece materials for identical
samples was as high as 30%. Such errors can be minimized by impregnation of the
centrepiece walls and even the windows with a thin film of highly viscous silicon oil
resp. the impregnation of the centrepiece walls with a Teflon spray (Holtus, 1990;
Colfen, 1993). Other approaches consider even the construction of centrepieces and
windows made from a material which shows minimized adhesion, One example are
polycarbonate centrepieces and polymethylmethacrylate windows for experiments
with gelatin/water (Célfen, 1993). However, such materials reduce the maximum
applicable speed significantly (40000 rpm for polycarbonate, 20000 rpm for
polymethylmethacrylate acid, PMMA).

Optical detection

The choice of the optical system for a successful detection of concentration gradients
inside a gel phase is very restricted as polymer concentrations are usually far above 1%
{10 mg/ml) by weight and can reach concentrations of 40% (400 mg/ml) and beyond.
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Whereas much effort has been spent on the development of very sensitive optical
detection systems (e.g. fluorescence optics) for solution analysis down to the picomolar
range of biopolymer quantities (important for example when very strong heterologeous
interactions are the subject of interest), nothing has been directed at improving optical
detection at very high concentrations. The only straightforward solution to the
problem is the reduction of the optical pathlength from 12 mm to 6 or even 3 mm.
However, shorter pathlengths are expected to cause extensive adhesion problems as in
this case, the surface to volume ratio of the gel in the ultracentrifuge cell has already
significantly been increased. However, even in such cases the optical signal is much
higher than what some optical systems can cope with. This means that for example the
Rayleigh interference optical system has no chance of providing optical records of
polymer concentration inside a gel phase due to the far too high intensity differences
between the interfering light beams. The ultraviolet/visible (UV/VIS) absorption
optical detection system is unfortunately also not applicable due to optical saturation
by the significant turbidity/light scattering: genuine UV/VIS absorption by proteins at
these concentrations is in any case usuatly far above the linearity limit of the Lambert-
Beer law and thus, the optical signal can more or less only be used at best to follow the
sedimentation of the gel phase: this is also the case with Rayleigh optics. The same
limitations can be expected if the gradient method is applied since even the initial gel
concentrations are far above the detection limit.

Turbidity detection (which has proved to be very useful for the examination of
dispersions} also unfortunately cannot be applied for gel bulk phases as in this case,
the turbidity cannot be corrected for the influence of the particle size (MIE
scattering). Furthermore, it is a detection system which detects time dependent
changes rather than radial concentration distributions which are essential for the
investigation of gels.

Hence, the only optical system which can be applied with success is the Schlieren
optics: for a comparisen of the optical traces for the Rayleigh interference-,
Schlieren- and UV/VIS-optics, see Figure 10 and (Colfen, 1995). Even this system
however does not detect the whole concentration gradient in every case. This holds
especially for sedimentation velocity experiments, where more or less the only
detectable time dependent trace is the position of the gel/sol meniscus. Therefore,
assumptions about the concentration gradient or other independent local concen-
tration gradient measurements {microtome cuts of the gel at sedimentation
equilibrium with subsequent concentration determinations, etc.) have to be made. A
big step forward towards a quantitative optical detection of concentration gradients
has however been the low speed equilibrium gradient method (Figure 1a). Further-
more, sophisticated medifications like the ultrasensitive Schlieren optics (Céifen and
Borchard, 1994c¢) could be reversed by simply exchanging some lenses to give a very
insensitive modification suitable for this very special application. Unfortunately,
nobody has tried this out so far as the only commercial analytical ultracentrifuge, the
Beckman XL-1 does not even have the capability for a Schlieren detection, although
there is the prospect of an on-line facility in the future (see, Clewlow et al., 1997).
However, even from the simple detection of the equilibrium position of the meniscus
gel/sol (detectable by all common ultracentrifuge optical systems), a lot of
information is still available.
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Sedirnentation velocity techniques

BULK GELS

Historically, the first investigations of gel systems used sedimentation velocity
technology. However, throughout the years, it turned out that although sedimentation
velocity proved to be the method of choice for microgels, sedimentation equilibrium
proved much more effective to characterize bulk gels, and we will consider this later.
The first pioneering investigations of gels in an ultracentrifugal field were reported by
MecBain and Stuewer (1936) on agar gels. These workers used an air driven spinner
capable of rotating at speeds up to 210,000 rpm 1o generate centrifugal fields as high
as 1,200,000¢. By means of this simple device it could be shown that low concentra-
tion agar gels in the range of 0.31--1.6% by wt. and short maturation times reached
swelling pressure equilibrium. When the movement of the gel/sol meniscus (1) was
plotted against the time of sedimentation for different concentrated agar gels, the
sedimentation rate of the gel was found to be constant in the beginning of the
experiment but then decreasing to zero with time. A simple formula for the calculation
of the swelling pressure was provided (McBain and Stuewer, 1936) which differs from
that derived from thermodynamic considerations. The concentration dependence of
the swelling pressure was observed to be linear with very low swelling pressures in the
range of only a few millibars; The linear concentration dependence at the low polymer
concenirations was seen to be analogous to the osmotic pressure behaviour of
solutions. The gel concentration was assumed to be constant at different radial
positions in equilibrium. This proved to be not true, as was shown in many of the later
works. Theoretically it was stated that the sedimentation velocity of a gel cannot be
constant. It was suggested (McBain and Stuewer, 1936) that the sedimentation rate of
a gel is influenced not only by the centrifugal force but by syneresis, swelling due to
chemical solvation and orientation of the solvent as well as thermal molecular
movements.

Svedberg was the other early worker who investigated the behaviour of gels in an
ultracentrifugal field (see Svedberg and Pedersen, 1940). He also found that a gel
shows a different type of behaviour from solutions in the ultracentrifuge. The katter
show a constant sedimentation rate, independent of the column height whereas this is
not the case for gels. This provided the verification of the considerations of (McBain
and Stuewer, 1936). Furthermore, Svedberg had already stated that two cases have to
be distinguished in carrying out ultracentrifuge experiments with gels: either some
measureable changes in terms of the sedimentation of the gel phase occur, or they do
not. This is exactly the situation shown in Figure {. Svedberg also derived an equation
to represent the so-called *hydrostatic partial pressure’ of a gel which is the swelling
pressure at equilibrivmn (Svedberg and Pedersen, 1940):

ﬂ5=m2 jcg(}'—i?g po,)rdr hH

r’%/s

with I = swelling pressure, r = distance from the axis of rotation with the indices m
for meniscus andg/s for the gel/solvent boundary, ¢, = polymer concentration (usually
expressed as partial density of the polymer in the gel in g/ml), ® = angular velocity,
¥,= partial specific volume of the polymer and p = density of the pure solvent.
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Equation (1) is a special case of the generalized Svedberg-Pedersen equation
presented tater in this review (Borchard, 1991) for binary and highly swollen gels.
Svedberg pointed out that it is very often impossible to determine the polymer
concentration gradient in the whele gel phase with the optical detection system of the
uitracentrifuge due to the high turbidity of the gel. Therefore, he introduced an
approximation method based on a mass balance and the assumption that the
concentration in the middle of the gel column is equal (o the average concentration of
the gel column. As McBain and Stuewer before, Svedberg found for agar gels that the
swelling pressure of the gel is roughly proportional to the polymer concentration in the
gel.

The first basic study to be published on the behaviour of a macroscopic gel in the
ultracentrifugal fiekd came from P. Johnson in 1964 (Johnson, [964). He investigated
agar and gelatin gels in a phosphate-NaCl-buffer at temperatures between 10 and 25°C
using very short maturation times of only 30 minutes for the agar gels. The concentration
of the gels was determined to a low degree of accuracy by compressing the gel at
60,000 rpm and determining the mass of the compressed gel phase. After drying to
constant weight, the concentration of the original gel could be obtained with the
knowledge of its mass.

Nevertheless, Johnson was able to demonstrate some important properties of
biopolymer gels (Johnson, 1964): he was able to show that a gel shows typical velocity
characteristics in a limited range. He found a sharp gel-solution interface which was
sedimenting in the direction of the applied field. Again, the sedimentation behaviour
of a gel was found to be fundamentally different from that of a solution (see also
Svedberg and Pedersen, 1940). In a sedimenting solution boundary the concentration
is continuously decreased due to the radial dilution caused by the sector shape of the
cell, whereas in a sedimenting gel the mean gel concentration increases as the gel
volume is decreased with constant polymer mass. From that point of view he presented
a formula to calculate the mean concentration of the gel phase at a defined time ¢
applying a volume balance. This formula could give at least a rough estimation of the
concentrations in the gels during centrifugation.

Johnson then tried 1o relate the initial slope of the log %" plot to the square of the
rotational speed (Johnson, 1964) 1o calculate a sedimentation coefficient of the gel
phase but found only a little range where this could be accomplished. In contrast to a
solution, the plot of log 75" against time was not linear for a gel but showing a
decrease of the slope already after a few minuses. This slope was found to come to zero
defining an equilibrium degree of swelling (sce Figure 3). This equilibrium value was
dependent on the rotational speed and the initial gel concentration.

Furthermore an ‘induction’ period at the beginning of an experiment was described
where no sedimentation of the gel phase occured if the rotational speed was selected
too low. This induction periced was found to increase with gel concentration and lower
speed. A maximum sedimentation rate could be defined in the logmr,ﬁ"‘ plots vs. time
{linear portion between rise and decrease of the slope, (see Figure 3) which was
approximately proportional to the applied field at several concentrations and inversely
proportional to the initial gel concentration between 0.5 and 2% by wt. at the same
initial column length.

Nowadays, it is known that the movement of the centre of meass has to be considered
(Borchard and Hinsken, 1997). Nevertheless Johnson used this plot to define the
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Figare 3. Plots of log, r2® against time from gel sedimentation diagrams for 0.5% difco-agar gel at
various speeds. The dashed line represents a schematic diagram for a solution. Modified figure from
Johason (196¢4) printed with kind permission of the author and the Royal Society, London, U, K.

conditions under which the gel interface behaves like a solution boundary. For those
cases he calculated a so called effective sedimentation coefficient s considering the
movement of the boundary gel/solution towards the cell bottom in analogy to the
movement of the boundary in case of a solution. Upon variation of the experimental
conditions which are known to effect the gel structure like the ionic strength, pH of the
buffer and the temperature on the gel sedimentation, it was found that the temperature
(10-25°C)aswell as apH (6.5-7.8) and ionic strength (0.1-0.5) alteration caused little
or no measurable change in the determined gel sedimentation rate which is against all
expectations. It was found to be impossible to relate the effective sedimentation
coefficient to a sedimenting species because the gel can be considered as a network of
infinite molar mass. The motion of the gel interface was stated to be a viscous rather
than an elastic type of flow as a gel showed little or no rapid recovery after the rotor
has been decelerated. Johnson concluded (Johnson, 1964) that the flow of a gel must
involve continuous rupture and re-formation of the junction points and explained the
sedimentation of the gel phase with this concept. Consequently, the equilibrivm state
occurring after the sedimentation of the gel phase could be considered from the kinetic
point of view as an equal rate of rupture and reformation of the junction points. From
the occurrence of an induction period he concluded that the rupture of crosslinks mi ght
be a slow process. An argument against the generalization of these considerations is
that it would be impossible for a gel with permanent crosslinks to sediment unless the
permanent bonds are ruptured. Nevertheless, it is known that such gels also sediment
(Borchard, 1975a; Colfen and Harding, 1994). An alternative explanation is that the
sedimentation of the gel can also take place as compression of the gel without rupture
of crosstinks or bonds but with folding of the network chains and exclusion of solvent.
This model seems to be more likely at least for chemically crosslinked gels as the
energy to rupture chernical bonds is rather high. Nevertheless, up to now none of these
possibilities could be clearly verified experimentally.
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Johnson {1964) also observed a slower sedimenting soluble fraction of consider-
ably less than 10% for the agar but about 30% for the gelatin gel. These so-called
‘soluble parts’ were found to be quite polydisperse for the case of the gelatin as
deduced from the extensive spreading of the Schlieren peak. By contrast to the gel, the
log,, 1% vs. time plot was found to be linear, as expected for a solution. The soluble
gelatin was detected over a range of experimental conditions. Its sedimentation
coefficient was similar to that of the molten gel which gives strong evidence that these
soluble parts consist only of gelatin molecules which could not be incorporated into
the network due to the very short maturation times of the gels or chemically damaged
gelatin. Johnson himself stated that the proportion of soluble parts decreases somehow
by allowing a gel to mature but still very significant soluble portions remained after
long times.

Considering equilibrium aspects of the gel sedimentation, Johnson (1964) also
stated that the derived increase of the log,, r¥" with the rotational speed agreed
qualitatively with the equation (1) of Svedberg (Svedberg and Pedersen, 1940).
Considering the induction period which could be observed if the initial gel con-
centration was not very different from the average equilibrium concentration, Johnson
also concluded from changes in the Schiieren traces of the gel phase during this period,
that internal structural changes of the gel occur before any movement of the gel
meniscus commences. As is now known today, this process is simply the locally
dependent deswelling of the gel.

A further study from Johason’s laboratory treated the sedimentation behaviour of
several dilute gelatin gels under sedimentation velocity conditions {Johnson and
Metcalfe, 1963). As in the previous study (see Johnson, 1964) the separated soluble
parts which occured in significant amounts behaved as real solution giving a sedimen-
tation coefficient which equals that of gelatin in solution. It was stated that the
occurence of solution components cannot be caused by the high pressures in the
centrifuge cell as AV for the sol gel transition is negative (Flory and Garrett, 1958).
Further evidence is provided by the observation that the same amount of solution
component was observed over a range of centrifugal fields.

Three general characteristic features of a !ogmrff vs. time plot for a sedimenting gel
were stated (Johnson and Metcalfe, 1963) which can vary widely in different gels (see
Figure 3): a) the induction period at the beginning of the experiment, b) a period with
amaximum movement of the gel boundary where the slope is constant and c) the end
of the experiment where the slope is continuously decreasing to zero. It must be stated
that the transition between these periods is continuous. It is important to note that the
induction period is probably just due to the fact that the movement of the gel meniscus
is treated as indicative for the sedimentation of the gel. In fact, sedimentation of the
polymer in the gel occurs right after the application of an ultracentrifugal field which
is expressed in the formation of a concentration gradient in the gel phase even if the
meniscus does not sediment (Hinsken and Borchard, 1995).

Sedimentation coefficients for the gel have been calculated on the basis of the
maximum movement of rff“ (Johnson and Metcalfe, 1963). These values are sub-
sequently referred to as the effective sedimentation coefficients of the gel in the text
that follows and can be considered to be rather inaccurate as only a small time range
of the gel sedimentation (constant sedimentation velocity) can be used to calculate the
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sedimentation coefficient of the gel. This disadvantage can be circumvented if the
movement of the centre of mass is used to calculate the sedimentation coefficient
rather than that of the gel meniscus (Hinsken and Borchard, 1995). Looking at the
effect of the gel maturation temperature and the run temperature on the sedimentation
coefficients of the soluble component and the gel as well as the amount of soluble
polymer, drastic effects were observed. Increase of the maturation temperature from
210 20°C at 1 h maturation time increased the amount of the soluble component from
20% t0 90%. The sedimentaticn coefficient of the soluble component remained nearly
constant whereas that of the gel was decreased by a factor of =3 from 14.5 5 t0 4.5 S.
Below 20°C the gel sedimentation was found to be insensitive to the run ternperature
for a few degrees below the setting temperature, whereas it was very dependent on it
above 20°C reflecting the breakdown of the gel structure up to complete gel melting.
An attempt was made to monitor the gelation in a sedimenting solution by decreasing
the temperatare from 23°C (melting point) to 19°C over 4.5 h. Needle like sedimenting
striations appeared in the Schlieren patterns after a time, which corresponded to
aggregates leading to later gelation. Such aggregates have only been observed near the
melting point or just before gelation. Their concentration is decreased drastically with
the maturation time of the gel, much more than the concentration of the non-
aggregated solution component.

