Review

Pressure depresses the freezing point of water and the
melting point of ice, as well as enabling various high-density
forms of ice to be obtained. These effects of pressure on the
solid-liquid phase diagram of water “ave ceveral potential
applications in food technalogy, including pressure-assisted
freezing, pressure-assisted thawing and non-frozen storage at
low temperature (under pressure). Studies that have been
published in these and in related areas are reviewed, and the
potential applications and limitations are highlighted.

High pressure has interesting effects on the solid-liquid
phase diagram of water (Fig. 1). These effects have
been studied in detail by Bridgman?, but little attention
has been paid to the potential food applications until re-
cent years. The application of high pressure reduces the
freezing and melting points of water to a minimum of
—22°C at 207.5MPa (Tables 1 and 2), as pressure op-
poses the volume increase occurring on the formation of
type Tice crystals (lhe type we are familiar with). The
(i.e. the tem-
perature at which crystal nucleat'on occurs in the ab-
sence of impurities or other ice-nucleation sites) is simi-
larly reduced, from —40°C to a minimum of --92°C at
209MPa (Ref. 4). At higher pressures other ice poly-
morphs may be formed (Fig. 1). Ice I is unique in having
a lower density than llql.lld water, resulting in a volume

of ~9% on ft g at 0°C, i ing to ~13%
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as the tissue or textural damage could also be con-
siderable (as the volume change, AV, is >17%; see
Table 1).

Some of the triple points of water are given in Table 2.
The knowledge of these may prove useful, as Bridgman®
reported that the rate of a solid-to-solid transformation
seems to increase rapidly in the vicinity of a triple point;
for example, the transformation of ice III to ice V was
‘explosive’” at ~17°C (the triple point), but ‘almost
impossible’ at -35°C, whereas the transformation of
ice V to ice VI is slow at —17°C (Ref. 2).

It should be noted that the presence of solutes in foods
(panicu]arly those of low molecular weight) will result
m a shift in the water phase diagram (e.g. melting-point

at —20°C (Table 1), which may cause significant tissue
or textural damage.

‘The formation of other ice polymorphs generally in-
volves a similar or smaller decrease in volume (increase
in density) relative to the liquid state (Table 1), which
may result in reduced tissue damage compared with

). In the case of surimi, the depressed
melung point curve was found to be almost parallel to
that of pure water as a function of pressure®.

The primary applicatioas of pressure m re!auon to the
water phase di are the i g rates
obtained using pressu:e-assisted freezing (the pressure-

induced melting-point depression enables the sample to

ice L. Ice VI may be formed at room p at

pressures of ~900 MPa. If such pressures became readily
available, high-, pressure ‘fmzen storage (type Vl we)
might be an I o
freezing for some products, as cooling would not be
necessary. However, no cxperiments have yet been
carried out in this area, owing to the high pressures
quired. (It is possible to obtain certain ice
forms, such as ice I or ice VI, outside their regions of
stability, especially with the aid of nucleating agents
specific to each form®.)

Pressure shifting between the ice polymorphs I, III
and V (in the range 160-460 MPa, at —25°C) has been
envisaged as a means of disrupting microorganisms,
with shifts between type I and III ice (in the range
160-225 MPa) proving the most successfuls”. However,
this is unlikely to be suitable for foed applications
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p led to -20°C, in rapid and uniform
nucleation and growth of ice crystals on releasing the
pressure), the increased thawing rates and also the
possibility of non-frozen storage at subzero tempera-
tures. These aspects will be considered in more detail.

High-pressure-assisted freezing

The optimum freezing rate for food products or
living cells is highly dent. Slow fi
generally results in larger ice-crystal sizes, which may
cause extensive mechanical damage, whereas ultra-
rapid freezing (e.g. cryogenic freezing) may cause
lethal intracellular ice crystallization’ or mechanical
cracking'®.

