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Abstract Several novel freezing systems have been devel-
oped that claim to improve the quality of frozen foods by
controlling ice crystal formation through enhancing super-
cooling in the food prior to ice nucleation. One of these is
the Cells Alive System (CAS) produced by ABI of Japan,
which applies oscillating magnetic fields (OMF) during freez-
ing. This short study was carried out to investigate what effect
freezing under OMF conditions had on the degree of super-
cooling and characteristics of the freezing curve of individual
cloves within whole garlic bulbs when compared to freezing
under the same conditions without OMF. Garlic (Allium
sativum L.) was chosen as the test material since a previous
study has shown it to significantly super-cool during conven-
tional freezing. Overall, these results clearly indicate that (1)
significant super-cooling occurred in garlic bulbs during
freezing under some of the freezing conditions used in these
trials; (2) freezing under the OMF conditions used in these
experiments had little significant additional effect on the
freezing characteristics, or degree of super-cooling, of garlic
bulbs, in comparison with freezing under the same environ-
ment without OMF and (3) super-cooling is more likely to
occur in garlic bulbs frozen from an initial ambient (21±1 °C)
state than those frozen from an initial chilled (4±0.5 °C) state.
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Introduction

It has been claimed that super-cooling during freezing may
enhance the formation of small ice crystals during nucleation
and that these may cause less damage than the large ice
crystals formed during slow freezing and thus improve the
quality of frozen foods. Various methods have been suggested
to enhance super-cooling during freezing, such as high-
pressure-assisted freezing (Otero and Sanz 2012) or oscillat-
ing magnetic fields (OMF) (Owada and Kurita 2001; Owada
2007). OMF are used by the Cells Alive System (CAS), a
novel patented (Owada and Kurita 2001; Owada 2007) freez-
ing process marketed by the Japanese company ABI (ABI
Corporation Ltd., Chiba, Japan). CAS is not a refrigeration
process itself, but is claimed to assist in improving existing
freezing processes (both in terms of process speeds and prod-
uct quality). The patent literature (Owada and Kurita 2001;
Owada 2007) claims that OMF acts on polarised water mol-
ecules to delay the formation of ice crystals. Whether this is
due to engendering of super-cooling or movement of the
molecules during the ice formation process is unclear.
However, the claimed consequence is that most of the ice
crystals form at the same time, thus, restricting their size,
resulting in less cellular damage during freezing. There is
very little scientific published data on OMF-assisted freez-
ing of foods (Fikiin 2003; James et al. 2012), although a
number of papers have been published on OMF-assisted
freezing of biological samples (such as teeth) using ABI
equipment (Kaku et al. 2010, 2012; Abedini et al. 2011)
and even on whole-organism survival of frozen small an-
imals like Drosophila (Naito et al. 2012). The only pub-
lished analyses on freezing of foods exposed to OMF are
those of Suzuki et al. (2009) and Watanabe et al. (2011),
whose results were negative.
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The effects of electric and magnetic fields on freezing have
been reviewed byWoo andMujumdar (2010). There is evidence
that water, being a diamagnetic material, can be magnetised in a
magnetic field. However, Wowk (2012) in a recent critique
questioned the claims made in recent papers using CAS, given
the very small (<1 mT) field strengths used. In response to
Wowk, Kobayashi and Kirschvink (2013), while agreeing that
the ‘papers and patents published by the ABI group postulate
mechanisms of action that do not agree with basic biophysics’,
offered a plausible mechanism for the disruption of ice-crystal
nucleation in super-cooled water by magnetically induced me-
chanical oscillation. This was based on the action of magnetic
fields on ferromagnetic materials in biological tissues.

The aim of this short-targeted study was to investigate what
effect freezing under CAS conditions, using an ABI-supplied
CAS system, had on the degree of super-cooling and charac-
teristics of the freezing curve of individual cloves within
whole garlic bulbs when compared to freezing under the same
conditions without CAS. Garlic (Allium sativum L.) was cho-
sen as the test material since it has been shown to significantly
super-cool in the previous work by the authors (James et al.
2009). All trials were carried out at an air temperature of ca.
−20 °C and air velocity of 5 ms−1. The relatively high air
temperature (in terms of commercial freezing where temper-
atures below −30 °C are common) used in these trials was
because preliminary studies had shown that super-cooling in
garlic was more likely at slower freezing rates and warmer
cooling media temperatures.