The maturation time of the gels was also found to influence the sedimentation
behaviour of the gel and the amount of solution component. On aging at 20°C, there
was a large decrease in the gel sedimentation coefficient during the first hour whereas
the changes with maturation times up to three months were small. In the entire period
from a few minutes to 3 months the solution component was decreased from 40% to
25% for the system gelatin/water. If the same experiment was performed at a
temperature of 2°C, the solution component {20% after 1 h) vanished after 44 h,
whereas the sedimentation coefficient of the gel increased by a factor of 2.

By studying the effect of the initial gel concentration between | and 3% by wt. on
the sedimentation behaviour and the amount of soluble compoenent, it was found that
at 20°C and an initial gel concentration of 1.5% by wt., material was stilt partly in
solution, which was built into the network at 2% by wt. The effect was less pronounced
at 18°C and vanished at 2--5°C. Some experiments on the effect of the ionic strength
showed that deionized gels, representing somehow a stracture of precipitated aggre-
gates embedded in a weak network, sedimented much faster than a normal gelatin/
water gel. When KCl (¢ = I mol/l) was added, the sedimentation rate was slower than
that of the gel with water. This implies that the sedimentation velocity of the gel
depends on its structure, Addition of KSCN (0.5 mol/l) to a 1% by wi. gelatin solution
prevented the formation of aggregates and hence no gel was formed.

Separating the gelatin gel into the gel and the solution component by preparative
centrifugation showed that the freeze dried solution component was far more rapidly
soluble than the freeze dried gel fraction and gave no gel even at 2% by wt. At a
concentration of 5% by wt. a gel was formed which showed that the gelatin molecules
in the soluble fraction are at least partly able to form a network. In an experiment with
a 2% by wt. gel (Johnson and Metcalfe, 1963) where the solution phase was removed
three times from the ultracentrifuge cell and replaced by the same amount of water, no
solution component separated from the sedimenting gel interface anymore, after the
gel was allowed to mature for 40 h at 4°C. This gives evidence for the conclusion that
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the low molecular solution component may be removed by such a procedure. Further
evidence for this was found in an experiment where the sedimentation of the first of the
three extracts was compared with a diluted solution of the remaining gel phase. The
extract showed a considerable tail of slower sedimenting components e.g. components
with a lower molar mass.

As the sedimentation behaviour of a gel was found to be dependent on its structure
it was investigated if the sedimentation coefficient of the gel can be correlated with its
rigidity. It was found that the rigidity of the gelatin gels seemed to be related with the
amount of solution component but not with the sedimentation coefficient of the gel.
Nevertheless, it was pointed out (Johnson and Metcalfe, 1963) that the soluble parts do
not directly contribute to the gel rigidity but only indirectly by lowering the concen-
tration of molecules which build up a network. Highly rigid gelatin gels had only 20%
solution component whereas gels with low rigidity had 40--50% solution component.
This effect was even observed if the molar mass of the two types of gelatin molecules
forming the gel was comparable.

Systemnatic sedimentation velocity experiments on diluted gels from commercial
gelatins and gelatins from soluble collagens were described by Metcalfe (1965). This
study contains far more results than could be included in the previous publication
(Johnson and Metcalfe, 1963). Metcalfe compared the sedimentation behaviour of the
gelatin gels over a wide range of physical conditions using mainly three quantitative
measures: &) the maximum rate of gel sedimentation of the gel interface as defined
above, b) the amount of solution component and ¢} the sedimentation coefficient of the
solution component.

It could thus be shown that sedimentation studies are a sensitive method for the
examination of changes in the gel structure and the interaction of the gel with other
molecules. Although a qualitative relationship between the proportion of the solution
component and the rigidity of the gels was found, no guantitative relation could be
derived for this as it was concluded that mainly the changes within the gel itself, e. g.of
its structure, are responsible for the rigidity changes. Also, no correlation was found
between the gel rigidity and the maximum gel sedimentation rate which seemed to be
more dependent on the gel structure. Reflecting upon the reproducibility of the
experiments, considerable time dependent effects after gelling through further
crosshinking of the gelatin gel were found (Metcalfe, 1965). In contrast to the previous
study (Johnson and Metcalfe, 1963), it was found that adhesion of the weak gels to the
ultracentrifuge centrepieces had no effect on the sedimentation coefficient of the gel
whether the material of the centrepiece was changed, the surface was lubricated, the
sector angle was altered or the gel was loosened from the cell walls and windows before
the experiment. Nevertheless, the more rigid gels were loosened generally from the cell
walls and windows as a considerable adhesion took place. The gel sedimentation
coefficient was found to be proportional to the applied centrifugal field at constant gel
column length just as it was found for agar gels (Johnson, 1964), whereas the induction
period was inversely proportional to the field. The sedimentation coefficient of the gel
was found to be proportional to the length of the gel column, independent of the sector
angle of the centrepiece (e. g. the gel volume) and unchanged if a water layer was placed
above the gel column or not. The independence of the sedimentation coefficient from
the presence of awater layer on top of the gel column had already demonstrated that the
total hydrostatic pressure has a negligible influence on the sedimentation behaviour of
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the gel, as was also shown theoretically later (Borchard, 1991). However, the cbserved
dependence of the sedimentation coefficient of the gel on the column length indicates
an error in the definition of gel sedimentation as the sedimentation of a gel has to be
treated as a movement of its centre of mass rather than a movement of the meniscus
gel/sol (Borchard and Hinsken, 1997). Therefore, all results based on the effective
sedimentation coefficient from the movement of the meniscus gel/sol have to be treated
with care, especially as the reported gel sedimentation coefficients are generally of the
same order of magnitude of soluble polymers and not a factor of 10 lower, which has
been found recently (Borchard and Hinsken, 1997).

As had been reported in many previous studies dealing with ultracentrifuge
experiments with gels, Metcalfe (1965) had problems in detecting the concentration
gradient inside the gel phase, especially in the more concentrated gels. Therefore, it
was attempted to monitor the concentration distribution inside the gel phase by placing
a gel consisting of alternating dyed (labelled) and undyed gelatin in the ultracentrifuge
cell. This attempt was not successful as the dyed gelatin was distributed in irregular
lumps throughout the gel column after the experiment implying a circulation of the
polymer in the gel phase during the sedimentation. The density differences between
dyed and undyed gel have been given as possible explanation as the applied dyestuff
was known to promote gelation. Alternatively, this observation partly supports the
explanation of Johnson — at least for the case of the physically crosslinked gelatin/
water gel — that gel sedimentation occurs when crosslinks are ruptured (Johnson,
1964). It is also likely that adhesion of the gel lead to the observed rupture of the gel.

Consequently, it was attempted to establish a large density gradient inside the gel
phase by layering a 2% by wt. gelatin gel above a 4% by wt. gelatin gel. The
sedimentation coefficient derived from the movement of the boundary between the
two gels as well as that from the movement of the meniscus gel/solvent from the 2%
by wt, gel agreed closely with the values obtained for the separate gels with the same
column height. From this it could be deduced that the sedimentation rate of the
boundary between the two different concentrated gels was approximately independent
of the presence of the gel above it. A continuous density gradient has not been
established as expected, initially due to the view of rupture and reformation of the
network upon sedimentation.

When the effect of the initial gel concentration on the gel sedimentation coefficient
was investigated in the range of 1.5-5% by wt., a maximum of the sedimentation
coefficient for 2% by wt. was found for 18°C shifting down to 1.5% by wt. at 5°C. A
plot of log 1/s (s = sedimentation coefficient of the gel) against log ¢ {c = average
concentration in the gel at time t} yielded ranges of linear dependencies with a slope
n for gelatin/water gels. Using data for dilute agar/water gels (Johnson, 1964), a
similar range of linear relationship was found for agar, restricted extensively by the
equilbrium approach of the agar gels. Nevertheless, it was stated that the maximum gel
sedimentation rate alone is not sufficient to completely characterize the sedimentation
of the gel as no relationship between this sedimentation rate and the induction period
could be found. If the movement of the centre of mass is taken to calculate the
sedimentation coefficient of the gel (Borchard and Hinsken, 1997), no induction
period is observed anymore which shows that the definition of the gel sedimentation
coefficient of the gel via the movement of the centre of mass is more correct.

In addition to the already published (Johnson and Metcalfe, 1963) results of the
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effect of the ionic strength on the gelatin gel sedimentation coefficient, the concentra-
tion of KCl in the range of 107 to I mol/f was found to have a dramatic effect on the
sedimentation coefficient of the 2% gel investigated at 18°C (Metcalfe, 1965).
Increasing the KCl concentration for example from 107 to 102 mol/Il and hence the
ionic strength, the sedimentation coefficient of the gel was decreased from nearly 60
5 to 20 8. In contrast to the gel, the increase of the ionic strength led to an increased
sedimentation coefficient of the solution component. The pH affected the gel sedi-
mentation coefficient very strongly as well, giving a maximum near the isoelectric
point of the gelatin.

The solution component was the subject of intensive study. It could be shown that
the fraction of soluble material could be decreased significantly to negligible mag-
nitude by decreasing the temperature of the ultracentrifuge experiments to 5°C or
fower. Sedimentation studies of these fractionated solution components suggested a
molar mass of only 10,000 g/mol in contrast to the tenfold or higher value of the
gelatin, This could explain the already outlined lack of gelling ability of such a
solution component. Further work, especially on the soluble parts from gelatin gels
applying optical rotation measurements and amino acid analysis, has been reported
by King (1967).

Further experiments were carried out to compare the sedimentation behaviour of
gels from acid and alkali processed gelatin, fractionated gelatin and gelatin from
soluble collagen. The sedimentation coefficients for gels from soluble collagens
matured at 1 h at 18°C were found to agree with those of alkali processed commercial
gelatins. But in contrast to the other gels investigated, the amount of solution
component at 18°C in gels from soluble collagens was found to be much lower (e. g.
< 15% by wt.) down to only 2.5% by weight. Under these conditions the amount of
solution component from fractionated gelatins (the o and B components have been
purified) was found not to be very much dependent upon the composition of the
gelatin, e.g. the fraction. Comparing the sedimentation coefficients of the correspond-
ing gels, a small increase of s was found for the o-fraction whereas s was slightly
decreased with respect to the unfractionated gelatin for the -fraction.

The effect of heating was studied with a gel containing only a very small amount of
solution component. The amount of solution component was found to increase
slightly with each heating step due to the thermal degradation of the gelatin, whereas
the sedimentation coefficient of the gels increased reflecting the weaker gel structure.

Another study on the sedimentation behaviour of gelatin gels was published in 1967
by the Johnson group (Johnson and Metcalfe, 1967). This publication dealt mainly
with the results in Metcalfe’s PRD Dissertation (Metcalfe, 1965) but included a more
detailed consideration of the dependence of the gel sedimentation coefficient on the
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average gel concentration. When the column length of the gel (r, — 75*) was introduced
into this empirical equation, a more detailed plot of log s + log (1 + rn’f”/rb) versus log
(1- (r,;f“/rb)z) could be introduced which gave a straight line with the slope 7 + 1. The
parametern was suspected to be somehow related to the gel structure. Considering the
ill-defined nature of the sedimentation coefficient via the movement of f;,’f“, the
paratneter n can only be a qualitative and empirical quantity.

Considering the application of Equation (1) in this review to the sedimentation
velocity experiments with gels, it could be stated that this equation must apply more
to equilibrium conditions than to the steady flow during the sedimentation velocity
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run: as an explanation it can be said that under these conditions swelling is a slow
process compared to gel sedimentation.

This work was followed by a further sedimentation velocity study on gelatin gels
attempting to describe the sedimentation behaviour of gels observed in the previous
studies more quantitatively (Johnson and King, 1968). An important point was the
atternpt to measure the polymer concentration distribution inside the gel phase during
sedimentation which normally could not be observed throughout the whole gel phase
with any of the standard ultracentrifuge detection optics. As the attempts with layers
of dyed and undyed gelatin failed (Metcalfe, 1965), a gel was set up from completely
dyed gelatin. When the optical density of the photographic negatives recorded during
the sedimentation of the gel were evaluated with a microdensitometer, it was found
that the optical density, and hence the polymer concentration, was approximately
constant throughout the gel. This is in contradiction to the prediction of Svedberg and
Pedersen (Equation (1}) which would lead to a concentration gradient inside the gel
phase (Svedberg and Pedersen, 1940) as well as with numerous experimental findings
obtained later. Further, with increasing time an increase in the optical density was
recorded. This was stated to be due to the concentration increase of the gel as its
volume is decreased during the sedimentation. The constant polymer concentration in
the gel phase must be an artifact of the optical densitometer readings of the Schlieren
negatives or an effect of a too high concentration of the dyestuff far above the linearity
range of Lambert-Beer’s law.

When the concentration dependence of the gel sedimentation coefficient was
investigated at temperatures of 4, 10 and 18°C, it was found that log s vs. log ¢ gave
a linear depentdence above gel concentrations of 1.5% by wt. (experimentally deter-
mined sol/gel transition). With falling temperature the dependence of the gel
sedimentation coefficient upon gel concentration increased. From this observation an
empirical relation was deduced which was already indicated in the previous paper
(Johnson and Metcalfe, 1967):

/
s=k b-1&'° 2)

Cn".‘

#44r,) versus log (1 — (r%/r,)?) yielded the empirical parameter
n (Johnson and Metcalfe, 1967). After it had been pointed out that the shape of the log
¥ vs. time plot influences the derived n, some dependencies of  on the temperature
and the maturation time were presented (see Figure 4).

It was stated from this behaviour that at temperatures below 18°C n increases with
decreasing temperature with the maturation time indicating drastic changes in the gel
structure on aging. Furthermore, 1t was pointed out that # was also dependent on the
ionic strength and the pH of the solvent. An increase in the ionic strength caused a
significant decrease of n in the isoelectric region at all considered temperatures.
However, this effect was small or causing a slight increase in # at higher pH. If the pH
was increased away from the isoelectric region, n decreased significantly. When urea,
a structure disruption agent which breaks hydrogen bonding, was added in increasing
quantities » fell rapidly down to zero.

From the experimental results it was concluded that the empirical parameter n gives
an indication of the crosslinking degree and the gel structure. High values of n (n=3)
were found to represent extensive crosslinking whereas a low value of n =1 indicated

Plots of log s + log (1 +r5%r
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Figured. Effect of temperature and maturation time on the value of 1 for aqueocus lime processed ossein
gelatin gels of 2% by weight. Figure redrawn from Fohnson and King (1968) with kind permission of the
author and the Royat Photographic Society of Great Britain, Devon, UK.

a weakly crosslinked network (see Figure 4). From the sedimentation behaviour of
highly asymmetric molecules with high effective volumes in dilute solution compared
with that of weakly interacting systems, it was concluded that n was suitable for
interpreting solution sedimentation behaviour as weli.

In a more comprehensive article, Johnson (1968) sumunarized the basic findings so
far derived on the sedimentation behaviour of gels. On the analysis of flow under the
centrifugal field, an experiment was reported where the rotor was stopped after the
gelatin gel was maximally compressed. Leaving this gel for 15 h at 18°C, only very
limitited reswelling was observed. This gel showed similar sedimentation behaviour
to the original one with the exception that no induction period was observed anymore.
From this experiment it was concluded that the sedimentation of a gelatin gel must be
regarded as irreversible although numerous later results show the reversibility, Recent
results show that the reported irreversible behaviour can be related to additional
crosslinking of the gel by the soluble gelatin component during the gel sedimentation
which leads to the formation of a gradient gel (Céifen and Borchard, 1994; 1995).

