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Abstract

The physical properties of agarose gel prepared under strong magnetic fields were
investigated. The storage modulus was measured by the reflection method with an ultrasonic
pulse. The measurement results of the gel’s elasticity indicate that agarose gel has anisotropic
properties. The elasticity and its anisotropy depend on the concentration of the gel and the
magnetic field to which it is exposed. The experimental results indicate that the anisotropic
network structure of the gel is induced by the exposure to the magnetic field during gelation.

The gelation mechanism under a magnetic field is discussed.
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1. Introduction

Polysaccharide agarose consists of many sequences
of 1,3-linked pB-D-galactopyranose and 1,4-linked 3,6
anhydro-a-L-galactopyranose units [1]. The aqueous solution
of agarose undergoes a thermally reversible sol-gel phase
transition. Agarose is classified into several types according
to the melting temperature and elasticity. The transition
temperature of a typical agarose solution is about 7, = 30°C
for gelation. The following gelation model, based on the
increase in the hydrophobic property of the agarose chains,
has been suggested to govern the cooling process [2]. The
random coil shape of the agarose molecule changes into an
a-helix with decreasing temperature. Two helices intertwine
to form a double helix. Many double helices self-align and
self-assemble to form crystalline regions. Linkages among
these crystalline regions are generated and enhanced to yield
a gel at the phase transition temperature. The agarose gel has
a sieve structure that corresponds to the linkages.

We have reported that the physical properties of agarose
gel formed under strong magnetic fields change. Such a gel
shows an increase in the melting temperature [3, 4], marked
changes in its anisotropic properties [5, 6], birefringence
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and anisotropic shrinkage, and an anisotropic increase in the
electrophoresis velocity of DNA inside the gel. The results
of the birefringence measurement indicated that the agarose
molecule was ordered perpendicularly to the magnetic flux
to which it was exposed. Other experimental results also
revealed that the agarose molecules and crystalline regions
were magnetically oriented. It was concluded that the cause
of these anisotropic changes in the optical and physical
properties of the gel was the magnetic orientation of the
crystalline regions.

Because the crystalline regions, which have an
anisotropic storage modulus, are ordered magnetically,
an anisotropic change in elasticity should be observed in gels
formed under magnetic field. Significant information should
be obtained from the linkage density of the network structure
of the gel. In this study, the elastic properties of magnetically
ordered agarose gel were measured in order to elucidate its
magnetically induced network structure.

2. Experimental

The raw material used was agarose type-L with a gel
strength of 4500kgm™2, supplied by Wako Chemicals. It
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is a special-grade material used in electrophoresis. Agarose
powder and distilled water were mixed at concentrations
of up to 5.0wt.% and stirred at room temperature. The
thermal cycle, comprised of a heating and a cooling period,
was repeated 5 times to ensure homogenization before
measurement. The gel-formation temperature was controlled
by siphoning temperature-controlled water through the water
jacket set in the bore of the magnet. Superconducting magnets
(JMTD-10T100NC-mkII and JMTD-13T100EF3, JASTEC)
were used to apply strong magnetic fields. The inhomogeneity
of the fields in the gelation space was less than 3% within
a distance of £25mm from the center of the magnets.
The sample gels were prepared in a polycarbonate case
at a constant cooling rate of —0.37Kmin~! during the
gelation process, under zero or strong magnetic fields of
upto 13 T.

In general, the viscoelastic property of gels is measured
using a rheometer or ultrasonic wave propagation [7, 8].
We adopted the latter method, taking account of the in situ
measurement in the magnet bore in the near future. Our
method has some advantages: the size of the measurement
system is small to be easily set in the magnet bore,
nondestructive measurement is repeatable, and it is easy to
control the sample temperature. The viscoelastic property is
expressed by the complex modulus m =m’+m”. The real
part, m’, is the storage modulus, and it refers to the elasticity,
i.e. the hardness. The imaginary part, m”, is the loss modulus
or viscosity.

