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Electromagnetic warming has a long history in cryobiology as a preferred method for recovering large
tissue masses from cryopreservation, especially from cryopreservation by vitrification. It is less well-
known that electromagnetic fields may be able to influence ice formation during cryopreservation by
non-thermal mechanisms. Both theory and published data suggest that static and oscillating electric
fields can respectively promote or inhibit ice formation under certain conditions. Evidence is less persua-
sive for magnetic fields. Recent claims that static magnetic fields smaller than 1 mT can improve cryo-
preservation by freezing are specifically questioned.

� 2012 Elsevier Inc. All rights reserved.
There have been several recent articles in the scientific litera-
ture and popular press concerning cryobiology applications of
CAS (‘‘Cell Alive System’’) freezers from ABI Corporation Ltd. (Abi-
ko, Japan). In 2010, Cryobiology reported findings by Kaku et al. in
which a CAS freezer was used to produce very weak magnetic
fields during freezing of periodontal ligament (PDL) cells and tis-
sues in 10% dimethyl sulfoxide [9]. Superior cell viability and tissue
histology was observed compared to control cells cryopreserved
without a magnetic field. A follow-up study by the same group
in 2011 in Cryobiology reported favorable comparisons between
frozen-thawed PDL tissue vs. unfrozen controls, and clinical results
after transplantation of teeth cryopreserved by the CAS process [1],
again using a very weak magnetic field (0.01 mT). Other papers
suggested that ice crystal damage might be reduced by ‘‘slightly
magnetizing’’ a whole ovary during freezing without cryoprotec-
tant [24,14]. Forbes magazine reported in 2008 that 47 researchers
were experimenting with ABI Corporation freezing technology to
preserve human organs [11].

The proposed use of magnetic fields to improve cryopreserva-
tion by freezing raises many questions. Before asking them, a brief
review of what is known about effects of electric and magnetic
fields on ice formation follows.

Electric fields and ice formation

Water molecules have an intrinsic electric dipole moment,
making water a dielectric material. Water molecules rotate in re-
sponse to an applied electric field, which is the mechanism by
which oscillating electric fields heat pure water (dielectric heat-
ing). Electric fields oscillating at radio or microwave frequencies
are a preferred method for achieving rapid and uniform warming
of cryopreserved materials [13,15,32].
ll rights reserved.
It’s been known for a long time that static electric fields can
nucleate ice formation in supercooled water [3,21–23]. The effect
has been beneficially used in cryobiology to reduce supercooling
during freezing to prevent intracellular ice formation [20]. Such
electrofreezing is typically accomplished by applying kilovoltage
to electrodes in direct contact with supercooled water.

The physical mechanism of electrofreezing is still poorly under-
stood. Surface interactions are involved, and there is a dependence
upon electrode composition [6]. Uniform electric fields applied
using electrodes external to water samples are relatively ineffec-
tive. A uniform field of 100 kV/m only raised the freezing point
of 1 mL samples by 1.6 �C [30], and no increase in the homogenous
nucleation temperature of water droplets was found at this field
strength [25]. Molecular dynamics simulations suggest that an
electric field strength on the order of 5 � 109 V/m is necessary to
nucleate bulk supercooled water into cubic ice [28].

Although it is difficult to electrically align water molecules to
cause freezing, it may be easier to electrically disturb water mole-
cules to alter or prevent freezing. There is evidence that oscillating
electric fields can suppress ice formation and enhance supercool-
ing [5,7,8,4]. Jackson et al. showed that 2.45 GHz microwave radi-
ation could reduce the amount of ice formed during attempted
vitrification of ethylene glycol solutions [7,8,4]. Sun et al. studied
freezing in the presence of electric fields oscillating at frequencies
between 1 and 200 kHz, and found ice crystal domain size to be
minimized at a frequency of 50 kHz [26].

Magnetic fields and ice formation

Water has no intrinsic magnetic dipole moment. Water is
diamagnetic, which means that it develops a magnetic dipole
moment in response to an applied magnetic field. Since a magnetic
field is required to both induce a magnetic moment, and exert a
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force on the magnetic moment, magnetic forces on water mole-
cules vary as the square of the applied magnetic field strength. This
means that weak magnetic fields have little effect on water, while
gradients of strong magnetic fields (>10 Tesla) can exert enough
force to levitate water against gravity. This is in contrast to the
force of electric fields on water molecules, which varies linearly
with field strength as the electric field acts on a constant dipole
moment.

There is little published research on effects of magnetic fields
on ice formation [31]. One paper reported that strong static mag-
netic fields nucleated ice formation in 0.5 mL samples of distilled
water, with a field strength of 0.5 Tesla causing equilibrium freez-
ing at 0 �C [2]. Another paper observed that containerless 6 mm
globules of water levitated in an 18 Tesla magnetic field super-
cooled to �10 �C before freezing [29]. This is an unremarkable de-
gree of supercooling for such a sample size, suggesting that there is
no obvious enhancement or inhibition of freezing by static mag-
netic fields in bulk water.

