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Abstract: The effects of weak oscillating magnetic fields
(OMFs ≤7 mT at 50 Hz) on freezing were studied in three
systems of different complexity. To do so, ferric chloride
solutions, lactate dehydrogenase (LDH), and minced hake
muscle experimentally infected with Anisakis L3 were
frozen with and without OMF application. OMFs did not
affect freezing kinetics of either ferric chloride solutions or
minced hake muscle. LDH activity, Anisakismortality, and
water-holding capacity of the hake muscle after thawing
were not affected byOMF either. Further studies are needed
to evaluate the effectiveness of stronger OMFs in a wider
frequency range.
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1 Introduction

Even though freezing is a widely used technique to pre-
serve biological materials such as food, cells, or tissues, it
still presents several areas of improvement (control of ice
crystallization, strategies to minimize freeze damage, effi-
cient cold generation, maintenance of the cold supply
chain, or environmental issues, among others). From the
last decade, oscillating magnetic fields (OMFs) are being
explored due to their potential positive effect on freezing,
since it has been claimed that they could hinder ice
nucleation and extend supercooling. In this way, they

could enhance the generation of tiny crystals and prevent
cell destruction, preserving the quality of the product intact
after thawing [1–3]. Surprisingly, in spite of the number of
existing patents, there is no unanimity among the scientific
community on the potential goodness of this new technol-
ogy. Thus, the extremely low strength of the frequently
appliedOMFs in commercial freezers (about0.03–1.95mT in
CAS or ‘Cells Alive System’ freezers [4, 5], for example) casts
doubt on the effects that these weak OMFs can have on a
substance with a lowmagnetic susceptibility, such as water
[6]. For this reason, it is necessary to evaluate magnetic ef-
fects not only inwater but also in othermolecules or systems
that are usually present in biological materials and could
potentially be affected by this technology. Moreover, to
assess the effects of OMFs, attention should be focused on
both the freezing process, by analyzing freezing kinetics,
and on the product characteristics after thawing.

Among the systems to be studied, those containing
transitionmetals such as Fe, Ni, or Co are of special interest
due to their significantmagnetic response [7]. OMFs should
also be tested on freeze-sensitive systems in which any
freezing improvement could be of great interest. In this
sense, protein instability in aqueous solutions is a major
difficulty and conventional freezing is not always a suit-
able solution. Thus, for example, lactate dehydrogenase
(LDH) is a thermolabile enzyme that undergoes significant
deterioration during freezing-thawing processes [8, 9].
Slow freezing protocols combined with fast thawing rates
and the use of cryoprotectants such as serum albumin are
frequently used to improve LDH viability, but with mod-
erate results [9]. Different authors have shown that the
application of high-frequency electromagnetic fields at
room temperature has non-thermal effects on macromol-
ecules, proteins and enzymes [10–14] and, in particular,
Vojisavljevic, Pirogova [11, 15] showed that LDH activity
could be modulated by electromagnetic waves in the mi-
crowave frequency range. However, to the best of our
knowledge, no data exist on the effect of low-frequency
OMFs on LDH activity.

Even though commercial electromagnetic freezers
have been mainly developed for the food industry, the
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effects of OMFs on food products are not well-known.
Despite that, many companies already offer food products,
especially fish, frozen in OMF freezers at significantly
higher prices. This technology would be particularly
interesting in the mitigation of the risk posed by fish
infectedwithAnisakis simplex larvae in the third stage (L3),
a parasite nematode that can infect humans when they
consume raw or undercooked parasitized fish or cephalo-
pods, since one of themost effective ways to avoidAnisakis
L3 infection in humans is by freezing. EU Regulation [16]
obliges food business operators to freeze fish that is to be
consumed raw or after light culinary treatments for, at
least, 24 h at a maximum temperature of −20 °C or, for 15 h,
at −35 °C or below. This, in practice, covers a wide range of
conditions in terms of e. g., freezing rate, time, or temper-
ature which can have an impact on the characteristics of
fish muscle and, therefore, on its quality as food [17–20].
Therefore, effective methods to inactivate parasites in
conditions that preserve the characteristics of the muscle
are of high interest so that both quality and safety are
fulfilled with the subsequent beneficial effects for the
consumer.