Some more detailed considerations as well as some further experimental results
concerning the structural parameter n were described in this work. Addition of
sodiumdodecylsulfate in small amounts < 0.01 mol/l suprisingly strengthened the gel
reflected in an increasing » which was explained by an associating effect of this long
chain molecule. Higher surfactant concentrations caused a steady decrease of 7 again.
Chemical crosslinking of the gelatin with glutardialdehyde decreased » further from
an already low level, although the number of crosslinks was obviously increased. The
same behaviour was found for almost completely covalently crosslinked 3% acrylamide
gels which had an n value of nearly 0. These findings were explained in a way that »
is low or zero for gels with a small number of covalent bonds and high for those with
a large number of weak bonds. This interpretation suggests only some qualitative
proportionality between » and the crosslinking density.
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In two closely related latter papers, Johnson {1971, 1972) considered the polymer
concentration distribution inside the gel phase during sedimentation and at sedimen-
tation equilibrinm more closely. For the example of agar, he pointed out that in the case
of gels, the polymer is not removed from the system being deposited at the cell bottom
as it occurs during sedimentation velocity nins with solutions. For agar gels without
significant amounts of soluble components he showed that after the experiment the
compressed gel pad swelled to its original condition when in contact with the
supernatant solvent in the ultracentrifuge cell. The sedimentation behaviour observed
for this swollen gel was identical to that in the initial experiment. This swelling
behaviour is a very important difference to the behaviour of gelatin gels with
significant amounts of soluble component as stated above and explained later (Johnson,
1968, Célfen and Borchard, 1995).

The techniques for sedimentation velocity analysis of gels presented above have
been applied to the gel-like fraction of porcine gastric mucus in a mucus dispersion at
pH 3.5 and approximately 20°C (Johnson and Rainsford, 1972). The typical sigmodial
plot of log ,r%® vs. time for gels was obtained for the whole mucus as well as for the
mucus in which the supernatant fraction containing 3 other components had been
removed by previous centrifugation. A structural parameter n of 2.5-2.6 (see Equa-
tion 2) was derived for a 2% by wt. mucus gel with the procedures described above,
indicating a large amount of weak intermolecular interactions. This interaction was
found to get stronger at higher concentrations with # = 3.3 for a 6.9% by weight of
mucus gel.

At a pH of 7.3 the proportion of the gelling component was found to be much
smaller than at pH 3.5. The same effect up to a vanishing gel content was observed as
expected when several structure disorganizing agents like 8 mol/l urea, 6 mol/l
formamide, 6 mol/l guanidine hydrochloride, 10% triton X-100 and particularly 2%
sodium deoxycholate with and without 5% mercaptoethanol were added.

A similar sedimentation velocity method to those presented above for the rapid
characterization of gels was described by a Ukrainian group (Babskij and $’edin,
1977). They investigated Difco agar gels (matured for 24 h and 3 months) at 20°C,
pH 7 and the very low concentration of .15% using Schiieren optics. Considering
the rapid sedimentation which took place already at the acceleration of the rotor, they
derived basically the same results which were already presented in the ultracentrifuge
papers by Jehnson’s group (see for example Johnson, 1964; Johnson and Metcalfe,
1963; 1967) before without citing them. But the interpretation differs. During the
induction period at the beginning of the experiment, a destruction of the gel structure
was assumed to occur as discussed by Johnsen in the early papers. (The notes of
caution with the induction pericd discussed above for Johnson's papers must be
applied here as well). The constant sedimentation rate for the following period is
reported to represent that of the aggregates which form a gel again later induced by
the increased concentration and the hydrostatic pressure leading (o a decrease in the
sedimentation velocity until the sedimentation equilibrium is reached. This argument
would not explain the equilibrium situation reported for the sedimentation of agar
gels (Johnson, 1971; 1972), because it is most unlikely that the original network
structure would be built up from the sedimenting aggregates again which must be
postulated by the equilibrium nature of this process. Furthermore, the figures in this
article show the sedimentation of a phase with a defined phase boundary and not the
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typical Schlieren peak or striations to be expected if the sedimenting species would
consist of aggregates at certain times. The investigated agar gels contained soluble
parts which were found to sediment individually. Overall, the results presented
(Babskij and S’edin, 1977) are only of qualitative nature and ocutline the use of
sedimentation velocity experiments with gels. To derive quantitative results, it was
considered as necessary to accelerate the rotor with a well defined characteristic.
Furthermore, the construction of specialized centrepieces was considered to be
necessary for future applications without pointing out requirements these centre-
pieces have to meet.

After these studies, sedimentation velocity experiments ceased to be performed (or
at least appeared to be) for the characterization of gels for more than 20 years as since
the early 70’s, the power of sedimentation equilibrium experiments with gels was
recognized as a more powerful alternative procedure.

The sedimentation velocity of a gel was subject of a recent paper by Borchard and
Hinsken (1997). In contrast to the treatment so far that the movement of the meniscus
gel/sol must be used for the calculation of the sedimentation coefficient, they could
show that the movement of the center of mass has to be considered. In contrast to a
solution, where a relative motion of the polymer to the solvent occurs, for a gel, a
relative movement of all components to each other takes place. Thus for an n-
component system, n-1 independent fluxes have to be considered resulting in a
relevant flux density under sedimentation velocity conditions. From irreversible
thermodynamics, an allernative definition of the sedimentation coefficient s was
derived for a binary system and early stages of sedimentation (t—0):

o3 ~ . PaVa
5=—{(1-V,p) with o = =
2, 2 (1- Vzp)mzr
dr, /dt _In(r, /r,q) 3)

equivalent to s =

wzr (l)zl

where @ is a phenomenological coefficient, v, = the relative velocity of the polymer
and r_is the radial position of the center of mass defined by:
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With such a treatment, induction periods are no longer observed at the beginning of
the experiment because the changes of the polymer concentration gradients have
already been taken into account, even if sedimentation of the meniscus gel/sol has still
not occurred. This is an important improvement as it enables the determination of
sedimentation coefficients of gels even at low rotational speeds, where no sedimenta-
tion of the meniscus occurs and thus adhesion and detection problems are minimized.

For longer experimental times, the equilibrium is approached, thus no relative flux
density occurs anymore, meaning that the flux by sedimentation has to be balanced by
that of diffusion in analogy to the solution case:
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Thus, by measurement of the polymer concentration gradient inside the gel phase
p,(r) at sedimentation equilibrium, the diffusion coefficient of the gel I can be
obtained by Equation (5), if s and ¢ are already known from the early experimental

stages via Equation (3)
~ 2
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where [1, = specific chemical potential of the polymer.

For a 4.5% by wt. K-carrageenan/water gel at 10°C, s was found to be 0.10-0.14 S
and D to be 3.4-3.8 10% cm*s. Thus, s is found lower by a factor of 10, than that for
the soluble polymer whereas D is even 3 orders of magnitude lower. Due to these
extremely low transport quantities of a gel, the equilibration times are very long, as has
already been reported before.

The definition of s via the movement of the center of mass may for the first time
provide a quantitative analysis of quite rapidly obtainable sedimentation velocity data
in terms of gel structures (following the early attempts by Johnson and coworkers who
used however an inappropriately defined s). However, the method is restricted to
completely transparent and thus not too concentrated gels. Furthermore, the Schlieren
gradients are rather broad which might cause inaccuracies in the concentration
determination. This however could well be circamvented by the use of on-line
Schlieren optics (Clewlow et al., 1997) and should not be regarded as a major
problem of the method.

MICROGELS

The analytical ultracentrifuge had, by 1958, already been used for the determination
of the amount of microgel formation resulting from emulsion polymerisations
(Shaskoua and van Holde, 1958). The microgels studied consisted of styrene crosstinked
with divinylbenzene, methyl acrylate crosslinked with divinylbenzene and acrylonitrile
crosslinked with methylene-bisacrylamide. Afterwards, styrene and acrylonitrile had
been grafted onto the polymers. The success of the grafting was studied employing the
Schlieren optical system of the ultracentrifuge. In incomplete grafting reactions two
components could be observed in the Schlieren patterns. The fast component was the
microgel, the siow one the linear polymer. The concentrations of the individual
compornents have been determined by measuring the areas under the Schlieren peaks.
Afterwards they have been corrected taking the concentration dependence of the
sedimentation rates into account. The additional fact has been taken into account, that
for two chemical species separated into two components which sediment with
different speeds, the faster component contains both species whereas the slower
component consists of one single species. A mixture of microgel and 25% of linear
polymer was analyzed with this method (Shaskeuva and van Holde, 1958) yielding
26% of linear polymer. This therefore established the credentials of the ultracentrifuge
as a quantitative method for analyzing linear polymer/microgel mixtures.
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Figure 5. Sector shaped ultracentrifuge cell (single sector} for determination of the swelling of small
amounits of polymer gel (schematic). # is the distance from the rotor axis with the indices m = meniscus of
the swelling agent and I = cell bottemn. The indices 1.000 rpm and 20,000 rpm refer to the gel boundary at
rotor speeds of 1,000 or 20,000 rpm. Redrawn from Lange (1986) with kind permission of Steinkopff
Verlag, Darmstadl. FRG.

In another study this method has been applied to characterize the crosslinking
efficiency of an emulsion polymerization Shaskoua and Beaman (1958). The com-
ponents for the polymerization of a microgel described in Shaskoua and van Holde
(1958} have been used in different combinations and amounts to find the minimum
quantity of crosslinking agent necessary to form the microgel. The ratio of the
microgel and the linear polymer has been determined with the ultracentrifuge as
described before (Shaskoua and van Holde, 1958).

Lange (19806) introduced the analytical ultracentrifuge for the determination of the
degree of swelling and crosslinking of even extremely small gel quantities in a
dispersion containing small swollen particles. Lange placed the gel with an excess of
swelling agent in the ultracentrifuge cell and centrifuged at 20,000 rpm for one or two
hours to compress the gel with a smaller specific volume than the swelling agent at the
cell bottom (see Figure 5).

Afterwards he reduced the speed as much as possible (1,000 rpm) to allow the gel
to swell to its maximum degree of swelling. The centrifugal field at 1,000 Ipm is
assumed to be so low that no deswelling of the gel due to the generated swelling
pressure occurs. The swelling equilibrium was reached after only one hour. These
conditions might differ from system to system. From the position of the boundary gel/
solvent which could be observed with Schiieren, absorption or Rayleigh interference
optics, he could calculate the volume of the swollen gel from the known dimensions
of the cell. As the volume of the polymer in the gel was known from its mass and partial
specific volume, the degree of swelling could be calculated by dividing the volume of
the swollen gel through the polymer volume.

These calculations can oaly be made if the gel contains only crosslinked molecules,
the polymer is distributed largely homogeneously in the gel and no substantial
swelling agent occlusions occur. These assumptions were found to be fulfilled for the
investigated crosslinked polybutadienes, polychloropropenes and powdered poly-
urethane foams. Nevertheless, a note of caution needs to be expressed if microgels are
suspected to contain soluble polymer (Michtle er al., 1995). This soluble fraction
must be extracted prior to the swelling experiment.
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The assumption of no substantial swelling agent occlusions may be questioned at
least for rather monodisperse spherical particles which cannot be packed without
solvent occlusions. Nevertheless, it can be expected that in such a case the determined
degree of swelling after speed reduction is also constant {(and independent of the
former applied speed). Therefore, such a criterion used in this study cannot be taken
to prove no solvent occlusions in every case.

From the degree of swelling the average degree of polymerization p_and the molar
mass M_of an elastically effective network chain between two crosslinks could be
determined for the polybutadiene and polychloropropene gels according to the theory
of Flory and Rehner (1943) under simplifying assumptions. The method described is
a rapid and effective way to derive the above mentioned parameters of gels.
Unfortunately, it is restricted to uncharged polymer gels without soluble parts or with
completely extractable soluble parts which means mainly chemically crosslinked gels.
Furthermore, occlusions of solvent might be a problem.

The degree of swelling of only partially crosslinked microgels can be determined
with a procedure introduced by Miiller (see Miiler et al., 1991). He measured the
distribution of the sedimentation coefficients (s-distribution) of individually suspended
latex particles in a thermodynamically good solvent at least at two different rotationat
speeds. At the low speed (2,600 rpm) the s-distribution for the swollen crosslinked
particles was determined whereas at a higher speed (e.g. 40,000 rpm) the correspond-
ing distribution of the soluble polymer could be obtained. The derived s-distributions
yielded information about the portions of dissolved and crosslinked polymer, the
degree of branching of the soluble polymer and the degree of swelling Q (Lange, 1986)
due to the following equation:

Q = f d?f,K Ptk ~Po
Sgwotien 18 7

(6)

withs =sedimentation coefficient, d, , = diameter of the compact, unswollen particles,
Py = density of the compact, unswollen particles, p, = density of the dispersion
medium and M = viscosity of the diluted dispersion. f is a factor according tom =1+
m where the mass of the particle m_reduced by the soluble part is related to the mass
m of the particle consisting of soluble and insoluble parts. f could directly be obtained
with the interference optics applied, whereas the diameter ., of the unswollen
particle had to be determined first in a separate experiment e.g. via turbidity measure-
ments in an analytical ultracentrifuge. In Equation (6) it is assumed that the
hydrodynamic diameter of the particle is not affected by the leaching process of the
particles in the dispersing medium. A further approximation has been made by
neglecting the concentration dependence of s when using Equation (6) with the
sedimentation coefficient at 5 g/l instead of that af zero polymer concentration, From
the degree of swelling the polymerization degree p_and the molar mass of the
elastically effective network chains between the crosslinks M is available applying
the Flory-Rehner (1943) theory.

The method was tested with styrene-butadiene latices from a batch process in
cyclohexane as solvent. The results derived are presented in Figure 6,

It can be seen that the particle size does not increase anymore after a conversion of
70% has been reached whereas the crossiinking takes place indicated by a decreasing
degree of swelling instead of the former branching of the molecules at low conversion
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Figure 6. Particle size distribution and s-distribution of latices of the same polymerization process with
increasing conversion U. s, for the latices after 83% conversion is 10.5 Svedbergs wheteas it is 40
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degrees. With increasing conversion the s-distribution becomes bimodal at 83%
conversion indicating the presence of crosslinked (high s-values) and soluble (low s-
values) polymer. This makes it clear that the solution component has a much lower
s-valtue than the gel. The s-distributions could also be used to detect small differences
in latex stabilities.

Although the method described might bear some inaccuracies caused by the neglect
of the concentration dependence of the sedimentation coefficients, it enables a rapid
characterization of latices by the degree of swelling, the distribution of crosslinking
and branching and the portions of soluble and crosslinked polymer.

A study on the characterization of microgel properties itself using analytical
ultracentrifugation was published by Michtle and coworkers (Michtle et al., 1995}
The methods used were similar to those already described before for the quarnitative
detection of the amounts of microgel and uncrosslinked polymer, namely sedi-
mentation velocity and density gradient centrifugation (Shaskoua and van Holde,
1958; Shaskoua and Beaman, 1958; Buchdah! er af, 1963; Michtle, 1992). The
successful application of a simple step by step crosslinking theory of primary linear
macromolecules as well as the agreement with results from light scattering makes this
study an interesting alternative to the characterization of bulk gel properties with
sedimentation equilibrium experiments as it is shown that rapid sedimentation velocity
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experiments with microgels already can yield important thermodynamic and struc-
tural information of the microgels (Méchtle e al., 1995). However, this requires the
feature that microgels of the same network structure as the bulk gels of interest can be
prepared.