Slow freezing (>30min) may cause problems owing

sstem-d
Y

to 1 damage, ] d enzyme and micro-
bxolog:cal activities as well as potentlally increased
oxidation rates, g from the i

concentration and the msolublhty of oxygen in xce’"
However, the i g solute

diffusion rates) tends to reduce these effects. In cases
where rapid freezing is desirable, cryogenic freezing
(where the temperature change, AT, is very large) often

©1995, Elsevier Science Lid 0924 -2244/95/509.50

Potential food applications
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For each degree K o. supercooling (i.e. closer to the
there is an in-
crease of about tenfold in the ice-nucleation rate'2. The
use of high pressure facilitates supercooling, and pro-
motes uniform and rapid ice nucleation and growth
throughout the sample on pressure release, producing
smaller ice crystals, rather than a stress-inducing ice
front moving through the sample. Pressure-shift freez-
ing generally involves cooling the (unfrozen) sample
under pressure (usually up to 200MPa) to —21°C or
above (without freezing) before the p is

(Higher pressures and lower tempt.ramres could give
rise to other ice forms.)

Food research apphcahons mlcroscopy

is bei
the cryo—ﬁxauon of )!
Mlcrﬂcryslal].me (<20nm) or amorphous cryo-ﬁxaxmn
is required to avoid structural damage. This is only
possible for simples of a thickness of ~10 wm without
the aid of antifreezing agents, which may produce arte-
facts". The use of high pressure (~200 MPa) reduces the
critical coo]ing rate, or increases the maximum sample
hick d ing the fi point of water.
qul.lld mtmgen is generaily used to obtain rapid cool-
ing, with the result that ice 1I or ice Il may be obtained
in addition to amorphous water. Samples must be stored
below the devitrification temperature (-133°C) to avoid
the formation of ice I; thus, pressurization must be
maintained until the cenire of the specimen is cooled
below —133°C (Ref. 13).

ly used to aid

Commercial food applications

High IS sulla ively new technolog;
food . f Sotad fi
are still under developmem and so far, only a few pre-
liminary studies have been published.

A few early studies were carried out with regard to
the medical app of high: 8y,
but pressure-assisted freezing of ch:ck skin cells and
human conjunctiva resulted in their reduced viability as
compared with samples that had undergone conven-
tional fi g!4. This may be due to intracellular ice

T T T
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Fig.1
The equilibrium solid-liquid phase diagram of water.

(2}, General (redrawn from Hobbs', by permission of Oxford University Press);
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(b), detail of the region of greatest interest (redrawn from Bridgman?).

formation (resulting from more-rapid freezing), or simply
to a combination of the harmful effects of pressure and
freezing.

Freezing under a gaseous (nitrogen) pressure of
~0.3-10MPa (50-1500Psig) at -20 to —25°C resulted
in an improvement in the quality of subsequently air-
dried fruit, vegetables and meat p. relative to
samples frozen at ~20°C without pressure'. Freezing
under gaseous pressure resulted in reduced textural
damage and shnvel]mg, more-rapid dehydration and

induces k pecially in large les, b owing to tiny gas bubbles
of the initial volume decrease (due to coolmg) and the bemg trapped m lhe nssues Pressure-frozen fnm (eg.
volume i (due to freezing) as the ies, | and b

sample cools and freezes from the outside in. . Products
of hlgh densny (i.e. of high water content) and low
P lly more ptible to freeze crack-

ing Lhan lhose with low density and high porosity'®.