However,Anisakis L3 aremoderately freezing tolerant
[21, 22] and this could pose a problem for the application
of OMF freezing for inactivation of these nematodes.
Thus, there are examples of living cells such as erythro-
cytes [23] or stem cells [24, 25] that render better survival
results after OMF freezing than after conventional
freezing. Until now, it has not been proven whether OMF
would increase survival of Anisakis L3 during freezing
which, irrespective of the potential beneficial effects on
the quality of the muscle, would preclude the use of this
technology in the particular application of EU regulation
[16].

The objective of this work is to contribute to the cur-
rent discussion on the application of OMFs during
freezing by studying its effect on systems of different
complexity. To do so, we studied: a) freezing kinetics in a
ferric chloride solution, b) cryoprotection of the freeze-
labile enzyme lactate dehydrogenase (LDH), and c) the
viability of Anisakis L3 and the water-holding capacity
(WHC) of hake muscle experimentally infected with this
nematode.

2 Materials & methods

2.1 Prototype of oscillating magnetic freezer

A prototype of oscillating magnetic freezer was especially built to
perform all the experiments described in this paper. It consisted of a

308-L domestic freezer (Koxka, Spain) in which an OMF generator and
a fan (5958, ebm-papst Inc, Mulfingen, Germany) were located
(Figure 1). The OMF generator was a custom-built electrical iron core
inductor in series with a variable autotransformer able to produce
OMFs of up to 7mT at 50 Hz. The electrical circuit had a capacitor bank
for power factor correction to compensate the inductive effect of the
iron core. In addition, a 680-Ω resistor, that worked only at low
magneticfield strengths (0.3–1.5mT), was added in serieswith the rest
of the circuit. This implied not only a reduction in the current flowing
through the inductor, but also an increased precision of the selected
current by the autotransformer knob. At the top part of the core, a
sample holder was placed in the middle of the air gap
(10 × 10 × 4.2 cm3). For the freezing experiments, the fan air speed and
the freezer temperature were set at 0.24 m/s and −23 ± 0.5 °C,
respectively. At these conditions, the heat transfer coefficient should
be relatively low and this should make the identification of potential
OMF effects easier than at faster freezing rates that could mask slight
improvements.

2.2 Freezing experiments in ferric chloride solutions

Before each experiment, 20 mL of freshly prepared 3.6 mM FeCl3 so-
lution in 0.1 M HCl was located in a glass vial (diameter = 2.3 cm,
height = 5.1 cm). The sample was then placed inside the freezer and
frozen with or without OMF application. Four levels of field strength
(0.3, 0.8, 1.5, and 7mT) at 50Hzwere tested. TheseOMF strengthswere
selected because they cover the strength range usually applied in
commercial CAS freezers (0.03–1.95mT) andalso a 10-fold larger level.
All the experiments were performed in triplicate.

In each of the freezing experiments, the temperature was
measured at the center of the sample by a fiber optic temperature
probe (T1, Neoptix Inc, Québec City, Canada). Another fiber optic
probe was employed to record the freezer temperature during the
experiments. Both temperature measurements were registered every
5 s by a signal conditioner (Reflex, Neoptix Inc, Québec City, Canada)
controlled by the software OptiLink-II (Neoptix Inc, Québec City,
Canada). Freezing experiments were considered ended when the
sample center reached −20 °C.

2.2.1 Freezing kinetics:Freezing curveswere analyzed to obtain some
relevant parameters of the freezing process: the precooling rate, Vp (°
C/min), defined as the slope of the time-temperature curve in the in-
terval between 20 °Cand8 °C; the supercooling degree,ΔT (°C), defined
as the difference between the freezing point of the sample and the
temperature at which nucleation occurred; the phase transition time,

Figure 1: Oscillatingmagnetic field generator. Electric components:
(a) the mains; (b) variable autotransformer; (c) capacitor bank; (d)
resistor; (e) iron core inductor.
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tpt (min), defined as the time needed after nucleation to reach a tem-
perature 0.5 °C below the freezing point; the tempering rate, Vt (°C/
min), defined as the slope of the time-temperature curve in the interval
between −5 °C and −15 °C; and the total freezing time, ttf (min), defined
as the time elapsed from the starting of the freezing experiment until
the sample temperature reached −20 °C.

2.3 Freezing experiments in lactate dehydrogenase

Lactate dehydrogenase type V-S from rabbit muscle (LDH, EC 1.1.1.23,
Sigma, St. Louis, MO, USA) was used.