Materials and Methods

Samples

Fresh garlic bulbs (Allium sativum L.) were obtained from a
local supermarket and stored in ambient (21±1 °C) conditions
for no more than a week before use. Trials were carried out on
bulbs from either an initial ambient (21±1 °C) or chilled (4±
0.5 °C) state. Bulbs frozen from a chilled state were chilled for
24 h prior to freezing in a catering refrigerator running at 4±
0.5 °C. A total of 24 garlic bulbs were used throughout the
trials. The mean (SD) height, width and mass of the garlic
bulbs used were 48.3 (6.0)mm, 50.6 (3.2)mm and 40.4 (4.7)g,
respectively. The mean water content (measured using an
AMB 310 moisture balance, Adam Equipment Co. Ltd.,
UK) of the garlic was 63.7 % (SD 3.7, n=10), this value is
similar to that reported in a previous study by the authors
(James et al. 2009).

Freezing Trials

An experimental batch air blast-freezer, with and without CAS
being applied was used. The freezer had been designed and

constructed in consultation with ABI (ABI Corporation Ltd.,
Chiba, Japan) and the magnetic coils and control system
supplied and commissioned by ABI. An air temperature of
−20±1 °C with an air velocity 5 ms−1 across the garlic bulbs
was used with the following CAS settings of: off, 0, 50 and
100 %. The magnetic field strength measured beside the
product using a gaussmeter (GM 07, Magnetic Instruments
Ltd., Falmouth, UK) at these settings were 0, 418, 155 and 98
μT, respectively.

Wire T-type (copper-constantan) thermocouples (1 mm di-
ameter) were used to measure temperatures in the geometric
centre of individual cloves forming a whole garlic bulb.
Temperatures were recorded every 10 s using a datalogger
(Eltek Type 1000, Grant Instruments (Cambridge) Ltd., UK)
until temperatures in the cloves were reading below −18 °C. A
total of three replicate experiments were carried out for each
condition.

Freezing Curve Analysis

The super-cooling point (nucleation temperature) was
interpreted from the freezing curves as the minimum temper-
ature of the liquid phase and the initial freezing point, the
maximum value after the adiabatic enthalpy jump.

Statistical Analysis

Statistical analyses were carried out using Excel (Microsoft
Corporation, Microsoft Excel for Mac 2011, version 14.4.3).
A Fisher’s exact test was used to determine whether the
occurrence of super-cooling in the groups was statistically
different. An unpaired Student’s t test was used to determine
any difference in super-cooling point and super-cooling time
in the groups. For p<0.05, the compared data sets were
deemed significantly different within 95 % confidence.

Results and Discussion

Representative freezing curves for garlic samples are shown in
Fig. 1 for the different treatments. These clearly show super-
cooling occurring under a number of the conditions.
Significant multiple secondary phase changes are also clearly
shown in many of the freezing curves. These can be attributed
to solute crystallisation, which is known to occur in foods as
well as solutions (Rahman et al. 2002) and indicate that garlic
contains multiple solutes with different eutectic points. This
characteristic may have an influence on garlic’s super-cooling
properties and requires further investigation.

Overall summaries of the results for the five freezing
treatments are shown in Tables 1, 2, 3 and 4. The super-
cooling point, nucleation point or ‘metastable limit
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Fig. 1 Representative freezing curves (example curves where super-
cooling did or did not occur) of individual garlic cloves in whole garlic
bulbs, frozen in a batch air blast-freezer (−20±1 °C, 5 ms−1): a from an
ambient (21±1 °C) state without CAS, b from a chilled (4±0.5 °C) state
without CAS, c from an ambient (21±1 °C) state with a setting of 0 %