d a softer
texture and could be eaten without thawmg"
Pressure-shift freezing has been carried out success-
fully on tofu's, by coolmg it to —18°C under 200 MPa.
‘rhe th: d
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Table 1. Th dynamic properties of the phase transitions of water* B
Phase transition 7O P(MPa) AV(amig?) AH (d4g ™)
Liquid = ice | -20 1933 +0.1313 =241
-5 156.0 +0.1218 -262
-10 1109 +0.1122 -285
-5 59.8 +0.1016 -308
0 0.1 +0.0%00 -334
Icel—icell -35 2123 -0.2177 -425
Icel—icelll -30 ms -0.1919 +146
-20 206.3 -0.1773 +234
Icelt—icelll 25 330.6 +0.0148 +68.2
icell > iceV -25 3502 +0.0401 +66.5
leelll = ice vV -25 3411 +0.0546 -3.64
-20 3455 +0.0547 -372
Liquid = ice It =22 2075 -0.0466 =213
-20 246.2 -0.0371 -226
-17 3463 -0.0241 =257
Liquid - ice V -20 308.0 -0.0828 -253
-15 3728 -0.0754 -265
~10 4424 -0.0679 =276
-5 533.7 ~0.0603 -285
o 623.9 -0.0527 -293
IceV-siceVl -20 624.4 -0.0381 -076
0 626.0 -0.0389 -0.83
Liquid - ice VI -10 5180 ~0.0960 -264
[ 6239 -0.0916 -295
10 749.5 -0.0844 -m
20 8829 -0.0751 -320
30 10389 -0.0663 ~330
* After Karino et al; data obtained from Ref. 2
T, Transition temperature
P, Transition pressure
AV, Volume change
AH, Enthalpy change

product had a homogeneous structure very similar to
that of an d product, wh ir-blast-fr

M.N. Eshtiaghi, unpublished). The results are very

samples dripped, deformed and had a rigid core follow-
ing thawing's.

High-pressure air (300-800MPa) has also been used
to sterilize pre-sorted food materials following liquid-
nitrogen freezing and before freeze drying, resumng in
more rapidly rehydrated dried prodi which

duct-d d Studies of high-pressure freezing

and lhawmg of food gels (e.g. agar, starch and whey

protein) and the effects on the gel strucnue are also in
(M.T. Kalichevsk

progr Y, ullp

Practlcal aspects

both nutrients and taste”. The effects of this procedure
are unclear. Perhaps pressure blanching occurs at very
low temperatures (owing to the formation of different
ice polymorphs, as discussed above). The improved
dehydmnon and rehydration could be the result of the
ion of air, as by the

tioned work of Hass et al.'s

Preliminary studies caried out at the Berlin

of the large heat of fusion (AH) of ice for-
mation (Table 1), freezing has a warming effect, and
therefore additional cooling of the sample is required
to enable complete freezing to occur. This may limit
the sample size that can be successfully pressure-shift
frozen, as incomplete freezing could result in subse-
quent sample deterioration, arising from the growth of
ice crystals and the melting of smaller ice crystals.
Some form of agitation within the pressure vessel would

University of Technology, G have shown aid heat transfer.

that high. and freezing can infl P itself induces a temperature increase
the dehydration and ion of p (AT), which i with i ing initial temp
green beans and carrots (Refs 18, 19and H. Koch and ture and i p izati mte, until adiabati
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Table 2. Triple points of water*

in fruit®. The earliest studies of pressure-assisted thaw-
ing appear to have been in the medical field, possibly

Triple point Pressure (MPa) Temperature (°C)
Liquid-ice l-ice Ill 207.5 =220
lce I-ice ll-ice lit 229 -347
Ice ll-ice lil-ice V 3443 -243
Liquid-ice .d-ice V 3463 =170
Liquid-ice V-ice VI 6229 +0.16

g p! d survival rates for slowly frozen
human conjuncuva“ To our knowledge, subsequent
studies have not been carried out in this area.

A frozen food at —10 or —18°C may be thawed by
pressure treatment at 110 or 200MPa, respectively®.
The presence of sugar or salt reduces the pressure re-
quired to thaw ice?’. Heating is also required to supply
the heat of fusion (which results in cooling on thawing)
and also to prevent recrystallization on depressurization.