In each freezing experiment, six plastic Eppendorf tubes (1.5mL),
containing 100 µL of enzyme solution (8 μg/mL in 20 mM potassium
phosphate buffer, pH 7.5), were hung from the sample holder and
placed at the center of the iron core inductor. Then the samples were
frozen with (7 mT/50 Hz) or without OMF application. Immediately
after freezing, the samples were thawed at room temperature for 5 min
and subjected to a new freezing-thawing cycle at the same conditions
before measuring LDH activity. Control experiments with samples
frozen with liquid nitrogen (−196 °C, 30 s) were also performed for
comparison.

2.3.1 LDH enzyme activity: Following the method of Goñi et al. [26],
the residual enzyme activity wasmeasured based on the conversion of
pyruvate to lactate with concomitant conversion of equimolar
amounts of NADH to NAD+. LDH enzymatic activity was determined in
aliquots of 4 µL in a final volume of 250 µL of the reaction assay buffer
(80 mM Tris-HCl pH 7.5, 100 mM KCl, 2 mM pyruvate and 0.15 mM
NADH). NAD+ production was monitored as the decrease of absor-
bance at 340 nm for 3.5 min at 25 °C using a plate reader spectro-
photometer (Synergy Mx, BioTek Instruments Inc., Winooski, VT,
USA). The activity was measured in triplicate and the data are pre-
sented as the percentage of the LDH activity relative to the unfrozen
controls.

2.4 Freezing experiments inmincedhake experimentally
infected with Anisakis L3

Two batches of hake (Merluccius merluccius L.) captured in North–East
Atlantic Ocean, FAO fishing area 27 division VIIj, were purchased from a
local fishmonger in February 2015 and June 2016 and arrived in the
laboratory 7 and 9 days after catch, respectively. For each trial, five
individuals were inspected and any visible Anisakis larva was taken out
from the muscle. Then, the samples were grinded in a meat mincer ma-
chine (3 mm diameter hole), packaged, and stored at 4 °C until needed.
Two batches of live Anisakis L3 from heavily infected ovaries and viscera
of hakewere obtained from the centralmarket inMadrid in February 2015
and June 2016, respectively. Once in the laboratory, the larvaewere taken
out from the tissues, cleanedwith 0.85%NaCl solution, pooled in groups
of 50, and stored in 10 mL 0.85% NaCl at 4 °C until use.

In each freezing experiment, 10 live Anisakis L3 dispersed in 77 g
minced hake were disposed in triplicate into Petri dishes (ϕ = 9 cm,
height = 1.2 cm) and hung from the sample holder at the center of the
iron core generator. The samples were then frozen either with (7 mT/
50 Hz) or without OMF application. The temperature during experi-
ments was measured at the center of the sample by a T-type thermo-
couple and recorded every second by a data acquisition system
(DAQMaster MW100, Yokogawa, Tokyo, Japan). Freezing experiments

were ended when the sample center reached −20 °C. All the freezing
experiments were performed in triplicate and, due to the length of
each freezing assay (i. e., 2 h), conventional and OMF experiments
were carried out in different days.

2.4.1 Viability of Anisakis L3: Frozen samples were taken out of the
freezer and allowed to thaw at 4 °C. The thawed larvae were recovered
from the mince with tweezers under UV light (366 nm) since Anisakis
L3 emit a bluish-white fluorescence after treatments such as freezing
[27]. Recovered larvae were placed in 0.85% NaCl and checked for
mobility according to EFSA [28]. Those larvae which did not show any
movement, spontaneously or by stimulation with tweezers, either just
after thawing or after incubation at 37 °C for 4 h in 0.85% NaCl, were
considered dead.

2.4.2 Water-holding capacity: The WHC of the minced fish muscle
was measured in the second experiment (June 2016) by using cen-
trifugal force to remove the free and loosely bound water of the sam-
ples according to Sánchez-Alonso et al. [29].WHCdeterminationswere
performed just before (control samples) and immediately after each
freezing experiment. Moreover, additional WHC determinations were
carried out after 2.5 years of frozen storage at −80 °C. Results were
expressed in%water retained after centrifugation per water originally
present in the sample. All the measurements were performed in each
sample in triplicate.

