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ABSTRACT: The agarose gelling system was investigated with the fluorescence
polarization method using fluorescent dyes, such as uranine (fluorescein sodium), as an
extrinsic probe. The method detected three critical points, ci, ¢z, and cs, in the con-
centration change of agarose at room temperatare, corresponding to the concentrations
at which the agarose domain occupies the whole solution, the junction zone is made
to gel, and the network is presumably completed to hold gel elasticity, respectively.
Three transition points, Ti, T, and Ts, were also detected in the temperature range
studied for these systems. T; and T; are well defined transition points of agarose, the
gel point and the melting point. T, is an unknown, new transition point. In order
to examine the transition at T,, some other solution properties were determined with
the fluorescence polarization method, and T, was interpreted to be the coil—helix tran-
sition temperature of agarose. Thus the fluorescence polarization method provides useful

information for the investigation of a polymer gelling system such as agarose.
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Fluorescence methods have been applied to
estimate the inner, microscopic structure of
various polymer systems including the solid,
melt, and solution states." The methods con-
sist of an evaluation of the emission charac-
teristics of fluorescence from extrinsic or in-
trinsic probes involved in the polymer system.

In the present work, the fluorescence polari- -

zation method was to be applied for the gelling
system of natural polymers such as agarose.
The principle of the method is based upon
Perrin’s equation:
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where 7, p, v, and p, are the lifetime, the ro-
tational relaxation time, the volume of the
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fluorescence probe, and the limiting value of
the degree of polarization for p—co, respectively,
and 7 is the local viscosity. The degree of po-
larization of fluorescence, p, is thus related to
the rotational relaxation time or the local vis-
cosity through the equation. If ¢ is measured
for the system, this condition is not necessary.
These values, p and 7, are not the direct measure
of the polymer motion itself but that of the
fluorescence probe added to the polymer system.
The motion of a probe molecule, however, re-
flects the microscopic environment and therefore
information on the internal structure of the
polymer system can be obtained.

In a reversible polymer gel such as agar, it is
known that non-covalent bondings from junction
zones among polymer chains to cause gelation,
and the inner, microscopic properties such as
electric conductivity change only slightly even
though the macroscopic appearance of the solu-
tion changes drastically on gelation.

The gelling polymer used here was agarose,
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a gelling fraction of agar polysaccharide; its
chemical structure was established by Araki.”
Agarose is a naturally occurring biopolymer
which has a stereoregular repeating unit and is
known to have a more complex transition be-
havior, such as a coil—helix transition and
hysteresis phenomena, than in the case of syn-
thetic polymer gels. The gelling mechanism of
agarose has also been investigated by many
researchers.? Among them, Rees, et al.,! espe-
cially have carried out active work relating to
carrageenan,’ another typical gelling polysac-
charide obtained from seaweed.

In the present paper, the fluorescence polari-
zation method is effectively applied to follow
the agarose sol—gel transition process, and the
transition points detected by the method are
related to those characterized by other methods.

MATERIALS AND EXPERIMENTS

Materials

The sample of agarose was ‘‘Agarose A-37"
(Nakarai Chemicals Ltd., Kyoto, Japan), which
contained 0.30% of sulfate and 3.03% of p-glu-
curonic acid with none of the pyruvic acid re-
sidues. The fluorescence dyes used as probes
were uranine, thionine, and Whitex RP (Sumi-
tomo Kagaku Ltd.).

Fluorescence Polarization Method

The instrument used was a Hitachi Fluores-
cence Spectrophotometer 204 with polarizer and
analyzer. The optical axis of the polarizer was
fixed vertically. The degree of polarization was
calculated with the following equation: p=
Iy—1)/(Iy+1,), where I, and I, are the polar-
ized components of fluorescence intensity for
parallel and perpendicular alignments of polar-
izer and analyzer, respectively. Agarose was
dissolved at 85°C and then uranine solution
was added. The cell containing the sample
solution was placed in the cell holder which
had a jacket for circulating the temperature-
controlled water. The combinations of wave-
lengths of exciter and analyzer beams for meas-
urement of the degree of polarization were
465nm and 525nm, 570 nm and 630 nm, and
380 nm and 450 nm, for uranine, thionine, and
Whitex RP, respectively.
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Other Measurements

Optical rotation was measured with a Hitachi
Spectrophotometer EPU with an optical rotation
attachment; the wavelength and pass-length of
the cell were 572nm and 10cm, respectively.
The differential scanning calorimeter (DSC)
thermogram was measured with a Perkin-Elmer
DSC 1B with sealed pan. An Ubbelohde-type
viscometer was used for the measurement of
reduced viscosity.