*Data taken from Ref. 2

256

The g rate depends only on the conduction of
heat, as pressure is transmitted umfonnly thmugh the
sample. In fact, a small temp
on depressunzanon below 4°C (Table 3), favourmg

heau.ug is observedm The AT per MPa also d

with il 2. The of AT is
complicated by the fact l.bat the consmnts required are
and The adiabatic AT

g. Itis in whether this is observed in prac-
tice, as ice crystallization often occurs in this region.
Takax et al.® claim to have observed such a temperature

is proportional to the thennal expansion coefficient of
the sample (o, in K™) and inversely proportional to the
heat capacity (C,, in Jg'K) as shown by Eqn 1 (after
WNakahara®'):

AT/AP=(TVa)/C, o))

where T is the temperature in degrees Kelvin, and V
the molar volume. Estimates of AT for various liquids,
calculated using Eqn 1, are shown in Table 3.

Table 3 indicates that AT for water at ambient tempera-
ture is generally relatively small, owing to its low com-
pressibility and high heat capacity. The data for ethyl-
ene glycol in water are of interest, as ethylene glycol is
often used as the pressure-transmitting medium at low
temperatures. It should be noted that pressure treatment

of ! large of organic
liquids, , such as fats or alcohol could involve consider-
ably greater temp The pre-

dicts a fall in temperature on pressunzmg water below
4°C (the temperature of the maximum density of wamr),

in thawed surimi blocks, on depressurization,
but the temperature change observed by them is larger
than predicted and may also have been caused by the
formation of a small amount of ice.

Conditions of ~10°C and 120MPa were found to be
suitable for thawing frozen beef in a third of the time re-
quired at t h at lower tem-
peratures and higher pmssures, toughening and surface
whitening were observed®. In addition, Deuchi and
Hayashi?’ observed that high-pressure thawing of beef
results in reduced drip. Reduced drip, but no i in
the thawing rate, was also observed for pressure-thawed
tuna muscle block?. However, colour changes and re-
duced solubility of sarcoplasmic proteins (due to protein
denaturation) were also observed with increasing thaw-
ing pressure (from 50 to 150MPa)®. Takai et al.® ob-
served greatly enhanced thawing rates for surimi, de-
pending on the temperature of both the sample and the
medium and also on the pressure used; they also noted
protein d ion and discol of the fish meat
at higher pressures.

No improvement in the texture of a 1.7% agar gel
frozen at —20°C on pressure thawing was observed rela-
tive to a sample thawed at ambient pressure?, indicating
that, in this case, the structural damage occurs largely

b of lhc i thermal
coefficient. , under high ! the behav-
iour of water b less lous?; for
the ‘sharpness’ of the density i d with
increasing pressure?.

When frm‘mg OCCLrs on P release a

on freezing and not on thawing. Pressure of
200MPa for 30 min at 5°C was found to be sufficient to

np

ture decrease is generally “observed in the pressure

dium, while the of the wat
sample increases rapidly to its melting point, owing to
the release of the latent heat of crystallization as ice is
formed (for example, sez Kanda et al.'s). The sample
temperature then remains at its melting point (below
0°C in the presence of solutes) until freezing is
complete.

High-pressure thawing

Thawing generally occurs more slowly than freezing,
potentially allowing further damage to the sample.
Faster thawing reduces the loss of liquid retention proper-
ties and can improve colour and flavour preservation

thaw ices prepared at in the

range -10t0-30°C. A reduced Imalmem time produced
a ‘state of sherbet’ (small ice crystals in liquid water),
appalemly indicating the uniform nature of pressure
thawing?; however, this may also have been caused by
recrystallization in a fully thawed sample on depressur-
ization, owing to insufficient warming. The uniform ac-
tion of pressure was clearly shown by three thermo-
couples in a block of ice, which all read the same
at different 1 during p treat-

ment?.,

The use of pressure facilitates rapid thawing without
the necessity of heating the sample above 5°C (Ref. 8).
Limitations anse as a result of pressure-induced
protein d p g hening) and meat