2.5 Statistical analysis

The statistical analysis of the data was performed using the software
IBM SPSS Statistics v. 22.0.0.1 for Windows (IBM Corp., Armonk, NY,
USA). Homoscedasticity of the data was checked by the Levene´s test.
After a one-way analysis of variance (ANOVA), significant differences
among means were determined by a Tukey-b multiple range test in
those cases in which the prerequisite of homogeneity of variances was
fulfilled. Otherwise, Tamhane´s post hoc test was employed. When
needed, a Student’s t-test for independent samples was performed.
The significance level was set at 5%.

3 Results and discussion

3.1 Effect of OMF on freezing kinetics

Figure 2 depicts representative time-temperature curves
obtained during freezing experiments of ferric chloride
solutions with and without OMF application. The curves
exhibited the three main steps of the freezing process:
precooling, phase transition, and tempering. During the
precooling step, the temperature of the FeCl3 solution
decreased while sensible heat was removed. Table 1 shows
no effect of OMFs on the precooling rate, Vp, that means no
effect of OMFs on the rate of heat removal.

Once the freezing point of the ferric chloride solution
was reached, freezing did not occur immediately inmost of
the cases, but the samples used to supercool before
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nucleation. The data in Table 1 reveal that OMFs did not
affect the extent of supercooling needed to initiate ice
nucleation. As the rate of ice nucleation depends on the
extent of supercooling, a similar quantity of ice nuclei
should be expected in all the experiments. These results
disagree with the patent claims and commercial adver-
tisements of electromagnetic freezers that maintain that
OMFs inhibit ice nucleation [30], but confirm previous re-
sults obtained by other authors in the literature. Thus,
Watanabe, Kanesaka [31] reported that weak OMFs (0.5–
10mT, 50 Hz) did not affect supercooling of pure water and
NaCl solutions, while James, Reitz [32] did not find any
effect of OMFs (0.1–0.4 mT, 0–50 Hz) on the extent of
supercooling reached in garlic bulbs before freezing.

After nucleation, the temperature of the ferric chloride
solution remained constant during the phase transition
step. In this step, water molecules add to the ice nuclei
previously formed while the latent heat of crystallization is
removed. The data in Table 1 show no significant differ-
ences (p > 0.05) among the phase transition times regis-
tered in the freezing experiments with or without OMF
application. These results corroborate that OMFs neither

affected the rate of heat removal nor the rate of ice nucle-
ation. Once all the water was converted to ice, the solution
temperature decreased while sensible heat was removed
during the tempering step. The results in Table 1 confirm
again no effect of OMFs on the rate of heat removal and,
thus, the total freezing times did not differ significantly
among freezing experiments with or without OMF appli-
cation. Similar results were found by Suzuki, Takeuchi [33]
who froze several foods (radish, sweet potato, yellow tail,
and tuna) while applying a 0.5-mT OMF at 50 Hz and did
not detect any effect of it on the freezing curves compared
with control experiments without OMF application.

3.2 Effect of OMF on the lactate
dehydrogenase activity

Freezing with liquid nitrogen resulted in a drastic inhibi-
tion of LDH activity with only 1.8 ± 0.5% activity after two
freezing-thawing cycles (Table 2). A lower loss of LDH ac-
tivity occurred after freezing at −23 °C in the laboratory
prototype. This can be explained since fast cooling pro-
vides much more stress to proteins than a low cooling rate
[9, 34]. Moreover, the detrimental effects on protein sta-
bility of a higher ice content after freezing in liquid nitrogen
cannot be discarded.

No cryoprotective activity of OMF (7 mT/50 Hz) was
detected at the low frequency applied in this paper
(Table 2). By contrast, LDHactivitywas found to be affected

Figure 2: Freezing curves of the ferric chloride solutions at different
field conditions: [ ]: No magnetic field; [ ]:
0.3 mT at 50 Hz; [ ]: 0.8 mT at 50 Hz; [ ]: 1.5 mT at
50 Hz, and [ ]: 7 mT at 50 Hz.

Table : Mean values ± standard errors (n = ) of relevant process parameters observed in freezing experiments of FeCl solutions with (.,
., ., or .mT at  Hz) or without OMF application. Vp: Precooling rate, ΔT: Extent of supercooling, tpt: Phase transition time, Vt: Tempering
rate, and tft: Total freezing time.