RESULTS

Changes in Degree of Polarization with Agarose

Concentration

The polarization, p, was determined at 25°C
for the solutions or gels containing 0—0.3 g/d/
of agarose, with 107 M of uranine as an ex-
trinsic probe. Reciprocals of the degree of
polarization are plotted against agarose concen-
tration in Figure 1, in which the plots measured
with thionine or Whitex RP are also included.
All these curves show abrupt changes at 0.12
and 0.24 g/d! of agarose concentration, which are
designated as ¢, and c,.

The ¢, agrees with the apparent gelling con-
centration at which the solution loses its fluidity,
but ¢, was not observable from the solution
appearance. In order to reexamine c; and ¢,
the degree of polarization and the reduced
viscosity of the agarose solution were determined
at 50°C, at which no gelation occurs. The
results are shown in Figure 2. A polarization
change at ¢, still remains, corresponding to that
at 25°C, but the one at ¢, disappears because
of the non-gelling temperature. The reduced
viscosity does not show any marked changes
corresponding to those of polarization but rises
gradually below c¢;, showing a weak polyelec-
trolytic behavior. Thus ¢;, which is the first
abrupt change of polarization in the low poly-
mer concentration range, seems to be the con-
centration at which the expanded agarose domain
occupies the whole volume of the solution.™

Agarose gel became turbid at concentrated
solutions above 0.3g/dl and the accurate de-
termination of polarization became difficult.
In order to avoid this disadvantage, our meas-
urement was carried out using 36-9% sugar solu-
tion as a solvent instead of distilled water.
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Figure 1. Changes in reciprocal of degree of polarization (1/p) with agarose

concentration at 25°C.
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Figure 2. Changes in 1/p and reduced viscosity with agarose concentration

at 50°C.

Thus measurements became possible with the
sugar solution up to 1.5 g/d/ of agarose, as shown
in Figure 3. Another change in addition to
the two changes at ¢, and c, is observed at
about 1.0g/dl of agarose, this is designated
as c;.

Polymer J., Vol. 9, No. 2, 1977

Changes in the Degree of Polarization and Other
Solution Properties with Temperature
Preliminary tests in the warming test tube

showed that agarose A-37 gelled at about 40°C

and its gel melted at about 78°C. Polarization
changes of the agarose solution were determined
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Figure 3. Changes in 1/p of agarose dissolved in
36-% sugar solution with agarose concentration at
25°C.
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Figure 4. Changes in 1/p of (a) 0.3-g/dl, (b)
0.15-g/d/, and (c) 0.05-g/d! agarose solution with
temperature.

under decreasing temperature from 85°C to 30°C
and in reverse from 30°C to 85°C. Temperature
intervals of the measurements were 1° or 3°,
and the temperature was maintained constant
for at least 10min before the measurement.
The extension of the maintenance time from
10min to 30min did not cause any distin-
guishable differences in the degree of polariza-
tion determined.

Figure 4a—c show the typical results of
0.3g/di(>cy), 0.15g/dl(< ¢z, >cy), and 0.05 g/dl
(<¢,) of agarose, respectively. These curves
show apparent hysteresis loops even in the cases
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Figure 5. Changes in 1/p of 0.3-g/d/ agarose dis-
solved in 2N potassium thiocyanate solution with
temperature.

of nongelling solutions, 0.15 and 0.05g/dl: the
pathway of decreasing temperature differs from
that for increasing temperature within a certain
temperature range. In the gelling solution,
0.3g/dl, two distinct changes are observed at
about 40°C and 53°C in decreasing temperature,
and the third change at about 78°C in the
increasing. They are designated as T,, T,, and
T;, respectively. These transition temperatures
were slightly shifted to higher temperatures
upon an increase in agarose concentration. T,
and T, correspond to the gel point (or setting
point) and the melting point, but T, is an
unknown transition point with no apparent
structural change. In the curves in Figures 4b
and c, T, is not observed because of the non-
gelling concentration, but the unknown change
at T, still remains. Another change in increasing
temperature in Figures 4b and c¢ seems to cor-
respond to the melting point, T;, even through
the solution does not gel macroscopically.