In the experimentally well grounded paper (Michtle er i, 1995), 14 nearly
monodisperse agueous poly-n-butylmethacrylate (PBMA) dispersions were prepared
by emulsion polymerization with different amounts of methallylmethacrylate (MAMA)
between 0 and 109 by wt. These particles were first precisely characterized with
respect to particle size distributions, diffusion coefficient, sedimentation coefficients
and particle densities using analytical ultracentrifugation and light scattering. Then
the particles were transferred into tetrahydrofurane (THF), a good solvent for PBMA
1o allow swelling of the crosslinked molecules and dissolution of all non crosslinked
ones.

The partial specific volume of the non-crosslinked sample was determined via
density measurements in both solvents and was assumed to be constant for different
degrees of crosslinker up to 10%. Strictly, this cannot be correct as the partial specific
volume depends on the structure of the material which is changed here. But for this
particular investigation, these changes which might lead to significant errors in the
determination of the molecular weight are of minor importance as the emphasis of the
study/discussion was not put on the molecular weights which would have then been
more advantagecusly and precisely determined by sedimentation equilibrivm experi-
ments. Nevertheless, the molecular weights determined with the Svedberg equation
from sedimentation velocity data were consistent and reasonable for both the gel and
the solution component. Hence the differences in the partial specific volume of the
different crosslinked microgels must be negligible.

The different crosslinked particles have been investigated in a density gradient as
well as in aqueous as in THF dispersion/solution. In the aqueous dispersion, the
density of the particies was found to be nearly constant, whereas in THF dispersion/
solution a transition between the dissolved completely uncrosslinked molecules and
the totally crosslinked microgel was observed. As it could be shown that the density
gradient technique is able to resolve small structural differences between linear,
branched and crosslinked molecules (Buchdahl et af., 1963), from the observation of
no more than two bands in the density gradient it seems to be the case that linear
molecules can co-exist with the microgel without a significant amount in the trans-
itional state (the branched large molecule in this example). From the density gradient
experiments, the change from (.1 to 0.2% of the crosslinker MAMA increased the
microgel amount from 5 to 50% (compare also Figure 7).

The sedimentation behaviour of the different THF solutions/dispersions has been
systematically investigated at different concentrations. In dependence of the amount
of crosslinking agent, the transition between uncrosslinked soluble polymer and
microgel formation could clearly be observed. In agreement with the density gradient
technique the transition was between 0.1 and 0.2% of crosslinking agent. An attempt
was made to calculate the critical amount of crosslinker by applying a theory of Flory
for the stepwise crosslinking of a macroscopic gel phase but this yielded a value of
only 0.02% of crosslinker. This difference was explained by a lower reactivity of
MAMA in copolymerization as well as by side reactions.

Figure 7 is agood example for the transition between a pure solution and a microgel
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Figure 7. Schematical Schlieren-photos of sedimentation runs in an analytical ultracentrifuge for five
microgel dispersions with different concentrations of the crosslinker. The photos show slow Schiieren-
peaks of macromolecules and fast Schlicren peaks of microgel particies. Redrawn from Michtle er al.
(1995) with kind permission of Steinkop{T Verlag, Darmstadt, FRG.

for showing that the Schlieren pattern of a microgel has more solution characteristics
(Schlieren peak) rather than the characteristics of a separate gel phase (compare for
example Figure 7 with Figure I().

In Figure 7 it can be seen that at low amounts of crosslinking agent, pure solution
behaviour is observed. Butif the sedimentation coefficients of the solution components
are compared for 0, 0.1 and 0.2% of MAMA, a steady increase can be observed hinting
at the presence of branched polymer next to the linear uncrosslinked molecules.
Although these transition states are not detected by density gradient experiments (due
to the low overall concentration of a species with constant density), evidence for their
presence can be seen in the increase of the solution peak sedimentation coefficient s
with increasing degree of MAMA. If the sedimentation rate of the microgel is
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compared for different degrees of MAMA, a clear increase of the crosslinking density
resulting in a decrease in the swelling ratio of the microgels: hence increasing s-values
are observed.

If the bottom region of the cell is observed for microgel sampiles, it can be seen that
according to the sample and experimental conditions, a more or less broad dark zone
is observed which restricts the observation of the complete polymer concentration
gradient as well known from experiments with bulk gel phases (Svedberg and
Pedersen, 1940; Johnson, 1964; Metcalfe, 1965; Johnson and King, 1968) but much
less pronounced. This observation supports the view that the dark zone near the cell
bottom is caused by light deviated out of the optical system. This problem should be
possible to solve by use of a Schlieren optical system with additional focussing lenses.
However, as the investigation of the sedimentation behaviour of a microgel is a
sedimentation velocity technique rather than a sedimentation equilibrium method
established for bulk gels, the region near the cell bottom is of no interest because only
the relative movement of the Schlieren peak or the area under the peak is of interest for
sedimentation velocity experiments rather than the observation of the complete
concentration gradient.

The amount of microgel and dissolved polymer for the different ratios was
determined by integration of the Schlieren peaks of both the sofution and the microgel.
The results from both components agree well and show that the transition between
linear and crosslinked polymer occurs for crosslinker amounts of .1-0.5% and is
continuous. This agrees with the results from light scattering. If the molar masses
determined with the analytical ultracentrifuge (Svedberg relation) for different
crosslinker ratios are compared with those from light scattering and the theoretically
expected ones on the basis of the amounts of microgel and soluble polymer with their
molar masses, the results do not show the continuous increase of the molar mass
expected theorectically and confirmed by light scattering. This showed that the
amount of branched molecules must be negligible so that only microgel and linear
polymer are present. The molar masses for both the soluble polymer and the microgel
are constant as it can be expected because in the analytical ultracentrifuge (AUC), the
fractionated components are considered and not their mixture. Thus, the continuous
increase of the molar mass observed with light scattering is caused by the increased
amount of microgel with increasing crosskinker density and thus an increase of the
detected average molar mass.

From the sedimentation coefficient of the microgel, the volume swelling ratic O
was calculated from the particle diameters applying Stokes law. The values were in
agreement with those from light scattering. The swelling ratio decreases strongly with
the amount of crosslinker < 1% from more than 30 to 5. For crosslinker contents > 1%
the swelling ratio is still decreasing. Even for 10% crosslinker, the microgel is weakly
swollen. From the swelling ratios of the microgels, the Flory-Huggins interaction
parameter ¥ was calculated to be 0.44 applying the Flory-Huggins theory for the
crosslinking of a macroscopic gel. This value and its consensus with the results of
other authors show that THF is a good solvent for the microgel and furthermore, that
the Flory-Huggins theory for macroscopic gels can be applied to microgels down to 60
nm as well.

From the concentration dependence of the sedimentation coefficients for the
different crosslinked samples, it could be deduced that only the microgel crosslinked



Characterization of biopolymer gels and microgels 1

with [0% of MAMA behaves as hard sphere e.g. shows no concentration dependence
of s. The conceniration dependence was more pronounced the lower the crosslinking
density, showing a systematical dependence. From that, a soft transition from the
linear polymer coii via a ‘hairy ball’ to the crosslinked hard sphere with increasing
crosslinker amount could be concluded.

Sedimentation equilibrium techniques

BULK GELS

The basis for the application of sedimentation equilibrium techniques for the charac-
terization of gels had already been supplied by the observations of the sedimentation
velocity characteristics by Johnson's group at Cambridge (see above). The most
important finding in that respect was the demonstration that true equilibria are
obtained (Johnson. [971; 1972). Johnson proved for agar gels that these equilibrium
gel column lengths are real equilibrium values with the thermodynarmic principle of
path independence of an equilibrium. The same column length was reached independ-
ently if this value was achieved by deswelling (approaching equilibrium from jower
speeds) or swelling of the gel (approaching equilibrium from higher speeds).

Discussions on the polymer concentration distribution inside the sedimenting gel
and the comparisen with a solwion had already been published before (Johnson,
1964, Metcalfe, 1965; Johnson and King, 1968). As Svedberg and Metcalfe, Johnson
stated that the gel concentration cannot be observed throughout the whole gel phase
with the Schlieren optics of the ultracentrifuge. As the optical detection system could
not be applied to derive the polymer concentration inside the gel phase, a microtome
was used to cut the gel column into thin slices after it was removed from the
ultracentrifuge cell once the equilibrium had been reached. The gel density of agar
was found to be linearty dependent on the polymer concentration as was derived for
gelatin/water and K-carrageenan/water gels by other workers as well (Colfen and
Borchard, 19944d).

Combination of Svedbergs Equation (1) (Svedberg and Pedersen, 1940) with that of
Freundlich and Posnjak 1T, =11, ck yielded a k-value of approximately 2 for agar
from the sedimentation equilibrium concentration distribution. The I, o0f 2.52 - 107
dynes/cm?® was found to be in agreement with one for gelatin of 2.7 - 10° dynes/em?
given by Freundlich. Nevertheless, it is known that the relation of Freundlich and
Posnjak is only empirical and not all workers found that this equation describes the
concentration behaviour of the swelling pressure (see for example Svedberg and
Pedersen, 1940). This is also valid for some later studies which although not cited here
can be found in Colfen (1995).

Borchard was the first to apply the analytical ultracentrifuge as pressure generator
for the determination of the swelling pressure and thermodynamic properties of a
chemically erosslinked gel in a larger temperature range from 25-70°C (Borchard,
1975a). Polystyrene-cyclohexane gels with different crosslinking densities and removed
soluble components have been investigated in two specially constructed types of
ultracentrifuge cells. Here a sintered metal plate was placed onto the gel so that this
plate caused the pressure. The equilibrium state was reached from lower as well as
from higher rotational speeds. Because the buoyancy term was found to be very small
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for the system investigated and hence no concentration gradient could be detected
inside the gel phase, the polymer concentration in the gel was calculated from the shift
of the sinter metal plate and the initial degree of swelling of the gel.

The calculated equilibrium pressure tensions were related to the corresponding
volume fractions at different temperatures. The swelling pressure was the pressure
needed to keep the gel volume constant at different temperatures with respect to an
appropriately chosen reference temperature. The polymer volume fraction in the gel
corresponding to the constant gel volume could be calculated assuming volume
additivity. The intersections between the curve for the polymer volume fractions at
different temperatures and the isotherms in the volume fraction vs. equilibrium
pressure tension plots gave the swelling pressures at the different temperatures.

From the swelling pressures, the change in the chemical potential of the solvent Ay,
and from that the differential entropy of dilution AS, and the differential dilution
enthalpy AH, were calculated in good agreement with the values determined by other
authors. It was found that the evaluation of the results with the statistical theories for
swollen networks led to physically meaningless results giving some evidence that
some of the basic assumptions of the statistical theories are not fulfiled anymore for
the investigated gels.

An idealized theoretical treatment of an elastic swollen gel which is compressed by
an ultracentrifugal ficld leading to an equilibrium degree of swelling was given by
Bloomfield (1976). The model used and fitted to the experimental values was able to
describe the degree of swelling of a gel under ultracentrifugal force satisfactorily but
assuming a distinct Flory-Huggins interaction parameter . Therefore, the applied
model could not be used to describe the swelling behaviour of the gel completely just
from the experimental parameters and resuits. Assuming volume additivity of mixing
and considering the free energy of the gel as a sum of ultracentrifugal, elastic and
mixing terms, Bloomfield derived an expression containing the unknown Flory-
Huggins interaction parameter ¥ and experimental parameters which depends upon
the degree of swelling of the gel. For simplicity the gel has been assumed to be of
rectangular shape. For the experimental values which had to be inserted into this
equation, it was found that ¥ could not exceed the value of 0.5. This is physically
meaningful as the gel is to be considered as molecule with an infinite high molar mass
which has to demix if ¥ exceeds .5.

Assuming y-parameters of 0, 0.25 and 0.5 to cover the whole possible range and
using the experimental values for an experiment with casein/water in a preparative
ultracentrifuge as well as those for the free swelling of casein/water in absence of the
ultracentrifugal field, Bloomfield (1976) derived three pairs of curves. From these
plots he was able to determine the degree of swelling under the ultracentrifugal force
from a given degree of free swelling. A basic finding from these considerations was
that the effect of the ultracentrifugal field on the degree of swelling increased
considerably with increasing x. This is conclusive as a lowy represents high polymer-
solvent interactions whereas for the formation of a compressible network, a considerable
amount of polymer-polymer interactions is required to build up the network junctions
represerfed by a ¥ = 0.5. The best agreement with data from intrinsic viscosity
measurements for the casein micelles investigated was found for ay = 0.5. The same
% has been found in ultracentrifugal studies of gelatin/water gels (Borchard and
Colfen, 1992).
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The compression effect was observed to rise with increasing degree of swelling,
increasing rotational speed and the increased gel column length which is to be
expected. It must be noticed that the gel piece did not swell to its original amount
anymore after the ultracentrifugal field was removed. As one explanation it was
postutated that additional crosslinks have been formed during compression. The same
was found for gelatin/water gels with soluble components which can act as crosslinking
agents (Colfen and Borchard, 1995).

The first improvements in the experimental set-up for sedimentation equilibrium
experiments with gels were published by Holtus and Borchard using a Beckman
Model E ultracentrifuge (Holtus and Borchard, 1989; Holtus, 1990). These improve-
ments concern the modification of the Schiieren optical system to an off-line data
capture systemn with a modulable faser light source to enable the application of 6-hole
rotors due to the extreme experimental durations of about fhree weeks. Further
improvements were made with the temperature measurement and control system and
the vacuum systen.

An equation based on irreversible thermodynamics formally similar to the equation
of Svedberg (Svedberg and Pedersen, 1940) (Equation (1) above) was provided to
facilitate the calculation of the swelling pressure of the isotropic binary gel as a
function of the radial displacement from the centre of the rotor. This equation
contained the locally dependent partial density of the polymer §.(r) as concentration
variable. As this quantity was not directly accessible if the polymer concentration
gradient could not be detected in the whole gel phase (see also Svedberg and Pedersen,
1940; Johnson, 1964; Metcalfe, 1965; Johnson and King, 1968), an approximation
had to be used relating p,(r) to the locally dependent density of the gel assuming
volume additivity of mixing and applying a mass balance assuming a linear polymer
concentration gradient in the gel phase. This procedure required the determination of
the dependence of the gel density on the polymer concentration — a very tedious and
time consuming measurement (Colfen and Borchard, 1994d). Holtus suspected
turbidity of the gel causing the optical detection problems. But this would not explain
the observation that the dark zone near the cell bottom in the Schlieren patterns is very
well defined (at large ranges of initial polymer concentrations being investigated) and
not continuous as it has to be expected for a comtinuous turbidity increase with the
polymner concentration. Overall, the ultracentrifuge had been applied as a pressure
generator here, generating radially increasing pressures inside the gel phase which led
to a locally dependent deswelling of the gel and finally to a continuous swelling
pressure equilibrium. With this method, the continuous dependence of the swelling
pressure of a gel upon the polymer concentration could be determined in a larger
concentration interval. This is a very important advantage as no other method for the
determination of the swelling pressure with this capability exists. Furthermore, the
swelling pressure curves of up to five samples could be obtained simultaneously under
exactly the same experimental conditions which is a further very important advantage
of this procedure.

This new method was tested on dialyzed gelatin/water gels in the concentration
range of 2-8% by wi. without any detectable soluble components. It could be shown
that the equilibria could be reached from higher and lower speeds as introduced as a
proof for equilibria of agar gels by Johnson (1971; 1972). The induction period
reported by Johnson for sedimentation velocity experiments (Johnson, 1964) was
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found in this study as well during the approach to equilibrium when the rotor speed
selected has been too low.

