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Life in Intense Magnetic Fields

Brown University James Valles

Introduction:

Our group has focussed its magneto-science research on how static magnetic fields can affect living
systems and how to harness any of the effects. Critical guidance and reassurance for our efforts came
from seminal magneto-science research results that suggested that even the very weak magnetic
forces and torques on organic materials can yield effects on small organisms. Here, I describe
magneto-science investigations of how a swimming micro-organism interacts with surfaces. The
techniques and analysis drew on foundational work in magneto-science to produce new insights into
how this organism navigates its environs.

Foundational Background:

When we started, little was known about magnetic field effects on whole biological systems, which
made it exciting and potentially important for medical applications like magnetic resonance imaging
for humans. The Magneto-science community, however, had already provided many foundational
results that we could build upon. It was known, as described in Dransfeld and Maret' that large
diamagnetic biomolecules and their assemblies could be aligned by intense magnetic fields. Their
diamagnetic anisotropy and organization made them susceptible. Since those biomolecular
assemblies included DNA, cell membranes and microtubules it was reasonable to assume that
magnetic fields could exert some (potentially deleterious) biological effects.

Furthermore, in a remarkable set of experiments, Beaugnon and Tournier” showed that organic
materials like water and ethanol
could be levitated using existing
strong magnets. With these
attention grabbing results they
raised the interesting possibility
that magnetic forces comparable to
earth’s gravity could be applied to
living systems for microgravity
experiments. Thus, it opened the
door to probing gravity’s influence
on living systems with a tunable,
non-invasive force field.

Figure 1. Photograph with

side (upper image) and top
(lower image) views of a stably
levitated droplet nearly filled
with frog embryos. The
embryos have dark pigment in
their upper hemisphere. The
lines behind the side view are
spaced by 1 mm.

Our first experiments * , * in

magneto-science  showed  the
influence of the above two effects.

1 Maret G., Dransfeld K. (1985) Biomolecules and Polymers in High Steady Magnetic Fields.
In: Herlach F. (eds) Strong and Ultrastrong Magnetic Fields and Their Applications. Topics
in Applied Physics, vol 57. Springer, Berlin, Heidelberg. https://doi.org/10.1007/3-540-
13504-9_10

2 BEAUGNON, E., TOURNIER, R. Levitation of organic materials. Nature 349, 470 (1991).
https://doi.org/10.1038/349470a0

3 J.M. Valles, K. Lin, J.M. Denegre, K.L.. Mowry,Stable magnetic field gradient levitation of
Xenopus laevis: toward low-gravity simulation, Biophysical Journal, 73, 1130 (1997).
https://doi.org/10.1016/S0006-3495(97)78145-1.

4 James M. Denegre, James M. Valles, Kevin Lin, W. B. Jordan, Kimberly L. Mowry,
Cleavage planes in frog eggs are altered by strong magnetic fields, Proceedings of the
National Academy of Sciences 95, 14729-14732 (1998).



We investigated the use of magnetic levitation as a low gravity simulation technique for frog
embryos. The results demonstrated both magnetic force and torque effects. The stable levitation
illustrated the force effect (Fig. 1). And, surprisingly, a very unexpected alignment of the embryos’
cell divisions revealed a torque effect. Thus, these experiments built directly on the earlier work.

A third foundational result for our work on swimming microorganisms was the demonstration of
Magneto-Archimedes Levitation of water by Yasuhiro Ikezoe, Noriyuki Hirota, Jun Nakagawa &
Koichi Kitazawa®. This group demonstrated that water drops in a paramagnetic background fluid or
gas could be stably levitated using much lower magnetic fields than without the paramagnetic gas.
The droplet effectively floats in the gas because the gas is drawn into the magnet more strongly than
the water. This demonstration revealed how one could continuously and non-invasively adjust the
buoyancy of an object, like a droplet, by adjusting a magnetic field.

Paramecia are Swimming Micro-organisms that Sense Gravity

The capacity to create magnetic forces comparable to gravity’s forces on biological matter, inspired
us to find a simple biological system
that is sensitive to gravity. We found
paramecia. Paramecia are single
celled micro-organisms that swim in
ponds all around the world. They are
roughly prolate ellipsoids with a 200
pum long major axis and 40 um minor
axis. They swim in the direction of
their anterior end which is at one end
of their major axis. Figs. 2a,b show
images of them and Figs. 2c,d show
their swimming tracks in O and 26 T
magnetic fields. In OT they swim in
all directions while in 26 T their
swimming trajectories align with the
magnetic field. Analysis shows that
the magnetic field exerts a torque on
them because of the diamagnetic

Figure 2. Swimming Paramecia Align in a B Field. Images of

. . swimming paramecia (the elliptical dots) acquired by a

anl.sotro.py of their outer C?H wau. borescopge pin (a) B=(() T. (br)) B=26 T) (c()‘ Swimr%/ing

This alignment can be achieved in  trajectories at B=0 T. (d) B=26 T. Notice how the swimming

fields as low as 3 T®. trajectories align with the magnetic field direction. The bar is
0.5 mm. (from Karine Guevorkian PhD Dissertation).