No OMF . mT . mT . mT . mT

Vp (°C/min) –. ± . –. ± . –. ± . –. ± . –. ± .
ΔT (°C) . ± . . ± . . ± . . ± . . ± .
tpt (min) . ± . . ± . . ± . . ± . . ± .
Vt (°C/min) –. ± . –. ± . –. ± . –. ± . –. ± .
tft (min) . ± . . ± . . ± . . ± . . ± .

No letters in the same row indicate no significant differences between means.

Table : Mean lactate dehydrogenase activity (%) ± standard error
values before (not frozen) and after freezing at different conditions
(n = ).

Freezing procedure LDH activity (%)

Not frozen 

Liquid nitrogen (− °C) . ± .
 mT (− °C) . ± .
 mT (− °C) . ± .
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in themicrowave frequency region [15]. In this sense, Cosic,
Pirogova [10] theoretically demonstrated that the effects of
OMF on proteins depend on their frequencies and the
amino acid number, and no effect would be expected
below certain frequencies.

3.3 Effect of OMF on viability of Anisakis L3
and water-holding capacity of
experimentally infected minced hake
muscle

As in ferric chloride solution, no effect of OMF was
observed on freezing kinetics of mince hake muscle
(Figure 3). OMF failed to induce supercooling, as claimed
by patents of electromagnetic freezers operating at similar
frequency and strength range [30], in agreement with ex-
periments in pork loin [35].

Conventional freezing under the assayed conditions
rendered 100% mortality of Anisakis L3 as expected. OMF
freezing did not improve larvae survival and, therefore, this
technologywouldbe safe in termsofAnisakisL3 inactivation.

Changes in muscle characteristics were studied by
means of WHC, a well-known indicator that has been re-
ported to correlate with sensory attributes of fish muscle
[36]. Depending on the processing conditions, this property
canpotentially decrease during freezing andmainly during
frozen storage [19].

As explained in Materials and Methods, conventional
and OMF freezing experiments had to be done in different
days. Specifically, OMF experiments were performed
3 days after conventional ones. During this time, the WHC
of the hake mince, stored at 4 °C, increased (Table 3) which

can be attributed to the rise in pH occurring in post-mortem
muscle [37].

No significant changes were observed, just after
freezing, in the WHC values of either the conventionally or
the OMF frozen samples as compared to their corre-
sponding unfrozen controls (Table 3), although a non-
significant decrease was found after conventional freezing
in agreement with previous data in cod mince [38].

After 2.5 years of storage at −80 °C, there was a signifi-
cant loss of WHC in both conventionally and OMF frozen
samples (i. e., 8.2 and 7.6%, respectively) but the difference
in this percentage loss was not significant. Erikson, Kjørsvik
[4] did not find significant differences in WHC between
freezing cod in commercial OMF and air blast freezers.
Likewise, Rodríguez, James [35] and Otero, Pérez-Mateos [5]
found no effect of OMF freezing on drip loss and water-
holding capacity in pork loins and crab sticks, respectively.
On the other hand, the data from freezing curves did not
show differences in any parameter either, including super-
cooling degree. Taking both results into account, the
possible beneficial effects of using this technology have not
been demonstrated for this particular application.

4 Conclusions

Our study carried out in three systems of different
complexity shows no advantages of the application of
weak OMFs (≤7 mT at 50 Hz) during freezing either in
freezing kinetics or in sample preservation.

The results on fish muscle infected with Anisakis L3
suggest that OMF freezing would be safe in terms of Ani-
sakis inactivation. However, the potential benefits of using
this technology in terms of the freezing kinetics or fish
quality have not been demonstrated for this particular
application.

Figure 3: Freezing curve of the experimentally infectedminced hake
muscle at different field conditions: [ ]: No magnetic field
and [ ]: 7 mT at 50 Hz.

Table : Meanwater-holding capacity (%)± standard error values in
minced hake muscle (n = ).

Days at  °C
after mincing

Sample WHC (%)

 Fresh . ± .a

Frozen ( mT) . ± .a

Frozen ( mT) and stored
(− °C) for . years

. ± .b

 Fresh . ± .a

Frozen (. mT) . ± .a

Frozen (. mT) and stored
(− °C) for . years

. ± .b

Different letters in each group of samples (i. e.,  or  days after
mincing) indicate significant differences between means.
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Further studies are needed to evaluate the effective-
ness of stronger OMFs in a wider frequency range.
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