In the laboratory of this letter author, a 1.08 Tesla neodymium-
iron-boron magnet (Radio Shack #64-1895) was observed to
nucleate ice formation on its surface when immersed in a 10 g
50% w/w ethylene glycol solution cooled in a scintillation vial held
above liquid nitrogen. However the effect vanished when the mag-
net was covered by aluminum foil. The same magnet was observed
to cause no change in the devitrification tendency of a vitrified 10 g
57% w/w ethylene glycol solution during warming in room air.
These observations are also consistent with there being no effect
of static magnetic fields on freezing of bulk water away from
surfaces.

It is possible that oscillating magnetic fields may influence ice
formation. However effects attributed to oscillating magnetic fields
could be caused by oscillating electric fields that accompany oscil-
lating magnetic fields according to the Maxwell Faraday equation.
Determining whether pure magnetic fields influence ice formation
would require performing tests in regions where induced electric
fields are small, such as along the central axis of a current loop
or loops producing an oscillating magnetic field. Mochimaru et
al. reported improved porcine ovarian tissue cryopreservation in
the presence of an alternating magnetic field of unspecified
strength or frequency, but no difference in the freezing point of
distilled water or 1.5 M dimethyl sulfoxide in PBS in the presence
of the magnetic field [16].

Recently a study was performed to scientifically investigate
claims of better food preservation using commercial freezers with
a magnetic field generator [27]. No significant difference was said
to be found between food frozen with a 0.0005 Tesla magnetic field
and control experiments. This is not surprising because 0.0005 T
(0.5 mT) is a very weak magnetic field.

Questions about CAS freezer findings

The paper by Kaku et al. in Cryobiology in 2010 reported studies
of periodontal ligament (PDL) cell cryopreservation using a CAS
freezer with magnetic field strengths ranging from 0 to 0.15 mT
[9]. Fig. 1B showed that the proportion of living thawed cells sur-
viving after 48 h of culture rose from 40% at zero magnetic field to
above 70% for 0.005, 0.01, and 0.15 mT magnetic fields. All other
evidence presented for a magnetic field benefit was based on com-
parisons between PDL tissue frozen in a CAS freezer with a 0.01 mT
magnetic field and PDL tissue frozen in a ‘‘normal programmed
freezer’’. The scientific question of whether magnetic fields had a
beneficial effect would have been more clearly answered if the
control experiments used the CAS freezer with no magnetic field
rather than a normal freezer. Is it possible that there were differ-
ences between the CAS freezer and the normal freezer other than
the applied magnetic field?
In the above 2010 Cryobiology paper, Fig. 1E obtained at a field
strength of 0.01 mT is identical to Fig. 1A published in a paper in
the journal Biomedical Research [12]. The papers respectively
identify 0.01 mT and 75 mA as the optimum magnetic field and
field-generating current for PDL cell freezing. Fig. 2B of the Bio-
medical Research paper shows high cell survival after thawing
and 48-h culture for all field-generating currents tested, ranging
from 5 to 150 mA. If 75 mA current produces a magnetic field of
0.01 mT in a CAS freezer, this means that high PDL cell survival
(65–75%) was found at magnetic field strengths ranging from
0.00067 to 0.15 mT. How small must a magnetic field be for the
beneficial CAS effect to disappear?

For reference, the strength of Earth’s natural magnetic field
present in the laboratory is between 0.025 mT near the magnetic
equator to 0.06 mT near the poles [10]. Fig. 1B of the 2010 Cryobi-
ology paper reported that cryopreserved PDL cell survival in-
creased from 40% survival to 70% survival when the CAS field
strength was raised from 0 to 0.005 mT. Did this field include or
not include the 0.04 mT field naturally present from the Earth?

Neither the Biomedical Research paper [12] nor two Cryobiol-
ogy papers [1,9] about CAS freezing make any reference to a time
dependence of the magnetic field. However all these papers refer
to magnetic fields causing water molecules to ‘‘vibrate’’ and pre-
vent water clusters from forming. The Mochimaru poster studying
porcine ovarian tissue freezing using the CAS freezer specifically
refers to inhibiting formation of ice crystals by an ‘‘alternating
magnetic field’’ [16]. A 2008 Forbes article quoted the inventor of
the CAS freezer as saying that the freezers use strong magnetic
fields and ‘‘other kinds of energy’’ [11]. ABI Corporation patents
disclose static magnetic fields, alternating magnetic fields, oscillat-
ing electric fields, and even acoustic energy [17–19]. Patent data
tables show utilization of radio frequency electric fields of 150 V/
cm in combination with static magnetic fields of 1 mT (10 Gauss)
and 50 Hz oscillating magnetic fields of 0.5 mT [18].

Were the physical parameters of the PDL cell and tissue freezing
experiments fully disclosed in the 2010 and 2011 papers in Cryo-
biology [9,1]? In particular, was the applied magnetic field only a
static magnetic field at the stated weak strength, or was an alter-
nating magnetic field also used? Was an oscillating electric field
also used? Surely the only field used could not have been a static
magnetic field weaker than Earth’s own field.

Interesting results are apparently being obtained with CAS
freezers. That electromagnetic fields can influence ice formation
by non-thermal mechanisms is an important observation. It is nec-
essary to know all physical conditions that lead to such observa-
tions so that they can be replicated and studied in other
laboratories, even using different equipment.
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