The determined dependence of the swelling pressure on the polymer concentration
{subsequently referred to as ‘swelling pressure curve’ in the text that follows) suffered
from an error. It had been assumed that all gels were swollen initially to their
maximum degree of sweiling and hence the concentration at the meniscus r” had to
be the initial polymer concentration. Gelatin/water gels are able to swell much more
as corresponds to their initial concentration. Therefore, the concentration of the
maximum swollen gel {to be determined separately) has to be known for the applied
mass balance, rather than the initial concentration of the gel. Although the errors in the
swelling pressure curves caused by this wrong assumption are significant (Colfen,
1993), the general order of magnitude of the swelling pressure curves as well as their
relation to each other is not changed basically.

It was found that the swelling pressure curves — although the swelling pressare
equitibrium could be proved - intersected for gelatin gels with initial concentrations
lower than 7% by wt. at 20°C (example given in Figure 9). At 10°C, all swelling
pressure curves in the investigated concentration range intersected. This finding was
in contrast 1o the Flory-Huggins theory of a homogeneously swollen gel with a
concentration independent interaction parameter. It was concluded that the fower
concentrated gelatin networks must be inhomogeneous. Furthermore, the sweiling
pressure curves showed a significant dependence upon the gelation time of the gel
(three days and seven days) although the selected times were large and the gelatin gel
should be considered as matured in both cases. Nevertheless, the swelling pressure
curves for the longer maturation times were steeper, indicating an increased crosslinking
density with respect to the shorter matured gel. These findings are in qualitative
agreement with observations on the empirical parameter s by other workers (Johnson
and King, 1968). In this study n was increasing with the maturing time, indicating an
increased crosslinking upon maturing in the time interval up to 20 hours. This increase
was more pronounced at 4° and vanishes at [18°C.

As an alternative explanation of the gelation time dependence of the swelling
pressure curves for gelatin/water gels, a stiffening of the chains due to further
helication with time and hence an altered stress-strain behaviour was given by Holtus
(1990). Furthermore, an effect of the gelation temperature on the swelling pressure
curves was observed, as could be expected due to the changes in the network
crosslinking density. These results showed again that swelling pressure curves may be
used as a sensitive measure of structural changes in the gel network. The reproducibility
of the swelling pressure curves was found to be good.

An attempt was made to calculate the concentration independent Flory-Huggins
interaction parametery and the crosslinking density by fitting of the swelling pressure
curves to a modified Flory-Huggins equation of the type of Equation (9). This gave
physically meaningless negative crosslinking densities and showed that at least the
model with a concentration independent interaction parameter could not be applied.

In 1991 a trilogy of papers was published treating the swelling pressure equilibria
of swollen crosslinked systems in an ultracentrifugal field in detail. The first paper
dealt with theoretical considerations for a binary gel (Borchard, 1991). After pointing
out the general behaviour of a sedimenting gel and the nature of the swelling pressure
equilibrium, irreversible thermodynamics has been applied to derive the ‘generalized
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Svedberg-Pedersen equation’ for the swelling pressure of a binary gel:
r

I = w? !p—i 1 V,p)rdr

° vy ( Zp) )
rr%’s

wherep is the gel density. p, the partial density of the solvent and p, the partial density

of the polymer. All densities depend on the radial distance r. Basic assumptions for the

application of this equation were:

* The deformation of the binary gel leads to a continuous isothermal equilibrium,

¢ The gel remains isotropic during the defermation {which is certainly valid for
small deformations),

® Geland solvent are incompressible e. g. the partial specific volume is pressure- and
location independent,

*  Volume additivity of the pure components,

® Inthe equilibrium case, the swelling equilibrium is reached at the meniscus gel/sol
(r™

m

This equation had been used already in earlier works (Holtus and Borchard, 1989;
Heltus, 1990). As the theoretical considerations are given in more detail in this work,
they were not mentioned befere. A new but very important assumption in this study is
the assumption of the swelling equilibrium at r£". This means that the concentration at
this meniscus is not the initial gel concentration as assumed before but that of the
maximum swollen gel which needs to be determined separately.

Equation (7} is not only formally similar to the Equation (1) above of Svedberg: it
can actually be shown that Equation (1) is a special case of Equation (7) for highly
swollen gels which is expressed in the term ‘generalized Svedberg-Pedersen equa-
tion’. The application of Equation (7) for gels where the concentration gradient in the
gel cannot be detected in the whole gel phase suffers from the required knowledge of
the locally dependent partial density of the polymer in the gel which is not experi-
mentally accessible in these cases. Therefore Equation (7} has been rearranged
substituting the partial specific volume of the solvent ¥, in the gel by the much easier
accessible specific volume of the pure solvent V), which is fulfilled for not too
concentrated gels. The resulting equation now only contained parameters which could
be derived experimentally:

r

1
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Considering the influence of the hydrostatic pressure on the gel concentrations, e.g.
an effect of the hydrostatic pressure on the obtained swelling pressures, an expression
was derived to calculate the polymer concentration in the gel at the meniscus gel/sol
(rf*y under the influence of the hydrostatic pressure of the solvent column. The effect
was estimated to be small in agreement with earlier findings of Johnson {1964).

The second part of the ‘trilogy” deals with the determination of molecular para-
meters from the swelling pressure curves (Holtuser al., 1991). Applying Flory-Huggins
statistical theory of polymer solutions and the theory of rubber elasticity to the
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swelling of a nonelectrolyte polymer system, a modified semi-empirical Flory-
Huggins equation was obtained. Substituting the difference in the chemical potentials
of the solvent Ay, by-¥, [ 5 with ¥,= partial molar volume of the solvent, an equation
has been derived which semiempirically relates the swelling pressure of the gel at a
known concentration to molecular parameters of the gel:

UHs vy

o7 =IN(1- W, )+ W, + Yo Wi+ X, We + C, Wi ©)

wixing Term Network Term

with w, = polymer concentration in the mass fraction scale (index O refers to the initial
concentration), %, = linearly concentration dependent interaction parameter y, = Yoo
+ X,.,v, which is an apparent value due to the semiempirical nature of the Flory-
Huggins equation applied, C = apparent network constant (explained in more detail
in the original article). Both the interaction parameter and network constant are not
explicitly stated as apparent values in the following discussion, simply to avoid
repetitions, although a strict constderation would, of course, require this. Furthermore,
it must be stressed that Equation (9) is only strictly valid for nonionic gels. For
polyelectrolyte gels, the mixing and network contributions must be extended by a third
term which accounts for charge contributions. Nevertheless, Equation (9) was found
to describe the behaviour of gelatin/water and x-carrageenan/water well, even if no
additional salt is added,

It is not just the interaction parameters of the polymer-solvent system that can be
derived. For example, the network constant C_allows us to calculate the elastic
modulus, the shear modulus and the molar mass of the network chains if the
functionality of the crosslinking points is known. C,, and both terms of ¥, could be
derived by means of a nonlinear iteration procedure from the swelling pressure curves.
This iteration delivers good and unique resuks.

The generalized Svedberg-Pedersen equation for a binary system (Equation (8)) as
well as the modified Flory-Huggins equation (Equation (9)) have been applied to
ultracentrifuge experiments with a photographic gelatin in the concentration range of
2-10% by wt. The sample has been dialyzed to meet the assumption of a binary system
as close as possible. In order to enable the calculation of the swelling pressure curves
via a mass balance which is given in the third part of the trilogy (C6lfen and Borchard,
1991), the maximum degree of swelling of the physically crosslinked networks had to
be determined separately which is very tedious, time consuming, and in the case of
physically crosslinked gels, sometimes even incorrect due to a dissolution of the gel.

A basic conclusion from the generalized Svedberg-Pedersen equation is that the
swelling pressure of a gel must be constant at a certain polymer concentration,
independent of the applied rotational speed. This is clearly fulfilled for the investigated
dialyzed gelatin/water gels as shown in Figure §.

The interaction parameters derived for the gelatin/water gels gave further insight
into the gel structure. From the concentration dependencies of both terms of the
linearly concentration dependent interaction parameter, it could be derived that the
degree of branching increased with increasing polymer concentration of the gels.
Extrapolation of the two linearly concentration dependent parts of the interaction
parameter to zero concentration would even allow the estimation of the interaction
parameter of a completely uncrosslinked and unbranched polymer chain, a quantity
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Figure 8. Swelling pressure T1; of the system gelatin/water vs. concentration of gelatin for different
rotationai speeds. w, is the weight fraction of the polymer. Reproduced from Holtus et al. (1991) with kind
permission of Steinkopff Verfag, Darmstadt, FRG.

which is difficult to measure directly because of the self association of the gelatin.
Both parts of were found to be temperature independent at 10 and 20°C.

The y, -parameters which have been calculated for the initial gelatin gel concentration
were found to be nearly constant between 10 and 20°C and 2 and 10% by wt. The value
derived of 0.497 was found to be very close to 0.5. Hence the gelatin/water gels must
be very close to a miscibility gap as a gel is a system with an infinite molar mass which
demixes at > 0.5 if the influence of the network term in Equation (9) can be
neglected. Furthermore, the ¥ -parameter of 0.497 was in very good agreement with
results of other workers derived for gelatin solutions with osmosis and light scattering
in the range of 0.491-0.499. The network constant C_at 10°C was found to be nearly
twice as large as that at 20°C. This finding could be confirmed by measurements of the
complex shear modulus. Overall, the agreement with the results of other independent
methods shows that the ultracentrifuge can be used not only to derive the swelling
pressure curves of gels but, furthermore, some of their molecular parameters. It is
remarkable that such good agreement with the results of other methods could be
achieved, although one of the basic assumptions for the application of the generalized
Svedberg-Pedersen equation is that the system is binary which is not strictly fulfilled.
Furthermore, the investigated system is clearly no nonelectrolyte system, as assumed
in the modified Flory-Huggins equation (Equation {9)) and no additional salt has been
added. A possible explanation for the good agreement of the results is that gelatin can
contain salt/ash from the manufacturing process which might shield the charges of the
polyelectrolyte. But although the results agree rather well with those from other
techniques, the applied Flory Huggins equation can only be semi-empirical.

From the network constant, the number average molar mass of the chains between
the crosslinks could be calculated assuming a certain functionality and endlinked
chains. For gelatin/water it was found that the network chains had a higher molar mass
than the primary chain for some gels. This could only be possible if gelatin molecules
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associate before crosslinking. This explanation is likely as it is known that gefatin is a
self-associating system, even if the molecules are so small that they cannot form a gel
(Colfen and Borchard, 1994). A crosslinking of these assoctated chains would
furthermore lead to the observed branched networks.

As gelatin/water gels are in the state of a rubber under the applied conditions, the
Young and shear modulus of the gels could be calculated assuming a poisson ratio of
0.5, The derived vatues were found to be about ten times fower than the storage shear
modulus at 1 Hz obtained with a torsion oscillation viscometer. This difference was
explained by the frequency dependence of the complex shear modalus.

The question arose as to whether the Flory-Huggins theory could still be applied for
the highly branched gelatin/water gels, For a gel concentration above 6% by wt. this
was considered to be no problem (coil overlap) whereas at lower concentrations the
local polymer densities in the network might be different. The latter case would
explain intersecting swelling pressure curves for different concentrated gels as re-
ported before (Holtus, 1990).

The third part of the paper trilogy dealt with remaining unsolved problems of the
ultracentrifugation of gelatin/water and k-carrageenan/water, These problems were
mainly caused by the presence of scluble parts in the gel which was assumed to be a
binary mixture (Célfen and Borchard, 19913, After a description of the sedimentation
of a gel in an ultracentrifugal field, 2 mass balance based on the cell geometry and the
equilibrinm position of the gel/sol meniscus (r#*) is given which enables calcutation of
the potymer distribution in the uitracentrifuge cell if the concentration gradient is not
visible throughowt the gel phase. An assumption for this mass balance was a linear
concentration gradient as has been proved before (Johnson, 1971;1972; Holtus, 1990).
Fuarthermore, the refation between the gel density and the polymer concentration had
to be determined as well as the maximum degree of swelling of the gel.

For the example of a gelatin/water gel, it was shown that the swelling pressure
curves no longer superimpose for different rotational speeds (see Figure 9) once
soluble parts are present in the gel. This hints at the occurrence of an irreversible
process. But in this study it was supposed that true equilibria have not been reached
caused by the presence of soluble polymer material. A rough estimation of the tine
to reach an equilibrium state was given. The influence of the soluble parts was
supposed to increase with increasing rotational speed. Overall the swelling pressure
equilibrium of the gel was thought to be accompanied by a sedimentation-diffusion
equilibriumn of the soluble parts. This assumption neglected the seif-association of
the sokuble parts which implies an association of sotuble parts to network chains if
certain concentration limits would be exceeded (Célfen and Borchard, 1994). The
altered solvent activity caused by the superimposition of the gradient of the soluble
parts was given as explanation for the observed additional deswelling of the gel at
increased rotational speeds.

[t was observed that the intersection of the swelling pressure curves described
before (Holtus, 199(; Holtus er ol., 1991) could be altered by changing the rotational
speed. In conclusion, it was pointed out that extreme care is necessary when inter-
preting intersecting swelling pressure concentration curves. The quantity of soluble
parts present in the gelatin gels was found to be independent of the gelation time. The
finding was explained by the low molar mass of the soluble parts and their lack of
gelling ability. This was confirmed in a later study (Colfen and Borchard, 1994).
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Despite the obvious problems with the presence of soluble parts, it could be shown that
the reproducibility of the experiments was good even ander such circumstances.

For the system x-carrageenan/walter equilibria could be proved by the method used
by Johnson and Holtus (Johnson, 1971; Holtus, 1990), although soluble parts could be
detected. It was stated that the solubie parts did not influence the swelling pressure
equilibria of the gel in that case. This finding supports the view that the phenomena
described for gelatin/water before are not only caused by a superimposition of the
swelling pressure equilibrium of the gel with a sedimentation-diffusion equilibrium of
the soluble parts. There is further evidence for an irreversible process such as the
change of the erosslinking density of gelatin/water gels upon increase of the rotational
speed (see also Johnsen, 1968). Discontimuous steps of the refractive index gradient
have been observed in the Schlicren patierns of the sol phase formed by deswelling of
the x-carrageenan gel. This was explained by the formation of aggregates and
microparticles which are not able to move into the gel network. These aggregates
could be formed by those parts of a carrageenan sample which are generally not able
to gel.

In a publication of Borchard and Célfen (1992), the findings of the previous “trilogy
of papers’ have been presented in a comprehensive way with the addition of some
interesting new results which will be presented here:

It could for example be shown that a linearly concentration dependent x -parameter
in Equation (%) 1s sufficient for the description of the polymer-solvent interactions of
the system gelatin/water. Higher y_-terms proved to be of negligible magnitude. A
more detailed consideration of the previously reported gelatin network formation of
associated chains was given. Taking the overlap region (assumed (o be similar to that
of collagen) of two associating or crosstinking molecules into account, the average
functionality of the network chains could be estimated. For a 3% by wt. gelatin gel at
20°C an average functionality of 2.9 was derived which clearly shows the network
formation of associated polymer chains. It was pointed out that this functionality < 3
clearly shows that not all chains can be endiinked to the network which leads to the
previcusly observed highly branched structure of gelatin pels (Holtus et al., 1991). A
mode] for the gelatin gel network was given, taking these special findings into
account.

As further reason for the previously reported intersection of the swelling pressure
curves for gelatin/water gels (see Figure 9}, the concentration dependence of the , -
parameter was given. This concentration dependence of ¥, can be due to the fact that
alarge concentration range is covered in the experiments. Nevertheless, a clear reason
for the intersection could still not be given due to the fack of model calculations with
varying y -parameters.