CAS, d from a chilled (4±0.5 °C) state with a setting of 0 % CAS, e from
an ambient (21±1 °C) state with a setting of 50 % CAS, f from a chilled
(4±0.5 °C) state with a setting of 50 % CAS, g from an ambient (21±
1 °C) state with a setting of 100 % CAS and h from a chilled (4±0.5 °C)
state with a setting of 100 % CAS
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temperature’ (the point at which ice crystal nucleation is
initiated), of individual garlic cloves in whole garlic cloves
was found to be between −1.9 and −12.3 °C. This was in

agreement with a previous study by the authors (James et al.
2009). Significant super-cooling prior to nucleation was seen
in nearly all the freezing curves of individual cloves in whole

Table 1 Occurrence and degree of super-cooling in individual garlic cloves in whole garlic bulbs frozen from an ambient (21±1 °C) or chilled (4±
0.5 °C) initial state in a batch air blast-freezer, without CAS (−20±1 °C, 5 ms−1)

Ambient (21±1 °C) Chilled (4±0.5 °C)

1 2 3 Overall 1 2 3 Overall

% of cloves within a whole garlic bulb that super-cooled 88 (7/8) 57 (4/7) 63 (5/8) 70 (16/23) 0 (0/5) 25 (2/8) 20 (1/5) 17 (3/18)

Super-cooling temperature (°C)a

Mean −8.0 −4.9 −6.8 −6.9 – −5.4 −5.3 −5.4
SD 2.8 1.1 3.2 2.8 – 0.8 – 0.6

Min −3.7 −3.2 −3.7 −3.2 – −4.8 – −4.8
Max −11.4 −5.6 −11.0 −11.4 – −6.0 – −6.0

Degree of super-cooling (°C)a

Mean 3.7 1.7 3.4 3.1 – 1.5 1.9 1.6

SD 2.6 0.8 2.0 2.2 – 0.7 – 0.6

Min 0.9 0.6 0.9 0.6 – 1.0 – 1.0

Max 6.6 2.4 5.8 6.6 – 2.0 – 2.0

Time before nucleation, i.e. end of super-cooled state (min)a

Mean 1434.3 640 1190 1159.4 – 695 700 696.7

SD 481.6 119.7 323.2 480.6 – 77.8 – 55.1

Min 950 530 900 530.0 – 640 – 640

Max 2190 810 1680 2190 – 750 – 750

a In garlic cloves in which super-cooling occurred

Table 2 Occurrence and degree of super-cooling in individual garlic cloves in whole garlic bulbs frozen from an ambient (21±1 °C) or chilled (4±
0.5 °C) initial state in a batch air blast-freezer, with 0 % CAS setting (−20±1 °C, 5 ms−1)

Ambient (21±1 °C) Chilled (4±0.5 °C)

1 2 3 Overall 1 2 3 Overall

% of cloves within a whole garlic bulb that super-cooled 75 (6/8) 50 (4/8) 67 (4/6) 64 (14/22) 63 (5/8) 13 (5/8) 0 (0/7) 26 (6/23)

Super-cooling temperature (°C)a

Mean −7.5 −6.1 −6.1 −6.7 −8.5 −3.5 – −7.7
SD 1.2 1.4 2.5 1.7 2.7 – – 3.2

Min −6.1 −4.6 −3.3 −3.3 −5.1 – – −3.5
Max −9.0 −7.4 −8.6 −9.0 −11.8 – – −11.8

Degree of super-cooling (°C)a

Mean 3.1 1.6 3.1 2.7 1.0 0.5 – 1.0

SD 1.5 1.1 1.9 1.6 0.3 – – 0.3

Min 1.3 0.2 1.2 0.2 0.7 – – 0.5

Max 4.7 2.6 5.7 5.7 1.5 – – 1.5

Time before nucleation, i.e. end of super-cooled state (min)a

Mean 1323.3 1552.5 965 1277.9 2060 720 – 1836.7

SD 351.5 322.4 64.5 364.4 868.2 – – 949.9

Min 900 1850 870 870 600 – – 600

Max 1900 1160 1000 1900 2670 – – 2670

a In garlic cloves in which super-cooling occurred
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garlic bulbs frozen under the different conditions in the batch
air blast-freezer (Tables 1, 2, 3 and 4). In all cases, super-
cooling occurred more often in cloves that were frozen from

an initial ambient state than in those frozen from an initial
chilled state (Table 5), this difference was statistically different
for all freezing conditions. When super-cooling occurred, the