In order to reexamine these transitions, es-
pecially that at T,, the degree of polarization
was determined for the agarose solution in 2N
potassium thiocyanate, which disturbs hydrogen
bonding among agarose molecules to cause no
gel. A typical example of 0.3 g/d! solution of
agarose is shown in Figure 5. The curve has
no abrupt changes either in increasing temper-
ature or decreasing, and is completely reversible
in both pathways. This result means that hy-
drogen bonding causes the transition at T, as
well as the gelation at T;.

Some solution properties were determined
around T,. Among them, the results of optical
rotation, reduced viscosity, and differential scan-
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Figure 6. Changes in optical rotation, reduced
viscosity, and DSC thermogram of 0.3-g/d/ agarose
solution with temperature.

ning calorimetry gave some interesting corre-
spondences to that of fluorescence polarization,
as shown in Figure 6. Electric conductivity
and refractive index showed apparent, but very
slight, changes at T, only in the course of de-
creasing temperature, showing certain corre-
sponding changes in the agarose solution, but
the results are not cited here because the change
is too small and the interpretation is difficult.
In Figure 6, typical results from the three
methods on 0.3-g/d! solution of agarose are com-
pared with that of the fluorescence method.
The optical rotation shows two peaks near T,
and T,, which suggests some conformational
changes of the agarose molecule in the system.
The reverse curve on increasing temperature
could not be determined because of the turbidity
of the gel and of the insufficient sensitivity of
the apparatus used.

The reduced viscosity changes irregularly at
T, on decreasing temperature but not on increas-
ing temperature. The curve shows a hysteresis
corresponding to that observed by the fluores-
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cence method. The irregular change of reduced
viscosity suggests a change of hydrodynamic
form of agarose chains at T,. The most in-
teresting peaks are observed in the DSC curve:
a smaller exothermic peak at T, in decreasing
temperature and another bigger endothermic one
at T, in increasing. There are no peaks at the
gel point, T,, either in decreasing or increasing.
The peak in the DSC curve means a transition
accompanying the endothermic or exothermic
reaction. The transition at T, seems therefore
to be an exothermic irreversible reaction ob-
served only in the temperature decreasing path-
way; such a reaction has never been reported.
The meaning of this transition point will be
discussed in the following section.

DISCUSSION

It has been shown by Duckworth and Yaphe®
that agar is a complex mixture of polysaccha-
rides, all having the same backbone structure
but substituted to a variable degree with charged
groups. Neutral agarose composed of only al-
ternating  (1-4)-3,6-anhydro-L-galactosyl-(1-3)-D-
galactose residues is, therefore, an oversimplifi-
cation and is an extreme of structure in the
spectrum of polysaccharides. Agarose A-37 used
here is not free from this question and actually
behaved as a weak polyelectrolyte, as shown in
Figure 2.

In Figure 1, ¢, corresponds to the concentra-
tion at which the whole solution is just filled
with agarose domains expanded by the electro-
static repulsions. The critical concentration,
0.12g/dl, is much smaller than that of other
aqueous polymer solutions, for example, 0.5—
2.0g/dl for polyacrylamide solution.’® The
low value is owing to the rigid polysaccharide
structure and the polyelectrolytic expansion of
the agarose chain. The gelling concentration,
c,, is also lower than those of the usual gels,
probably for the same reason. At this concen-
tration, an overlapping of agarose domains al-
lows the formation of enough intermolecular
junction zones to make a gel. The meaning
of the third critical point at ¢; near 1.0 g/d/
in sugar solution in Figure 3 has not been
examined further, but seems to correspond to
the changing point of gel elasticity reported
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by Hirai,” who suggested that the network of
agarose was completed at this concentration.
Three different fluorescence probes, uranine,
thionine, and Whitex RP, all show the same
¢, or ¢, in the 1/p—c curves in Figure 1, but
the 1/p values of each are quite different at the
same agarose concentration. The degree of
polarization, p, is a function of p and 7, and
then p is a function of v and 7 as shown by
Perrin’s equation. Therefore, the difference of
1/p among the three probes seems to be caused
mainly by those of ¢ and v of the probes under
the experimental conditions. The abrupt change
of 1/p—c curve of a certain probe at ¢; or ¢,
(also at ¢;) reflects the change in p of the probe
molecule itself, but the corresponding change
of v or 7 is not expected in such a diluted
agarose solution as used here. Tne change in
r will not be discussed here because the fluo-
rescence intensity (=1,+2I;) did not change so
abruptly in the course of the determinations.
A fluorescence probe such as uranine seems to
be adsorbed on agarose chains in the system
and the p of the adsorbed probe should be
controlled by the motion of the agarose chains.
If the motion or relaxation time of the agarose
chain changed suddently at ¢, or c,, at which
an overlap or network of the chain segment
occurs, p of the adsorbed probe and hence 1/p
of the system should be correspondingly
changed.* This interpretation is also useful in
the following discussion about T, T,, and Ts.
The most interesting feature of the phase
transition in agarose system is undoubtedly that