The concentration dependence of the static shear modulus calculated from the
network constant C_has been compared with the directly measured real part of the
complex shear modulus at 1 Hz. Both concentration dependencies have been found to
be of a linear type in the double logarithmic scale. For different gelatin/water gels, it
could be shown that at low gel concentration, the real part of the complex shear
modulus is about ten times higher than the static value from the ultracentrifuge
measurements. This discrepancy was found to decrease at increasing polymer con-
centration due to the decreasing viscous properties of the gel. Therefore it should, in
principie, be possible to determine the intersection point between the lines in the
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double logarithmic plot for the static shear modulus (from ultracentrifuge measure-
ments) and the dynamic shear modulus (real part of the complex shear modulus
determined in a torsional oscillation experiment). This point should define the gel
concentration at which all viscous properties of the gel disappear. As the gel trans-
forms into the glassy state, this characteristic point is the glass fransition,

A comprehensive description of the modifications of the experimental ultracentrifuge
set-up for gels (Colfen and Borchard, 1994a,b) as well as experimental results (Holtus
etal., 1991) has been given by Colfen (1993). The theory of the sedimentation of a gel
derived by Borchard for binary (Borchard, 1991) and ternary gels (Borchard, 1994)
was extended to an N-component system at constant temperature and pressure. The
change of the specific chemical potential of the component i (1 = seolvent, 2 =
crosslinked polymer, 3 - N = non-gelling components) Ail; is given by:

r
[riidercz.05m0n)] = 0 J'gmv,.p)rdr i=1,2,3,..,N (10)
! g

r=rj s

This equation is the generalized Svedberg-Pedersen equation for an N-component
system. Up to now, the relation between the difference of the osmotic pressure and the
change of the chemical potential is only defined for the binary case which certainly
restricts the application of Equation (10). But even if it would be defined for N-
comnponent systems, a better treatment of a multicomponent gel would not be possible
because up to now it is not yet experimentaily possible to detect the radial concentration
gradients of all individual components with the present analytical ultracentrifuge
detection optics. The appreach to determine the individual concentration gradients of
all components in a ternary gel by extracting the soluble component, staining it and
then performing an ultracentrifuge experiment with the combined application of
Schiteren (sum gradient) and uv-absorption optics (stained soluble component) is
already very difficult to realize {Célfen and Borchard, 1995). Furthermore, it has to be
taken into account that a gel will deswell if it is in contact with a solution instead of a
pure solvent. Therefore, the approach in Equation (10) is of a theoretical nature in the
general form. Nevertheless, it is the most general description of the sedimentation
equilibrium of a gel available up to now, containing all cases treated before.

It could be shown experimentally that a significant error in the determination of the
swelling pressure curves occurs if the gel is considered to be swollen to its maximum
degree of swelling at its initial concentration as assumed by Holtus (1990). Therefore,
a precise measurement of the polymer concentration in the maximum swollen get had
to be introduced, which proved to be guite difficult in the case of dissolving samples
as gelatin/water at 20°C.

As has been reported before (see for example Holtus and Borchard, 1989), the
swelling pressure curves for gelatin/water gels intersected beyond certain limits of the
initial gel concentration (Figure 9).

Some variations of the two terms of the concentration dependent y_-parameter and
the network constant C_in Equation (9) for a given swelling pressure curve showed
that initially intersecting swelling pressure curves did not intersect anymore if both
terms of the ¥, -parameter were taken as constant. This shows that the concentration
dependence of the ¥ -parameter is responsible for the intersection of the swelling
pressure curves for gelatin/water and not an inhomogeneity of the gel.
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Figure®. Swelling pressure cusves for the system gelatin/water. T, = swelling pressure and w, = polymer
concentration in the mass fraction scale with the index 0 for the initial gei concentration. Figure reproduced
from Coifen (1993) with kind permission of Dr Kisster Verlag, Berlin, FRG.

As gelatin gels containing soluble parts cause intense experimental difficulties
(Colfen and Borchard, 1991) for the derivation of correct swelling pressure curves, a
first attempt was reported to investigate the behaviour of stained soluble parts inside
the gel phase during a sedimentation equilibrium experiment. Soluble parts have been
extracted from gelatin/water gels as described in (Célfen and Borchard, 1994) and
stained with fluorescein-isothiocyanate. The disteibution of the soluble parts during a
sedimentation equilibrium experiment could be observed using UV-absorption optics.
It was found that the gradient of the sofuble parts did not reach its supposed
equilibrium if the rotational speed was lowered from a higher one, not even after
months, Nevertheless, it was still concluded that the swelling pressure equilibrium of
the gel was superimposed by a sedimentation-diffusion equilibrium of the soluble
parts leading to additional deswelling of the gel although this would be a reversibie
and not in fact the observed irreversible process. Therefore, it was concluded that the
soluble parts (which have been stained} could not have a significant influence on the
swelling pressure equilibria of the gel due to their observed low concentration of about
2.5 mg/mi. The fact that a gel which contains soluble parts does not swell up to its
original degree of swelling once it has been exposed (o a higher rotational speed was
interpreted to be caused by higher molecular weight soluble parts (e.g. the presence of
soluble parts with molecular weights above 4,000 g/mol which are normally only
weakly attached to the gel network and hence readily solubie in an excess of soivent).
These soluble parts shouid have a very low back-diffusion so that their concentration
gradient leads to the observed overall deswelling of the gel.

This interpretation that a gel containing soluble parts does not swell up to its original
degree of swelling once it has been exposed to a higher rotational speed cannot be
upheld from the present point of view. A sedimentation-diffusion equilibrium of the
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soluble parts must be (by definition) a reversible process as well as the swelling
pressure equilibrium of the gel. Hence, it is hard to understand why there is no sign of
back diffusion of the soluble parts, even after a period of months from reducing the
uleracenirifugal field. Even for very slow diffusion processes which might occur in
gels, at least a minimal movement of the soluble molecules leading to an alteration of
their concentration gradient should be detectable on a time scale of months. As this is
not the case, the influence of the soluble parts on the gelatin/water gel structure must
be irreversible.

An attempt was macde to use the set of thermodynamic paramelers derived from the
swelling-pressure equilibrinm curves to predict stability limits for gels (Colfen, 1993).
This was done by extrapolating the regression functions for Yow X, and C_(derived
from Equation (9)) dependent on the polymer concentration to the whole conc-
entration range. It was found that these regression functions could only be appiied
within the range of gel concentrations which have been experimentally observed.

With the extrapolation functions for the radial prediction of the thermodynamic
parameters an attempt was also made to find out the nature of a dark zone near the cell
bottom in the Schlieren pattern of gels, especially gelatin/water. A correlation was
found between the mixing and the network term in Equation (9) for the investigated
gelatin/water gels at that radial position where the dark zone in the Schlieren pattern
starts. A closer investigation of the change of these terms with the polymer con-
centration showed that both terms are equal at the meniscus gel/sol. But with
increasing polymer concentration (i. e. with increasing radius inside the gel phase), the
mixing term increases much faster than the network term (Flory and Rehner, 1943). As
the y -parameters for this concentration region are higher than 0.5, a demixing of the
gel with its infinite high molar mass should occur if only the mixing term is
considered. But the network term of the chemical potential seems to prevent this. At
a certain ratio between network and mixing term, which has been found constant for
different concentrated gelatin gels, it seems that the network term cannot prevent a
demixing anymore. At exactly this location, the start of the dark zone in the Schlieren
pattern is observed. Due to this interpretation, the dark zone in the Schlieren pattern
should be caused by a demixed gel. This demixing of gelatin gels could not yet be
proved by other methods and must hence be treated with caution as several other
possibilities can be responsible for the dark zone as well. Nevertheless, it was reported
that during the sedimentation of an 18.25% by weight gelatin gel at 10°C, a dark zone
in the Schlieren pattern suddenly formed within the gel phase. At this zone, a
discontinuity of the polymer concentration gradient inside the gel phase was observed.
This behaviour was explained by a demixing of the gel into two gels with the same
crosslinking density but a different distribution of the network chains (Colfen, 1993).
‘This could lead to light refraction which are beyond the limits of registration by the
optical system. Nevertheless, this gel would still remain clear as it could be observed
after the ultracentrifuge experiment in contrast to a demixing solution.

It could be shown that the swelling pressure-concentration curves which are
derived from ultracentrifuge experiments are very reproducible (Célfen, 1993).
Furthermore, it was demonstrated that the application of the circular sample channels
in the newly designed 10-hole centrepieces yields the same results as those derived in
sector shaped cells. This justified the application of the 10-hole centrepieces. Summa-
rizing the modified ultracentrifugal technique (Célfen and Borchard, 1994a,b) for the



Characterization of biopolymer gels and microgels 123

investigation of gels, it was pointed out that no other methad is able to characterize 70
samples (e, g. acompiete gel/solvent system) inonly one experiment which lasts a few
days. Such measurements require highly sophisticated devices for the experimental
set up and the data acquisition which are quite expensive. As further advaniage of the
ultracentrifuge investigation of gels, the continuous equilibrium which can be deter-
mined by the selection of the rotational speed was pointed out. As a rather large
concentration range is covered within the gel phase, unstable regions could be
detected. With the set of thermodynamic parameters ‘derived from Equation (9). the
prediction of these regiens is principally possible.

It was pointed out that it should be possible to apply the generalized Svedberg-
Pedersen equation to the solution phase as well as yielding the concentration dependence
of the osmotic pressure which could be used to determine M, of the soluble parts as
well as their second osmotic virial coefficient. It was stated that the greatest disadvan-
tage of the technique was the necessity for supplementary measurements, such as the
determination of the maximum degree of swelling or the concentration dependence of
the gel densities. The present limitations of the ultracentrifuge technique were seen in
the restriction to clear gels due to the optical detection systems of the ultracentrifuge,
The application of a mass balance for the calculation of the non-detectable polymer
concentration inside the gel phase was suggested. Furthermore, it was stressed that
gels cannot be investigated, if the adhesion cannot be succesfully suppressed. Also,
gels with a vanishing buoyancy term (e. g. (7 ¥, p ) = 0) are not accessible due to the
lack of sedimentation. A further limitation was seen in the fact that it is not possible to
cover the complete concentration range in the gel phase in the ultracentrifugal field.
The reason for this is the limitation of the applicable swelling pressure by the
maximum rotational speed of the ultracentrifuge.

Borchard extended the theory of the sedimentation of a binary gel (Borchard, 1991)
to the temary system {Borchard, 1994). The theory treats a gel with one inert soluble
component (Borchard, 1994). Basically the same approach as for the binary system
(Borchard, 1991) was used, applying irreversible thermodynamics. The difference to
the binary system was made in distinguishing between the solution and the gel phase
taking into account that the gel phase consists of three components (crosslinked
polymer, soluble polymer and solvent) whereas the solution phase only consists of
solvent and soluble component. Finally, equations were obtained to represent the
change of the specific chemical potential of each component in each of the two phases.

This general solution allowed several cases to be distinguished. The case that the
soluble component is so high molecular that it does not enter the gel phase was
discussed as well as that of a free mobility of the soluble component within the
network. The latter case would lead to an additional deswelling of the gel. Experimen-
tally, it becomes quite obvious that already the ternary gel is difficult to handle as the
radial concentration distribution of the soluble component as well as that of the
crosstinked pelymer have to be determined independently. Hence the superposition of
the swelling-pressure equilibrium of a gel with a sedimentation-diffusion equilibrium
of soluble parts could not yet be fully quantified experimentally.

The heterogeneous swelling equilibrium has been described with a ternary state
diagram (Borchard, 1994) to illustrate the situation if different amounts of an inert
soluble component are added to the elastic binary mixture. Furthermore, it was
discussed what happens if an ultracentrifugal field is applied to such a ternary mixture.
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It was pointed out that the gel phase needs to move towards the cell bottom due to mass
conservation. Furthermore, the addition of a soluble component to a binary gel has
been discussed in terms of mass conservation. It was stressed that the total amount of
soluble component in the gel can be determined by dialyzing the gel. But this implies
different assumptions: The gel is insoluble under the conditions studied and the
soluble component is completely inert to the network and can thus be dialyzed, which
can be a very slow process. The latter assumption is at least not fullfilled for physically
crosslinked gelatin/water gels (Célfen and Borchard, 1994; 1995).

The amount of the soluble component in the solution phase was suggested to be
obtainable via the application of the interference optics. Here, it must be taken into
account that meniscus depletion methods for the determination of the fringe shift at the
meniscus solution/vapour cannot be applied in every case because 1) this would
decrease the accuracy of the evaluation for the gel due to the decrease of the gel column
height unless additional experimental time is invested for the overspeeding after the
equilibrium run and 2} the soluble parts may be of such low molecular mass that the
meniscus depletion does not work anymore (Colfen and Borchard, 1994). The
suggestion to stain the soluble component selectively with an UV-marker to determine
its sedimentation equilibrium concentration profile s difficult to realize, although
possible (Colfen and Borchard, 1995). It becomes quite obvious that the ternary
system — which considers the soluble components with their molar mass distribution
as one single component — is difficult to handle experimentally due to the limitations
of the present optical ultracentrifuge detection systems.

In 1994, two papers were published which were dedicated to the development of a
more effective experimental set-up for the hitherto very time consuming sedimentation
equilibrivm experiments with gels (Colfen and Borchard, 1994a,b). In the first part,
the basic improved instrumentation applied (o the Beckman Model E was described.
Modifications involved a modulation system with a pulsed laser light source for
Schlieren optics which has already partly been described by Holtus (Holtus and
Borchard, 1989; Holtus, 1990). By means of a modified sophisticated Schiieren
optical system (Célfen and Borchard, 1994b) which generates a very small band of
light illuminating the cell, it is possible to resolve even a 0.3°C sector on the spinning
rotor at its maximum speed of 60,000 rpm. This is the most important prerequisite for
the application of multichannel centrepieces. A further optimization concerned the
photographic system for the Schiieren optics which was replaced by a fully automatic
picture digitization system based on a video camera.

The second paper dealt with several technical improvements for an efficiency
increase of the sedimentation equilibrium experiments (Célfen and Borchard, 1994b).

Figure 10. A sedimenting k-carrageenan/water gel (2% by wi. at 20°C, 20,000 rpm after at least | day)
observed with different optical detection systems. () Schlieren optics {the original Schlieren optics of the
Beckman Model E with the mercury lamp has been used. The light intensity in the gel phase ¢an be much
increased if alaser is applied as light source), (Iv) Rayleigh interference optics with a He-Ne Laser as light
source and water as reference solvent, (¢) Beckman Optima X1.-A ultra-violet absorption oplics at three
different wavelengths (curves | and 2 =230 am, curve 3 = 280 nm, curve 4 = 350 nm). The absorbance is
defined as log {{,/) with /= Intensity. The time between the scans for the different wavelengths was 18 min
(99 averages). Water was used as reference solvent. KEL-F (Beckman, Palo Alte, USA) centrepieces were
used to avoid adhesion of the gel. All pictures do not correspond to the state of sedimentation equilibrivm.
Reproduced from Célfen and Borchard {1994b) with kind permission of Academic Press, Inc., Orlando,
Florida, USA.
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Figure 11. 10-hole short column mullichannel ¢entrepiece (1) and a conventional 4° menosector
centrepiece (2).

It was pointed out that the Schlieren optical system is the detection system of choice
if concentrated and turbid gels need to be investigated (Figure 10a). Also, it was
shown that no fringes can be detected in the gel phase if the Rayleigh interference
optics were used due to the intensity differences of the interfering light beams (Figure
10b}. The high turbidity of the gels also restricted the detection with the UV-
absorption optics due to the significant light scattering phenomena (Figure 10c).