Table 3 Occurrence and degree of super-cooling in individual garlic cloves in whole garlic bulbs frozen from an ambient (21±1 °C) or chilled (4±
0.5 °C) initial sate in a batch air blast-freezer, with 50 % CAS setting (−20±1 °C, 5 ms−1)

Ambient (21±1 °C) Chilled (4±0.5 °C)

1 2 3 Overall 1 2 3 Overall

% of cloves within a whole garlic bulb that super-cooled 43 (3/7) 75 (6/8) 43 (3/7) 55 (12/22) 0 (0/6) 13 (1/8) 0 (0/5) 5 (1/19)

Super-cooling temperature (°C)a

Mean −4.8 −9.3 −9.0 −8.1 – −7.7 – −7.7
SD 2.3 1.4 2.2 2.6 – – –

Min −2.5 −7.1 −7.6 −2.5 – – –

Max −7.0 −11.4 −11.5 −11.5 – – –

Degree of super-cooling (°C)a

Mean 1.8 5.1 4.0 4.0 – 4.5 – 4.5

SD 1.2 1.9 2.0 2.1 – – –

Min 0.6 1.8 2.8 0.6 – – –

Max 2.9 7.3 6.3 7.3 – – –

Time before nucleation, i.e. end of super-cooled state (min)a

Mean 1043.3 2758.3 1516.7 2019.2 – 1470 – 1470

SD 146.4 1161.0 584 1142.4 – – –

Min 910 1770 1020 910 – – –

Max 1200 4550 2160 4550 – – –

a In garlic cloves in which super-cooling occurred

Table 4 Occurrence and degree of super-cooling in individual garlic cloves in whole garlic bulbs frozen from an ambient (21±1 °C) or chilled (4±
0.5 °C) initial sate in a batch air blast-freezer, with 100 % CAS setting (−20±1 °C, 5 ms−1)

Ambient (21±1 °C) Chilled (4±0.5 °C)

1 2 3 Overall 1 2 3 Overall

% of cloves within a whole garlic bulb that super-cooled 75 (6/8) 75 (6/8) 38 (3/8) 63 (15/24) 0 (0/7) 29 (2/7) 0 (0/7) 10 (2/21)

Super-cooling temperature (°C)a

Mean −3.4 −5.7 −7.9 −5.2 – −4.1 – −4.1
SD 1.9 3.9 1.8 3.2 – 0.8 – 0.8

Min −1.9 −2.0 −6.1 −1.9 – −3.5 – −3.5
Max −7.1 −12.3 −9.7 −12.3 – −4.7 – −4.7

Degree of super-cooling (°C)a

Mean 1.0 2.7 4.8 2.5 – 0.9 – 0.9

SD 1.2 2.5 1.9 2.3 – 0.5 – 0.5

Min 0.2 0.5 2.7 0.2 – 0.5 – 0.5

Max 3.4 7.2 6.3 7.2 – 1.2 – 1.2

Time before nucleation, i.e. end of super-cooled state (min)a

Mean 875 1093.3 1210 1029.3 – 440 – 440

SD 178.4 282.5 330.5 272.8 – 155.6 – 155.6

Min 600 860 990 600 – 330 – 330

Max 1140 1630 1590 1630 – 550 – 550

a In garlic cloves in which super-cooling occurred
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mean nucleation point temperature was between −4.2 °C (SD
0.8 °C) and −8.1 °C (SD 2.6 °C), depending on the freezing
conditions. The application of a weak OMF during freezing
appeared to have no statistically significant effect (p>0.05) on
either the occurrence of super-cooling (Table 5), degree of
super-cooling (Table 5) or stability of super-cooling. The
lowest occurrence of super-cooling was found at a 50 %
CAS setting, but this was not found to be significantly
different.