The elasticity was investigated by measuring the velocity
of one 3.2MHz ultrasonic wave cycle at a constant
temperature of 10.0 or 12.0°C. The ultrasonic wave
propagated through the gel, and the first signal was detected
directly at the hydrophone. The wave was reflected twice by
the inner walls of the sample case, and the second signal was
detected after a delay. The elasticity was determined as
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where p is the density of the gel, ¢ is the sonic velocity
(calculated for a gel thickness of d = 10mm) and ¢ is the
delay time between the first and second signals, typically 13s.
The sonic velocity was measured through the gel along the
direction perpendicular and parallel to the magnetic flux to
which the gel was exposed.

3. Results and discussion

Random and ordered gels were prepared in zero magnetic field
and in a magnetic field of 13 T, respectively. The elasticity
was measured as a function of the agarose concentration,
as shown in figure 1. The elasticity of the random gel
was proportional to the agarose concentration. This linear
relationship suggests that the linkage density is proportional
to the gel concentration. The same tendency was recognized
in all of the gels examined. In the case of the ordered
gels, changes in elasticity were observed depending on the
direction of the magnetic field, as expected. The elasticity
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Figure 1. Storage modulus, m’, of agarose gel at 12.0°C as a
function of concentration. The solid and broken curves denote the
m’ values for random gel formed in 0 T and ordered gel formed in
13 T, respectively. The m’ values were measured along the
directions perpendicular (open circle) and parallel (closed square) to
the magnetic field.

increased along the direction perpendicular to the magnetic
field, while it decreased along the direction parallel to the
magnetic field. It is noteworthy that the elasticity of the
random gels took an intermediate hardness value between
the anisotropic values of the ordered gels. The experimental
results suggest that the linkage density was negligibly
influenced, on the whole, by the exposure to the strong
magnetic field, but that the structure of the gel changed to an
anisotropic linkage structure.

Figure 2 describes the dependence of the elasticity on
the strength of the magnetic field. The elasticity along the
direction perpendicular to the magnetic field, m’,, increased
by 0.8% with increasing magnetic field. However, it became
saturated at around 6 T. Meanwhile, the elasticity along the
direction parallel to the field, mil, decreased by —0.5% with
decreasing magnetic field. It became saturated at around
4T. It was found that the anisotropic elasticity increased
with increasing magnetic field and became saturated at
4-6T. This saturation tendency was in agreement with the
result of the birefringence measurement [2]. Therefore, it is
considered that the change in elasticity correlates with the
molecular ordering induced by strong magnetic fields. The
average elasticity, m/,, was evaluated using the following
equation:

my, = ,3/m’fmﬁ ()

and the results are shown in figure 2. The average elasticity
also increased with increasing magnetic field, regardless of
the decrease in m/H. The change in the elasticity, I, was
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Figure 2. The storage modulus, m’, of 2 wt.% agarose gel at
10.0°C as a function of the magnetic field. The m’ values were
measured along the directions perpendicular (open circle) and
parallel (closed square) to the magnetic field. The open triangles
represent the average storage moduli.

calculated as:
M~ MRANDOM 100(%), 3)

L =—
MR ANDOM

where mp npowm 18 the elasticity of the random gel formed
in zero magnetic field. A slight increase of 0.3% in the
average elasticity was observed. When the gel was formed
in a magnetic field, it hardened. The experimental results
suggest that the anisotropic linkage structure was induced by
the strong magnetic field. It is considered that the increase in
the average elasticity was due to the increase in the crystalline
regions of the gel, because of the alignment of the domains
under the strong magnetic field. The increase in the number

of linkage points and the volume of the crystalline regions
might be related to the increase in the melting temperature of
the ordered gel, as described in [3, 4].

4. Conclusion

The elasticity of agarose gel was investigated using ultrasonic
wave propagation. Gel formed in a strong magnetic field
showed an anisotropic change in its elasticity. The increased
and decreased in the elasticity were observed along the
directions perpendicular and parallel to the magnetic flux,
respectively. The anisotropy between them increased with
increasing magnetic field. The magnetic-field-induced change
in elasticity is thought to correlate with the gel structure,
particularly the alignment of the domains.
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