Modifications of the original Schiieren optical system of the Model E ultra-
centrifuge were described in detail. These modifications were necessary because
only a very small band of light is needed to illuminate the measuring cell if
multiplace rotors are to be used with multichannel centrepieces (resolution 0.3° on
the spinning rotor). An important increase in the efficiency of the ultracentrifugal
experiments was achieved by the introduction of 10-hole short column multichannel
centrepicces with circular sample compartments (Figure [1). Together with the
application of the 8-hole rotor, a simultaneous investigation of up to 70 samples in
one equilibrium experiment was possible for the first time. If the new [0-channel
centrepieces with their circular sample chambers are used, the mass balance for
sector shaped sample chambers (Colfen and Borchard, 1991) has to be modified.
Therefore, a volume calculation for the various phases in the ultracentrifuge cell
was presented in order to enable the use of the mass balance for the new centre-
pieces as well,

The centrepieces were specially designed for the Schlieren optics and allow the
sedimentation equilibrinm of the gel to be reached in two days instead of one week as
before for the 1 cm gel columns. The restricted choice of materials for the centrepieces
for experiments with gelatin/water gels was discussed. Polycarbonate was found to be
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the best material for the centrepieces for this particular system whereas Polymethyl-
methacrylate (PMMA) was used for the manufacturing of the cell windows. PMMA
was tested to be applicable up to 20,000 rpm, whereas the polycarbonate centrepieces
could be used up to 40,000 rpm. It was found that even with polycarbonate centre-
picces and PMMA windows, the adhesion of gelatin at the celi walls of the centrepieces
and at the cell windows could not be completely inhibited, especially not for higher
concentrated gels. As this adhesion becomes obvious in a broadening of the meniscus
gel/sol, the experimental accuracy, especially in the case of short gel columns is
decreased. Therefore, a simple correction was presented to locate the meniscus in case
of its broadening. The benefit of this correction could be demonstrated for gelatin/
water gels.

After the procedure to determine molecular, thermodynamic and elastic properties
of gets from sedimentation equilibria had been established, another study was carried
oul investigating the sedimentation equilibria of x-carrageenan/water gels more
closcly as it had been done in previous studies (Hinsken, 1995). The gels have been
investigated in the concentration range between 1 and 5% by wt. due to the high
turbidities of the gels and the restricted carrageenan solubility. Again, an equilibrium
could be verified by reaching it from different rotational speeds (Johnson, 1971; 1972:
Holtus, 1990: Célfen and Borchard, 1991). Nevertheless, this proof of attainment of
equilibrium was only possible if the higher speed was applied for shorter times than
that needed to reach a new equilibrium. In the latter case the superposition of the
sedimentation-diffusion equilibrium of the soluble parts (0.3-0.6 mg/ml) with the
swelling pressure equilibrivm of the gel was given as an explanation for the failure of
the proof of equilibrium. Back diffusion of the soluble parts was considered 10 be very
stow which causes an additional deswelling of the gel with respect to the state reached
from lower speeds. As the soluble parts are not characterized yet, this interpretation
may be doubtful as it is not clear if the soluble parts are low molecular which would
not explain their sedimentation at the applied relatively low speeds or they are
polymers and just not able to gel (for example other non-geliing carrageenan types).
In the latter case they might at least be able to associate under the conditions of the k-
carrageenan network formation restricting their free mobility in the network which has
been postulated.

As a further reason for a very slow back-diffusion of the soluble parts, the reversible
association of the soluble parts to the gel network as well as a sclf association of the
soluble parts is presented without experimental proof of the suspected self-association
of soluble parts as given in Colfen and Borchard (1994) for gelatin/water. It was
argued that the soluble parts would then be trapped by their association reactions and
back-diffusion should be decreased considerably.

As a third possibility of the obscrved path dependence reaching the equilibrium,
partial crystallinity of the junction points was considered. The crystalline junction
points were assumed to be surrounded by a highly amorphous phase and not the pure
solvent which should cause anisotropy of the gels. The soluble parts were considered
1o be trapped in the crystal junction points leading to a gradient of the crosslinking
density depending on the radius. The last possibility discussed in terms of a crosslinkin g
density gradient by trapped soluble parts is similar to that found as explanation for
irreversible structural changes in gelatin/water gels (Célfen and Borchard, 1995} but
with the difference that the junction points are treated as crystals for K-carrageenan
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here. The crystalline regions should be detectable by X-ray techniques. Other
possibilities provided to explain the path dependence were the high deformations of
the gels leading to an unstable network structure with regrouping of junction points
and the prevention of reswelling of the gel by friction due to a high gel strength.

These explanations all differ from each other and no experimental evidence has as
yet been provided to validate any of these over the others. In addition, the amount of
the soluble proportion (0.3-0.6 mg/ml) was stated to be of negligible magnitude as the
results for the gels were found in excellent agreement with the scaling theory of de
Gennes (1973). This is somewhat contradictory as, from the discussion given above,
a clear influence of the soluble parts must be expected unless only the alteration of the
network structure by the centrifugal force or a prevention of swelling by the strength
of the gel are responsible for the observed path dependence of the swelling pressure
equilibria. What seems to be clear is that an irreversible process takes place, as
observed in other studies (Johnson, [968; Célfen and Borchard, 1991).

Certainly, further experiments are needed to clear the role of the soluble parts on the
swelling pressure equilibria or even the network structure of k-carrageenan, It would
be particularly interesting to investigate the long term behaviour (e.g. if the original
equilibrium state can be reached, even after months), the suspected self association of
soluble parts (although some evidence for a reversible self-association has been given)
and their behaviour during sedimentation of the gel which is accessible in principle via
stained soluble parts.

However, for speeds below a critical value, reversible sweiling pressure equilibria
could be proved from superposition of swelling pressure — concentration curves for
K-carrageenan/water. The theoretical dependence of the concentration of the maxi-
mum swollen gel on the initial gel concentration was treated. It was considered that
for k-carrageenan the chains are in the partially helicated state prior to gelation rather
than random coils and the influence of partial helication on the quadratic mean end-
to-end distance of the chains was discussed. This is a much more realistic treatment
of the terms involved in the network constant C,. in Equation (9) than that used
before and gives another argument for the semi-empirical character of the modified
Flory-Huggins equation (Equation (9)} at least for the system K-carrageenan/water
and all other systems where the polymer chains at least partly helicate prior to
gelation.

A linear relationship was found between the initial gel concentration and the
concentration in the maximum swollen k-carrageenan/water gel. This relation could
be supported by theoretical considerations under certain assumptions and was also
found for different gelatin/water gels (Colfen, 1993).

Hinsken observed so called ‘double peaks’ in the Schlieren patterns of the sol phase
as reported before (Colfen and Borchard, 1991) and interpreted them in terms of
association of the k-carrageenan. The results were found in qualitative agreement with
the Gilbert theory for reversible associating polymers in terms of the boundary shape.
The question was raised why a self association of the soluble parts could be observed
although they were not incorporated into the network, and suggesting as the answer
the presence of different non-gelling carrageenan components which are still able to
associate.

As for gelatin/water an intersection of the swelling pressure—concentration curves
below certain initial polymer concentrations in the gel was observed (see Figure 9 for
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the gelatin example). The Flory-Huggins interaction parameter was found to be
linearly concentration dependent in analogy to the sysiem gelatin/water. But in
contrast to that system, ,_was found to be around 0.44 increasing very slightly with
the polymer concentration. From that it was concluded that water is a good solvent for
K-carrageenan/water. Via the linear concentration dependence of both ¥ -terms in
Equation (9) the crosslinking and branching degree was found to increase with the
polymer concentration. Nevertheless, simulation calculations using the presented
datasets to investigate the influence of the concentration dependence of the interaction
parameter on the swelling pressure—concentration curves were not performed, al-
though such calculations helped to understand a similar behaviour for the system
gelatin/water {Colfen, 1993).

A quadratic concentration dependence was supposed for the network constant C in
the small concentration range investigated: this finally led to a good agreement with
the predictions of de Gennes following the C* theorem. Extrapolation to a vanishing
C, yielded a value of 0.99% by weight which was identical with the critical concen-
tration of gel formation.

With a rather high assumed molar mass of about 500,000 g/mol for the primary
chain of x-carrageenan, the number of crosslinking points per polymer chain could be
estimated to be at least five, probably much higher. This result is clearly different
from that for gelatin gels where for some gels fess than two crosslinking points have
been observed per chain (Borchard and Célfen, 1992).

The determined static shear moduli for k-carrageenan in the double logarithmic log
G* vs. log M plot showed 2 linear concentration dependence in analogy to the results
summarized in (Borchard and Colfen, 1992). The slope of both lines was 2.26 which
was in good agreement with the value of 2.25 predicted theoretically by the scaling
theory of de Gennes (1975). Therefore, it was concluded that the exponent of 2.25 in
the double logarithmic shear modulus vs. concentration plot is not only restricted to
chemically crosslinked gels but is in a certain sense universal for gelling systems. This
statement should be treated with extreme caution as no consideration has been
included as to why all other results for gelatin/water gels (except the particular one
presented) — and independent of whether static or dynamic shear moduli for gelatin/
water - clearly disagreed with an exponent of 2.25 (Borchard and Célfen, 1992). The
static shear moduli yielded too high slopes compared to a value of 2.25 whereas the
stope for the dynamic values was too low. As the concentrations in these investigations
were partly as low as those investigated by Hinsken for k-carrageenan and fur-
thermore the concentration dependence was considered over a much higher
concentration interval, the concentration differences certainly cannot account for the
differences in the scaling exponent. So it cannot be concluded without doubt from
these results that an exponent of 2.25 as predicted by the C*-theorem must be obtained
for Jow polymer concentrations. The curves published by other authors for higher
concentrated gelatin/water gels as summarized in the paper by Borchard and Célfen
(1992) should have been taken into account as well, From this, the slope 0f 2.25 seems
to be the exception, independent of the method of measurement used.,

Furthermere, it could be established from the previous studies that the shear
modulus as determined by the ultracentrifuge is a static value due to its equilibrium
nature whereas for example in torsional oscillation experiments, dynamic values are
obtained. For a given system, the dynamic values obtianed have been always higher



130 H. COLFEN

{indeed, for the system gelatin/water at low polymer concentrations even by factor of
ten (Borchard and Colfen, 1992) due to the viscous part of the dynamic shear
modulus}. In a creep experiment, it could be stated that the shear modulus decreased
by a factor of two after 24 hours experimental duration (Clfen and Borchard, 1992).
Furthermore, it is known that the slope of the regression lines in double logarithmic
shear modulus vs. polymer concentration plots are always higher for the static shear
moduli than they are for the dynamic ones for concentrations beyond the glass
transition (Colfen, 1993).

Nevertheless, from the good agreement of the experimental results with the C*-
theorem of de Gennes (1975) within the concentration range investigated, it was
concluded that the influence of the soluble parts on the swelling pressure equilibria
is negligible for k-carrageenan/water. Most of the primary chains have been assumed
to become a network chain (the amount of soluble parts was determined to be
<0.056% by wt.) (Hinsken and Borchard, 1995) which certainly justifies this con-
clusion.

The influence of soluble parts on the swelling pressure—concentration curves e. g.
the entire network structure of the gel was the subject of a further study {Célfen and
Borchard, 1995). An alkaline treated gelatin of M = 68,000 g/mol containing
soluble parts with a M_ of 2,900 g/mol was investigated. It could be shown from
this study that these soluble parts possess no gelling abilities but are at least partly
able to assoclate/aggregate to the network and form new crosslinks upon com-
pression. For such a gel, it was found, that the swelling pressure—concentration
curves for the same gel at different rotational speeds did not coincide as it is
required as proof of equilibrium (Holtus er al., 1991). It was found that the slope of
the swelting pressure curves decreased with increasing rotational speed after a
certain critical speed limit has been exceeded, hinting at an increase in the
crosslinking density and assuming that the semi-empirical Flory-Huggins theory for
homogeneous networks could be applied. Nevertheless, the maximum swelling
pressure at the cell bottom was constant for a given rotational speed as would be
expected. It was stated that the process observed is irreversible because even after
nine weeks the gel did not swell up to its original degree of swelling at a certain
rotational speed, once the speed has been increased. It was pointed out that the
initial interpretation of this phenomenon as a superposition of a sedimentation-
diffusion equilibrium of the soluble parts with the swelling pressure equilibrium of
the gel leading to additional deswelling (Célfen, 1993) cannot be upheld because
this would be a reversible process as discussed above. If an irreversible process
takes place, it is no longer possible to compare the swelling pressure curves nor any
of the parameters derived by application of Equation (9) because they correspond to
different network structures of the gel. But the apparent thermodynamic parameters
derived for such a case hint at the increase of the crosslinking density upon increase
of the rotational speed.

Nevertheless, it could be shown that it is still possible to prove swelling pressure
equilibria by means of coinciding swelling pressure curves if the network structure is
kept constant. This can be maintained by reaching the equilibrium at a certain speed
and then awaiting the equilibrium at 2 fower one, where the gel network structure is
still the same but different from the network structure at the initial gel concentration
as soon as a critical value of the rotational speed has been exceeded. Also, it could be
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shown that the reproducibility of the swelling pressure curves is good despite the
alterations of the network structure after an increase of the rotational speed (Célfen
and Borchard, 1995). This gives evidence for a good reproducibility of the network
structure even if the crosstinking density has been changed by additional crosslinking
of soluble parts leading to a gradient gel.

As an irreversible process upon increase of the rotational speed is observed only if the
gelcontains soluble parts (compare for example with the observations of Holtus ( 1990},
the irreversibility must therefore be related to the presence of this low molecular weight
component. Because of this, the results from the investigation of the concentration
distribution of fluorescein-isothiocyanate stained soluble parts in gelatin/water gels at
different rotational speeds (Célfen, 1993) have been reconsidered (Figure 12).
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Figure 12.  Ultra-violet absorption as a function of radial displacement from the centre of rotation r for
a sedimentation equitibrium experiment with an 8.5% by weight gelatin/water gel 20°C. The gel contains
0.26% by weight (related (o the sofution) FITC-stained soluble parts (M, =2900 g/mol). The filling height
of the uliracentrifuge cell was | cm. The index b refers to the cell bottom, #1 to the meniscus with the phase
boundaries explained in Figure I. The scanning wavelength was 390 nm. The left series of traces shows the
deswelling of the gel after the rotational speed of 20,000 rpm is applied, whereas the right series shows the
swelling of the previously compressed gel at a lower speed. Figure reproduced from Célfen (1993) with
kind permission of Dr Késter Veriag, Berlin, FRG.
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It can be seen that the swelling pressure equilibrium of the gel at 20,000 rpm
(constantr¥®) is reached after approximately seven days and this agrees with previous
experiments (Holtuser al., 1991). From the changes in the gradient of the soluble parts
(M =2,900 g/mol) it was concluded that they must be associated or aggregated to the
gelatin network, as the soluble parts are not only self-associating but furthermore
similar to the gelatin in their chemical composition (Célfen and Borchard, 1994). The
formation of the observed steep gradient cannot be explained by the sedimentation of
alow molecular weight species at moderate rotational speeds. Further evidence for the
association of the soluble parts into the gelatin network can be provided from the
observation that the concentration gradient of the soluble parts still becomes steeper
after the swelling pressure equilibrium of the gel has been attained. As the association
is favoured at higher polymer concentrations, it should preferably take place at the cell
bottom where the polymer concentration is the highest. This is precisely what is
observed.