Previous experiments had shown that

paramecia are sensitive to gravity or

more precisely, their buoyancy. They swim to fight their tendency to sink. We were attracted to

them because it was and remains unknown how they sense their very small apparent weight.

Magneto-Archimedes Levitation gave us a unique method to probe how they respond to continuous

changes in their buoyancy’. Using water doped with a Gd compound to make it more paramagnetic

than the paramecia, we could tune their buoyancy from positive to negative by a magnitude more

than a factor of 5 from normal buoyancy using a resistive magnet at the National High Magnetic

Field Laboratory.

5 Ikezoe, Y., Hirota, N., Nakagawa, J. and Kitazawa, K., Making water levitate. Nature 393,
749-750 (1998). https://doi.org/10.1038/31619

6 Karine Guevorkian, James M. Valles,Aligning Paramecium caudatum with Static
Magnetic Fields, Biophysical Journal, 90, 3004 (2006).
https://doi.org/10.1529/biophysj.105.071704.

7 Karine Guevorkian and James M. Valles Jr., Swimming Paramecium in magnetically
simulated enhanced, reduced, and inverted gravity environments, PNAS August 29, 2006
103 (35) 13051-13056; https://doi.org/10.1073/pnas.0601839103



Surface Trapping of Paramecia

Swimming micro-organisms frequently encounter and bump into surfaces as they navigate their
surroundings. Often they have been observed to become trapped near surfaces. Determining
whether this trapping is a stimulated response or simply a mechanical response provides insights into
how they find food and how well they sense forces. As described below, we were able to study the
trapping of paramecia at surfaces and use Magneto-Archimedes levitation to test a model of the
trapping mechanism®.

100 100 2
(b) (c) .
80 i 80 o
. . = - ,
S 60 m < 60 S * ;
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E/: -1() ° :',: 4() .. p 0 =
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e e -
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Figure 3. Surface Trapping of Paramecia. a) Image of paramecia (green) swimming along the bottom
surface of the swimming chamber. The apparent weight force on the paramecia (white arrow) was
adjusted to point upward. Its magnitude is twice its normal value. When trapped, the paramecia often
swim canted relative to the surface with their anterior in contact with the surface. b) The surface
trapping probability (STP) versus apparent weight grows as the apparent weight force becomes more
negative. c¢) The gray line indicates how the apparent weight was varied with time. The changes in
STP appear to closely track the changes in the apparent weight.

Unexpectedly, we observed that paramecia lingered close to the upper or lower surfaces of their
swimming chambers when they were not neutrally buoyant. More surprisingly, we found as shown
in Fig. 3, that more paramecia became trapped at the lower surface when their apparent weight
pointed up and vice versa. By adjusting the apparent weight and the strength of the magnetic field
we observed systematic variations in the surface trapping probability.

Mechanical Model of Surface Trapping

The above observations led us to a mechanical model (see Fig. 4) that quantitatively captures the
trapping phenomena. We started with the idea that a paramecium that swims into a surface must
experience a torque in order to turn around and swim away. We identified four forces acting on a
paramecium swimming into a wall that might exert a torque as well as the magnetic torque that
causes paramecia to align with an external magnetic field. Since paramecia swim at low Reynolds
number, all of the forces and torques acting on it sum to zero. The torque driving the paramecium to
turn about its center of mass comes from the normal force, N, in the absence of a magnetic field.
Normally, that torque must be sufficient for the paramecium to turn. Turning on the apparent weight
in the direction away from the surface, reduces the normal force through the force balance equation
and causes it to go to zero at a critical angle. This critical angle is the canting angle. If a magnetic
field is also applied then the magnetic torque makes the canting angle even smaller.

8 Tlyong Jung, Karine Guevorkian, and dJames M. Valles, Trapping of Swimming
Microorganisms at Lower Surfaces by Increasing Buoyancy, Phys. Rev. Lett. 113, 2181019
(2014).
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Figure 4. Sketch of a Canted Paramecium. The arrows are the forces acting on the paramecium: P
(propulsion), D (drag), N (surface normal force in direction, n) and w (apparent weight). A mechanical
model attributes the canting angle 6c¢ to the balance of mechanical torques about the center of mass of
the paramecia and the magnetic torque, which is proportional to the diamagnetic anisotropy of the
paramecium, Ax.

Building on Foundations

My goal has been to convey how our group’s magneto-science work on manipulating life with static
magnetic fields was built on foundations laid by and discussions with members of the MSSJ and the
extensive magneto-science community it nurtures. The example of swimming micro-organism
trapping, which revealed new information about a biological system, falls within only a small sector
of this field. I look forward to seeing magneto-science researchers’ continuing impacts on ongoing
and yet to be thought of applied and fundamental problems from across the sciences.
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Development of polymer materials controlled the structure by magnetic field.