Few studies have investigated the effect of different initial
product temperatures on super-cooling. One of the few that
have, Martins et al. (2011), reported that it is possible to obtain
nucleation temperatures as low as −3.8 °C in the centre of a
strawberry, if low initial temperatures (0 to 4 °C), low air
temperatures (−45.0 to −32.5 °C) and high air velocities (5.5
to 10.0 ms−1) are used during freezing. These results contra-
dict the findings of our work (Table 5), which show that super-
cooling in cloves within whole garlic bulbs is more likely to
occur if the initial product temperature is high (ambient) rather
than low (chilled). Further, as yet unpublished, studies by the
authors on super-cooling in strawberries have also shown the
same relationship as that reported here on garlic.

Overall, the results of our study (and similar studies by
Suzuki et al. (2009) and Watanabe et al. (2011)) do not
support the patent claims (Owada and Kurita 2001; Owada
2007) that OMF-assisted freezing enhances super-cooling
in foods during freezing. In the authors’ opinion, this does
not, as yet, invalidate ABI’s CAS system as a method of
enhancing the overall freezing of foods; however it does
suggest that weak OMF may not affect all foods and that
any effect will depend on a complex combination of food,
freezing rate and magnetic field frequency. Similar obser-
vations have been made in recently published studies using
ABI equipment to freeze human tissues (Nakagawa et al.
2012).

Conclusions

Overall, the results of this short-targeted study clearly indicate
that (1) significant super-cooling occurred in garlic bulbs
during freezing under some of the freezing conditions used
in these trials; (2) freezing under the OMF conditions used in
these experiments had little significant additional effect on the
freezing characteristics, or degree of super-cooling, of garlic
bulbs in comparison with freezing under the same environ-
ment without OMF and (3) super-cooling is more likely to
occur in garlic bulbs frozen from an initial ambient (21±1 °C)
state than those frozen from an initial chilled (4±0.5 °C) state.

Acknowledgments The authors would like to thank Air Products for
funding the work required to carry out this study.

References

Abedini, S., Kaku, M., Kawata, T., Koseki, H., Kojima, S., Sumi, H.,
Motokawa, M., Fujita, T., Ohtani, J., Ohwada, N., & Tanne, K.
(2011). Effects of cryopreservation with a newly-developed mag-
netic field programmed freezer on periodontal ligament cells and
pulp tissues. Cryobiology, 62, 181–187.

Fikiin, K. (2003). Novelties of food freezing research in Europe and
beyond. Flair-Flow 4 Synthesis Report. SMEs No. 10. Project No:
QLK1-CT-2000-00040.

James, S. J., & James, C. (2012). Innovative freezing technologies for
foods. New Food, 15(4), 21–24.

James, C., Seignemartin, V., & James, S. J. (2009). The freezing and
supercooling of garlic (Allium sativum L.). International Journal of
Refrigeration, 32, 253–260.

Kaku, M., Kamada, H., Kawata, T., Koseki, H., Abedini, S., Kojima, S.,
Motokawa, M., Fujita, T., Ohtani, J., Tsuka, N., Matsuda, Y.,
Sunagawa, H., Hernandes, R. A. M., Ohwada, N., & Tanne, K.
(2010). Cryopreservation of periodontal ligament cells with mag-
netic field for tooth banking. Cryobiology, 61, 73–78.

Table 5 Comparison of the
occurrence of super-cooling in
individual garlic cloves in whole
frozen garlic bulbs frozen under a
range of conditions at −20 °C, and
mean super-cooling temperature
and time before nucleation in
garlic cloves in which super-
cooling occurred

a In garlic cloves in which super-
cooling occurred; different letters
in the same and across columns
indicate a significant difference
(p<0.05)

Initial temperature of garlic bulb

Setting Ambient (21±1 °C) Chilled (4±0.5 °C)