When the rotational speed is decreased to 2,000 rpm (the minimum speed to
maintain the observation of the processes by UV-absorption optics in a sufficiently
stable running rotor), a speed where the gel should swell up to its original degree of
swelling, the concentration gradient of the soluble parts should vanish. But this is not
observed (Colfen and Borchard, 1995). The swelling pressure equilibrium of the gel
is roughly reached after eight days but the gel is not swollen to its original degree of
swelling anymore, indicating irreversible changes in the network structure. The
concentration gradient of the soluble parts is also still significant. Slowly, it becomes
flatter due to the slow back diffusion of uncrosslinked soluble parts, until it remains
constant after 114 days. 1t s obvious that this concentration gradient cannot correspond
to the sedimentation-diffusion equilibrium of a species withM _=2,900 g/mol at 2,000
rpm even when self-association occurs as the association constant was found to be
small (Ctlfen and Borchard, 1994).

The interpretation of this phenomenon was that soluble parts, which partly associate
or even aggregate, preferably at the higher gel concentrations of the deswollen gel near
the cell bottom, form new crosslinks with neighbouring polymer network chains and
hence leading to the formation of a gradienr gel (Colfen and Borchard, 1995). If such
an altered gel swells again at a lower rotational speed, this gel should not swell up
uniformly in an excess of solvent after such an ultracentrifuge experiment. This
feature could be verified when a sector shaped gel piece swelled up to a nearly
rectangular shaped one (Colfen and Borchard, 1995). Hence, the crosslinking density
at the meniscus gel/sol must be lower (leading to the uptake of more solvent) than that
at the cell bottom, as it was predicted. The observed increase of the crosslinking
density leading to a gradient gel must therefore be closely related to those soluble parts
present in the gelatin gels (Colfen and Borchard, 1995).

It was pointed out that the additional crosslinking does not allow the investigation
of the original gel structure anymore (Colfen and Borchard, 1995). As this is the aim
of the uitracentrifuge experiments, future investigations of gels with soluble parts
causing additional crosslinking have to be carried out at rotational speeds below the
critical value without the sedimentation of the pel phase (this is the ‘Gradient
method’). Under such conditions, the crosslinking of associated/aggregated soluble
parts is unlikely due to the much smaller concentration gradients inside the gel, as we
consider below.
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Density gradient techniques

MICROGELS

The density gradient technique has been applied to detect a microgel in an acrylonitrile-
vinylacetate copolymer using a dimethylformamide - bromoform density gradient in
the ultracentrifuge cell (Buchdahl er al., 1963). The copolymer solution could be
separated into three fractions. One of the fractions was assumed to be the linear
copolymer, the second one to be highly branched and the third to be weakly
crosslinked. The structural differences between the highly branched and the crosslinked
fraction were found to be rather small causing a difference in the apparent partial
specific volumes of only about 0.0005 ml/g which could still be resolved with the
density gradient in the analytical ultracentrifuge.

Meichtle looked at the behaviour of styrene/acrylonitrile-copolymer (SAN) grafted
onto polybutylacrylate particles (PBA) in a tetrahydrofuran-diiodomethane density
gradient to study, if the grafted molecules were completely bound covalently or not
(Michtle, 1992} by analogy with the studies of Shaskoua and van Holde (1958) and
Shaskoua and Beaman (1958). About 20% of the SAN was found not to be covalently
bound to PBA. With a sedimentation velocity run, the sedimentation coefficient and
the molar mass of the dissolved SAN was determined as well as its concentration via
integration of the Schiieren peak.

The gradient method

BULK GELS

In a recent paper, Hinsken er al. (1995) presented a2 new approach to evaluate
sedimentation equilibrium experiments with gels. This so-called ‘gradient method’
evaluates the local polymer concentration via the detectable concentration gradient in
the Schlieren pattern. As this is not possible when high rotational speeds are applied
because of the occurrence of a dark zone near the cell bottom {Svedberg and Pedersen,
1940; Johnson, 1964; Metcalfe, 1965; Johnson and King, 1968; Holtus, 1990; Célfen,
1993), low speeds are used so that no sedimentation of the macroscopic gel phase
cccurs (see case a) in Figure I). The local slopes of the swelling pressure curves are
calculated using a differentiated form of the generalized Svedberg-Pedersen equation
{Equations 7 and 8) for a binary system (Borchard, 1991).

As the concentration range between the meniscus gel/vapour and the cell bottom is
much smaller (< 33.5% concentration change from the initial gel concentration for the
carrageenan example) than for the method used before, only a little part of the swelling
pressure—concentration curve can be determined. But in contrast to those derived via
a mass balance assuming a linear concentration gradient before, these swelling
pressure curves are calculated for the real concentration gradients, whatever they are
like. A further large advantage of the gradient method is that irreversible changes in
the network which were observed for gelatin/water (Célfen and Borchard, 1995} are
not likely to occur at the selected low speeds beyond the critical speed where
irreversible changes of the network structure are observed. Hence, the network can be
treated as unaltered so that all thermodynamic, molecular and structural parameters
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derived from the swelling pressure—concentration curves are corresponding to the
original network and are not apparent ones (Célfen and Borchard, 1995). Therefore,
it has been suggested that the gradient method can be used as a test for statistical
theories which describe the gelation process.

By means of the path independence reaching an equilibrium, equilibria could be
proved by constant equilibrium Schlieren gradients inside the gel phase (within the
accuracy of the measurement) independent of whether they have been reached from
either higher or lower rotational speeds, The Schlieren patterns presented were
evaluated quantitatively by integration of the Schlieren curve. As the gels were
investigated in a monosector cell, no baseline is present which is normally required for
the proper integration procedure. Additionally, the Schiieren gradients are very broad
so that the concentration determination from these pictures can be inaccurate. The
polymer concentraticn in the gel was approximately found to be a linear function of
the radius although the gradients in the evaluated Schlieren patterns were bending
upwards in the region of the cell bottom. This reflects a potential error of the gradient
method: the quantitative evaluation of broad Schlieren gradients.

However, the polymer concentration gradients evaluated were used to calculate
(dl1_/dp,) which is the change of the swelling pressure with the polymer con-
centration. These values were plotted against the polymer concentration yielding
linear functions for all evaluated Schlieren patterns. But the curves corresponding to
the Schlieren patterns stated to be the equilibrium Schlieren pictures before did not
superpose which has to be expected for superposing swelling pressure—concentration
curves indicating an equilibrium. Instead, curves for an equilibrium at 8,000 and 6,000
rpm were found to be similar. These results indicate present inaccuracies of the
gradient method.

As no further experiments, particularly those using doublesector cells (baseline),
were performed in this study, it it is impossible to assess what difficulties or
limitations arise when the gradient method is appiied even with good quality
Schlieren patterns with baselines. The promising advantages expected for its
application thus remains to be confirmed. The potential source of error, the con-
centration determination from the integration beyond the rather broad gradients m
the Schlieren patterns, especially at low phase plate angles, might still be a problem.
But as long as no extremely low gel concentrations are used, the Schlieren optical
system is the only realistic choice for a concentration determination in the gel phase
as both the Rayleigh interference and the UV-absorption optics fait (Céifen and
Borchard, 1994b): see also Figure 10.

To derive a complete swelling pressure—concentration curve for a gel with a certain
network structure, it has been suggested that it could be constructed from the parts of
the swelling pressure curves derived for gels with different initial concentration but
the same network structure. Such gels can only be prepared by drying a given gel to
different concentrations. A proof that the network structure of physically crosslinked
gels is not altered upon drying has not to date been given so that it is not yet clear if a
swelling pressure—concentration curve can be constructed from different parts. Nev-
ertheless, the small concentration range of a swelling pressure—-concentration curve
derived with the gradient method should already be sufficient to calculate thermody-
nainical or structural parameters using the Flory-Huggins theory.
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Conclusions

The results from more than 60 years of ultracentrifugal investigations of gels perrnit
the following conclusions to be drawn:

* Thermodynamic, elastic and structural parameters of bulk gels can be characterized
in an effective and clegant manner by sedimentation equilibrium since the
ultracentrifugal field causes a continuous radial dependent deswelling of the gel.
Usually, these experiments require several weeks, but short column multichannel
centrepieces have been suggested, which reduce this time to a few days and allow
the possibility of investigating up to 70 samples simulianeously in one experiment
if an 8-hole rotor is used.

* Scdimentation velocity experiments can rapidly characterize the same parameters
as mentioned above for microgels as well as the sedimentation coefficient of bukk
gels which can possibly be related to structural parameters

* Scdimentation velocity experiments allow the quantitative determination of soluble
components in bulk and microgels

® Density gradient centrifugation of microgels is a very sensitive method for the
investigation of small structural changes or the effects of grafting reactions etc.

*  With bulk gels, one may encounter extensive experimental difficulties due to
adhesion of the gel and the high turbidity and polymer concentration which
restricts oplical detection

¢ ltwould be of considerable benefit if the on-line Schiieren system (Clewlow er af..
1997) available for older ultracentrifuges could be adapted to the commercially
available Beckman Optima XL-I as quickly as possible: the Schiieren optical
systent is the only optical system for the ultracentrifuge which will allow the
application of all of the technology described in this review.

OUTLCOK FOR THE FUTURE

Due to the rapidly increasing technical possibilities, especially in the computer and
clectronics sector, it is expected that the efficiency of the application of uftracentrifuge
technologies to the characterisation of biopolymer gels can be further increased on a
large scale with the incorporation of on-ine recording techniques. This will certainly
also inspire new applications.

Some trends can akready be observed, It has become clear for example that the
investigation of gel properties via a sedimenting gel meniscus, afthough exclusively
applied in the past, has several disadvantages. There are adhesion problems, effects of
the hydrostatic pressure of the sol column (although small) and anisotropic deformation
in the ultracentrifuge cell, which have not yet been exactly theoretically treated. The
general thermodynamics of anisotropic deformation has however been treated by
Borchard (1975) but this has not yet been applied to the ultracentrifugation of gels.
Further problems arise from the failure of the Schlieren optical system in the region of
the cell base and, most important, additional crosslinking of the gel by soluble
components. All these problems can probably be avoided if the rotational speed is
chosen fow enough that no sedimentation of the macroscopic gel phase occurs. In such
a case, the polymer concentration gradient can be detected in the whole gel phase, the
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hydrostatic pressure of a sol column has no effect because no sol is present, the
concentration gradients in the gel are so moderate that the concentration limit for
additional crosslinking via soluble components is not exceeded and the deformations
are so small that the gel can be treated as isotropic. Therefore, it is expected that future
work will be carried out using the gradient method and investigating the swelling
pressure equilibrium in a single gel phase where no sol phase has yet been introduced
{(Hinsken ef al., 1995). The disadvantage that a smaller polymer concentration range
is covered by the swelling pressure curves here is not important for deriving the
thermodynamic and elastic properies of the gel. Only if the stability of a gel system
should be investigated, the two phase {gel + sol) method is more advantageous as the
polymer concentration range covered is much larger. Here, one simply uses the
ultracentrifuge to create a desired concentration gradient and to detect if a suspected
instability occurs at the predicted polymer concentration or not.

As many technologically important gels are polyelectrolytes, it is expected that the
theoretical treatment of the sedimentation behaviour of polyelectrolyte gels will be
brought forward, resulting in a proper characterization of such systems by analytical
ultracentrifugation.

The determination of the sedimentation coefficient s via the movement of the centre
of mass raises hopes that it will be possible to relate s to the structure of the gel (viaa
parameter like the empirical parameter n of Johnson’s group (see Johnson and
Metcalfe, 1967). If the above mentioned disadvantages of the two phase method can
either be avoided or suppressed, this would be the most rapid structural character-
ization of gels with the analytical ultracentrifuge.

Another rapid and precise characterization of gels based on sedimentation velocity
experiments is achieved by studying the microgel properties rather than that of the
macroscopic gel phase with all its difficulties and pitfalls (Shaskoua and van Holde,
1958; Shaskoua and Beaman, 1958; Lange, 1986, Michtle er al., 1993). As this
characterization method avoids the main disadvantages of the investigation of a bulk
gel phase — namely anisotropic deformation and adhesion — the calculation of
thermodynamic parameters from the swelling behaviour might have future potential
for gel characterization, although the ultracentrifugal investigation of microgels has,
up to now, been more or less applied to studies of the efficiency of a grafting reaction
(Shaskoua and van Holde, 1958; Shaskoua and Beaman, 1958; Michtle, 1992). As
long as parameters like the Flory-Huggins interaction parameter or the molar mass of
the crosslinked chains are desired, a sedimentation velocity experiment with
microgels should be the method of choice. For this, a significant potential of
applications is evident for microgel particles prepared by chemical crosslinking in
emulsions (the wide field of polymer dispersions). For most physically cross-
linked gels, this method cannot be applied due to the dissolution in an excess of
solvent.

For physically crosslinked gels, the investigation of the bulk gel phase is still the
method of choice because it is very often desired to study the properties of gels which
will dissolve in an excess of solvent. For these gels, the ‘gradient method’ described
in Hinskenet al. (1995) has the advantage that it produces sweling pressure curvesvia
the exact radial polymer concentration and not via a mass balance assuming a certain
concentration gradient. As the polymer concentration is detectable throughout the
whole gel phase, the ‘gradient method’ is suitable for on-line techniques which have
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recently been developed for the Schlieren optical system (Clewlow et al., 1997). With
such on-line systems, exact kinetic stadies of the gel sedimentation are for the first
time possible and the accuracy of the determination of s via the movement of the centre
of mass should be much better than possible at the moment.

An application of a real time optical system can also be seen in monitoring the
kinetics of swelling of extremely low amounts of latices or microgels. If the gels are
highly compressed and deswollen at a high speed (say 60,000 rpm), the kinetics of
swelling could be readily monitered as soon as the speed is lowered to 1,000 Ipm to
allow sweiling of the particles.

Another interesting application is the investigation of the diffusion of small protein
molecules (which are detectable via the uv-absorption optics) in polysaccharide gels: the
gel itself will be invisible for uv-absorption optics so long as the gel concentration is so
low that light scattering of the gel does not disturb the observation of the protein. This
would be an interesting development and may yield important information, especially
forthe food industry ifone thinks of flavour release or related fields. It should be possible
to create a synthetic boundary in the gel phase in analogy to the solution case. The
diffusion of the protein should take place in reasonable time. One could then think of
more complicated situations where the radial concentration of the gel is extensively
varied by application of a high centrifugal field so that in one experiment the influence of
the gel concentration on the protein diffusion can be monitored.

Another application for ultracentrifuge techniques would be the characterization of
hybrid gels with inorganic components, a topic which appears to be gaining in
industrial importance in recent years. For example, if an inorganic compound is
synthesized in a gel phase, it is of interest how well the inorganic particle sticks to the
functionalized polymer. In most cases, the inorganic matter has a higher density than
the gel so that sedimentation of the inorganic particles should be expected if they are
not (or weakly) complexed by the polymer. If the inorganic particles absorb in the UV/
VIS, their concentration can independently be determined by the absorption optics,
whereas Schlieren optics would deliver the complete concentration gradient. Also,
possible changes in the gel structure by the inorganic component can be characterized
using the discussed techniques.

To summarize, the analytical ultracentrifuge could very well play an important role
in future characterization of biopolymer gels in the following areas:

* Simultaneous structural, thermodynamic and elastic characterization of a large
nuinber of gels (up to 70 at the present), which is not possible by any other method
known ap to now

* Rapid characterization of microgels and monitoring of the efficiency of crosslinking
or grafting reactions

® Characterization of polyelectrolyte gels

* Kinetic swelling studies as well as kinetic studies of the gel sedimentation applying
real time detection systerns

* Diffusion studies of proteins in polysaccharide gels

* Characterization of organic/inorganic hybrid gels

* Stability investigations of gel systems vig the accessible set of thermodynamic
parameters and possible experimental verification by sedimentation velocity

Because of the importance of gel technologies in the food and increasingly the
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pharmaceutical and health-care industries, the potential of ultracentrifugation
methodologies as reliable and complementary gel characterisation technologies to
traditional rheological approaches should be taken very seriously.
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