°JiF5 K(HAKRY)
°Shuta hara (Nihon University)
E-mail: hara.shuta@nihon-u.ac.jp

Abstract:

In hybrid polymer, it is necessary to increase the concentration of the inorganic component in order to make
maximum use of the properties of them. However, excessive addition of inorganic components significantly reduces
functions of the polymer such as the flexibility, processability, shape memory characteristics. On the other hand,
living organisms provide the hybrid materials, which formed a hierarchical structure of inorganic and organic
components, superior to the above-mentioned artificial hybrid materials. For example, bone is an excellent material
which has hardness and toughness, and the property is achieved by which layered collagen and apatite the nano
level to the macro level. The purpose of this research is to develop a new hierarchical structure hybrid polymer
composed by which inorganic nanoparticles are arranged in a micro-unit structure in a polymer matrix (Fig. 1). In
this study, we focus on the strong magnetic field, which have been proven in titanium nanosheet orientation and
polystyrene microbead placement, as a method for arranging and orienting inorganic nanoparticles in a polymer
matrix. In this presentation, 1. polymer matrix, 2. Magnetic lithographic base and 3. magnetic nanoparticle, which
are realize new hybrid materials, will be report on.

Keywords: high magnetic field, hybrid materials, hierarchical structure
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Studies on Smart Materials with Magnetic Nanoparticles Aiming to Biomedical
Applications

CHMIESR (HAKRT)

°Takao Aoyagi (Department of Materials and Applied Chemistry, Nihon University)
E-mail: aoyagi.takao@nihon-u.ac.jp

Abstract: Recent progresses of nanotechnologies relate to smart materials such as thermo-responsive polymers,
especially, smart nanoparticles and nanofibers are focused for biomedical application. In our studies, smart
nanoparticles systems were designed by the combination of magnetic nanoparticles and smart polymer,
poly(N-isopropylacrylamide) (PIPAAm). The functional PIPAAm were used to modify the magnetic nanoparticle
surface aiming to drug delivery system and the system was based on the inductive heating by external alternating
magnetic field (AMF). Similar system was used to develop the novel chromatography in response to AMF. The
smart nanofibers with magnetic nanoparticles were also studied for development of combination of thermal- and
chemo-therapy for cancer treatment. From in vitro experiment, the combination was more effective to suppress
the cancer cell proliferation than each single treatment.
Keywords; Smart Materials; Thermo-responsive Polymer; Magnetic Nanoparticles; Nanofibers
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Magnetic separation -Methods to separate non-magnetic materials by magnets-
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Abstract:

We have developed several magnetic separation methods to separate “non-magnetic” materials such as
paramagnetic or diamagnetic materials, utilizing attractive or repulsive magnetic force. Since the magnetic force
exerted on these non-magnetic materials is very small due to their small magnetic susceptibility, separation of these
materials is almost impossible under normal condition. However, in our method, the magnetic force is remarkably
enhanced by magneto-Archimedes effect, in which magnetic buoyancy force generated by the medium surrounding
the materials is superposed to the original magnetic force. Thereby, magnetic separation of non-magnetic materials
come to be realized. In this paper, the principle of magneto-Archimedes effect is introduced at first, and then some
examples of magnetic separation of non-magnetic materials, such as, organic materials, glasses, polymers, and so
on are presented.

Keywords: non-magnetic materials, magneto-Archimedes effect, magnetic levitation,
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Magnetic alignment of polymeric materials based on understanding of super cooled
state of crystalline polymer
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Abstract:

The physical properties of polymer materials such as polyethylene terephthalate highly depend on the
molecular chain orientation. Usually, the orientation control of polymer chains is achieved by external fields such
as shearing and stretching. Magnetic alignment is also the method of orientation control of anisotropic structure
such crystalline and liquid crystal materials. The advantage of the magnetic alignment method compared to other
methods is to allows the orientation in any direction regardless of shape. However, it is generally difficult to
control the magnetic alignment of crystalline polymers. This is because the understanding of the magnetic
alignment mechanism during crystal growth is insufficient. We clarified the existence of residual structure of
crystalline in super cooled state of crystalline polymer by in-situ measurement. We elucidate the thermal history
necessary for magnetic alignment of crystalline polymers and provide an easier orientation method.

Keywords: magnetic alignment, in-situ measurement, crystalline polymer
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Fig.1 Schematic drawing of in-situ FT-IR
measurement under a magnetic field.

Region of
magnetic alignment for iPS
Region of
magnetic alignment for PET
Tm(eq)q
T, |
\'_\
T, | :i -
Induction Initial After
period stage initial stage
A & : Some order structure
RT 1=
g ] : Crystalline lamella
Time

Fig.2 Schematic drawing of structure change
of  crystalline polymer during melt
crystallization.
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Fig.3  Azimuthal intensity distribution of
several diffraction plane observed by WAXD
measurement  of  magnetically  aligned
polyethylene containing nuclear agent.