Overall % of cloves that
super-cooled

No CAS (conventional) 70a 17b

0 % CAS 64a 26b

50 % CAS 55a 5b

100 % CAS 63a 10b

Mean (SD) super-cooling
temperature (°C)a

No CAS (conventional) −6.9 (2.8)a −5.4 (0.6)a

0 % CAS −6.7 (1.7)a −7.7 (3.2)a

50 % CAS −8.1 (2.6)a −7.7 (−)
100 % CAS −5.2 (3.2)a −4.2 (0.8)a

Mean (SD) time before
nucleation, i.e. end of
super-cooled state (min)a

No CAS (conventional) 1434 (481)ac 697 (55)c

0 % CAS 1278 (364)af 1837 (950)df

50 % CAS 2019 (1142)bg 1470 (−)
100 % CAS 1029 (273)a 440 (156)ceg

Food Bioprocess Technol (2015) 8:702–708 707



Kaku, M., Kawata, T., Abedini, S., Koseki, H., Kojima, S., Sumi,
H., Shikata, H., Motokawa, M., Fujita, T., Ohtani, J.,
Ohwada, N., Kurita, M., & Tanne, K. (2012). Electric and
magnetic fields in cryopreservation: a response. Cryobiology,
64, 304–305.

Kobayashi, A., & Kirschvink, J. L. (2013). A ferromagnetic model for the
action of electric and magnetic fields in cryopreservation.
Cryobiology. doi:10.1016/j.cryobiol.2013.12.002.

Martins, R. C., Castro, C. C., & Lopes, V. V. (2011). The influence of
geometrical and operational factors on supercooling capacity in
strawberries: a simulation study. Food Bioprocess Technology, 4,
395–407.

Naito, M., Hirai, S., Mihara, M., Terayama, H., Hatayama, N., Hayashi,
S., Matsushita, M., & Itoh, M. (2012). Effect of a magnetic field on
Drosophila under supercooled conditions. PLoS ONE, 7.

Nakagawa, T., Mihara, M., Noguchi, S., Fujii, K., Ohwada, T., Niino, T.,
Sato, I., Yamashita, H., Masamune, K., & Dohi, T. (2012).
Development of pathology specimen preparation method by
supercooling cryopreservation under magnetic field. Academic
Collaborations for Sick Children, 5, 21–27.

Otero, L., & Sanz, P. D. (2012). High-pressure shift freezing. In D. W.
Sun (Ed.), Handbook of frozen food processing and packaging (pp.
667–683). Boca Raton: CRC.

Owada, N. (2007). Highly-efficient freezing apparatus and highly-
efficient freezing method. United States Patent US 7,237,400B2.

Owada, N., & Kurita, S. (2001). Super-quick freezing method and appa-
ratus therefor. United States Patent US 2001/6250087B1.

Rahman,M. S., Guizani, N., Al-Khaseibi,M., Al-Hinai, S. A., Al-Maskri, S.
S., & Al-Hamhami, K. (2002). Analysis of cooling curve to determine
the end point of freezing. Food Hydrocolloids, 16, 653–659.

Suzuki, T., Takeuchi, Y., Masuda, K., Watanabe, M., Shirakashi, R.,
Fukuda, Y., Tsuruta, T., Yamamoto, K., Koga, N., Hiruma, N.,
Ichioka, J., & Takai, K. (2009). Experimental investigation of effec-
tiveness of magnetic field on food freezing process. Transactions of
the Japan Society of Refrigerating and Air Conditioning Engineers,
26, 371–386.

Watanabe, M., Kanesaka, N., Masuda, K., & Suzuki, T. (2011). Effect of
oscillating magnetic field on supercooling in food freezing.
Proceedings of the 23rd IIR International Congress of
Refrigeration; refrigeration for sustainable development, August
21–26, Prague, Czech Republic. 1, 2892–2899.

Woo, M. W., & Mujumdar, A. S. (2010). Effects of electric and magnetic
field on freezing and possible relevance in freeze drying. Drying
Technology, 28, 433–443.

Wowk, B. (2012). Electric and magnetic fields in cryopreservation.
Cryobiology, 64, 301–303.

708 Food Bioprocess Technol (2015) 8:702–708

http://dx.doi.org/10.1016/j.cryobiol.2013.12.002

	The...
	Abstract
	Introduction
	Materials and Methods
	Samples
	Freezing Trials
	Freezing Curve Analysis
	Statistical Analysis

	Results and Discussion
	Conclusions
	References