* Some difficulty is expected in examining the
adsorption of the probes, such as uranine, on
polymer chains in the diluted solution, or gel sys-
tems. Fortunately, it has been found that the di-
luted agarose gel is broken and precipitated by the
freeze-thaw process of the gel (D. A. Rees, et al.,
J. Mol. Biol., 68, 158 (1972)). The phenomenon
was employed in the agarose—uranine gel system
for checking the uranine adsorption on agarose
chains. As the result, it was found that uranine
was positively adsorbed on agarose chains according
to the Freundlich equation. It is quite interesting
that the adsorption of probes on polymer chains
takes part in the detection of the transition points
by the fluorescence polarization method. The de-
tailed data will be reported in a subsequent paper
of this series.
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it changes with temperature. Figure 4 shows
the typical hysteresis loops including three tran-
sition points, T,, T,, and T,;, and also shows
that the fluorescence polarization method is
applicable with success to the investigation of
the agarose gelling system.

The meanings of T, and T, are apparent: that
is, they are the gel point and the melting point,
respectively. T, is the unknown, new transition
point. At T, in the temperature decreasing
pathway, optical rotation, reduced viscosity,
and DSC curves in Figure 6, and electric con-
ductivity and refractive index data not cited
here, all show apparent changes, as well as in
the case of fluorescence polarization.

Pines and Prins® and Rees, et al.,* estimated
agarose hysteresis loops by the optical rotation
method, but overlooked the T, transition point.
This might be because of the smaller change at
T, than that at T, in using the optical rotation
method. We purchased agarose powder (batch
code: REX 5468) from Marine Colloids Inc.,
Rockland, Maine, U.S.A., which was used in
Rees’ work, and found that it also had a T,
transition at the same temperature as agarose
A-37. Therefore, the T, transition is not a
special feature of agarose A-37, but a common
one in agarose. In their works on carrageenan
gel, Rees, et al.,’ found two critical points in
their optical rotation curves, and proposed them
to be the coil—helix transition point and the
gel point, respectively. Then, they suggested
in a subsequent paper, that the optical rotation
change at the coil—helix transition is caused by
the torsion of bond angles around the glycosidic
oxygen bridges in ‘carrageenan polysaccharide.'
They have also studied the conformation analy-
sis of polysaccharides and shown that most of
the agarose chains make double helixes in the
solid and gel state.

Assuming that the T, transition in the agarose
system which accompanied the optical rotation
change was a coil—helix transition, as proposed
by Rees in carrageenan, various data obtained
in the present paper could be well interpreted:
the helix formation from a random coil in-
creases the relaxation time of the segment or
the probe adsorbed on it to decrease 1/p of the
whole system below T,, and brings about a
change in the hydrodynamic volume of the
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agarose chain to alter the reduced viscosity.
The exothermic peak at T, in DSC curve is also
reasonably interpreted as the helix formation
accompanying hydrogen bonding, as suggested
in the result of potassium thiocyanate solution
in Figure 5. Rees, et al.,' stated negative
opinions about hydrogen bonding during the
agarose double helix formation from the con-
formation analysis, but it seems more reasonable
from our data to assert that hydrogen bonding
takes part in the helix formation of a poly-
saccharide such as agarose.

In the DSC thermogram it is seen, though
qualitatively, that the enthalpy of melting is
much bigger than that of helix formation, and
that there is no detectable enthalpy at the gel
point. This suggests that another exothermic,
slow gelling reaction at T, follows the helix
formation at T,, and hence the enthalpy of
melting consists of the sum of that of helix
formation and of gelation.

The fluorescence polarization method in the
present paper thus provides new information
about the agarose gelling system; the coil—helix
transition point at T, is an especially interesting
and important finding. These results still con-
tain many problems to be solved: for example,
the interpretation of the gelling mechanism and
of the hysteresis phenomena. More detailed
work is now proceeding in our laboratory and
will be reported soon. It is, moreover, expected
that the validity of the method will be extended
to the investigation of other gelling biopolymer
systems including their phase transitions.
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