Trends in Food Science & Technology August 1995 [Vol. 6]



Table 3. Calculation of AT, the change per 100 MPa pressure increase’
Sample €O 10%0, (K G, g K" 105V (m'g™) AT (°C/100 MPa)
Water (liquid) 60 0.60 4.184 1.016 48
25 026 4180 1.005 19
0 -0.07 4.218 0.9%9 -0.45
-10 -0.29 4.252 0.999 -18
Ice -10 0.16 2032 1.088 22
Ethanol 20 1.094 250 1.267 17.34
Acetone 25 143 125 74 25
Hexane 25 1.36 195 13.2 27
Ethylene glycol 100 25 0.85° 243 0.793 83
(% in water) 52 20 0.538 3.26 0.924 45
34 20 0.455 362 0941 29
20 20 0.343 390 0971 25
2 After Nakahara?'; additional data from Refs 22-24
®This is an extrapolated estimate
7, Temperature
@, Thermal expansion coefficient, defined as the change in volume per degree Kelvin divided by the volume at 0°C
C,, Heat capacity
V, Specific volume (in mg-' x 10%
AT, Change in temperature on increasing the pressure by 100 MPa, as predicted using Eqn 1

discolouration. However, these obstacles may be over-
come by optimizing the thawi ditions used. It is
likely that pressure-assisted tl=aw1ng will have many
applications in food and medical fields, especially in
cases where sngmficam sample deterioration occurs dur-
ing pp ly, R&D p are
aiming to small high units for
thawing fish in sushi bars, and also for other commercial
applications where quality and freshness are of primary
importance.

Low-temper2*ire non-frozen storage under pressure
The earliest studies of low-temperature food storage

under pressure appear to have been carried out by

Charm et al.*® In this case, fisk quality and

Frolonged non-frozen storage under pressure (at
—15°C) has also been proposed for red blood cells, but
this does rot appear to have been tested experi-
mentally3!.

More recent work in this area has been carried out in
Japan. The studies of Deuchi and Hayashi?*>** have
shown that the mechanical properties of agar gels
could be maintained by non-frozen storage at —20°C
and 200MPa (Ref. 27). Strawberries and tomatoes
maintained their fresh taste and colour on storage for a
few days or weeks under 50-200MPa at -5 to ~20°C.
Raw pork could also be successfuily stored, avoiding
the drip losses occurring after thawing. The microbial
counts of most mxcroorgamsms in ground beef (coli-

Y
(horseradish peroxidase and red-crab trypsin) stability
were studied on storage at -3°C under 24 MPa, which
was sufficient to prevent freezing. In general, enzyme
activity was inhibited by pressure below a certain
critical p which was d dent on lhe en-
zyme (above this i d en-

forms, b Gram-positive and Gram-

hrophil i and lactic acid
baclena) were reduced by low-temperature storage
under pressure (200 MPa, ~20°C), in some cases more
than by freezing. Yeasts and some bactena were inacti-
vated. that are i ing (caia-

zyme activity). Cod fillet stored uuder these conditions
for 36 days had a perceived storage ume of 7 days at
1°C under ambi as d with 6 days
for a similar period of frozen storage. Samples stored
at 1°C under ambi were ble after
9 days. In the case of pollm:k fillet, storage for 12 days
at 1°C and 34.2 MPa gave a perceived storage time of
7days compared with a product stored at i

lase, B 1 th and lactate dehydrogenase)
generally had reduced acuvuy after non-frozen storage,
but were not inactivated*>¥,

Qoide er al.** have carried out studies on muscle from
chicken and carp stored at -8 or —15°C under 170 MPa
for 50 days. They showed that it is possible to preserve
meat texture at low without

pmtem denaturation, but vhat enzymc activity under these

pressure (also at 1°C). The authors pointed out that a
significant energy saving could be made using pressure
storage rather than freezing®. Product deteri

may beap degra-

dation of compounds related to nucleic acids (i.e. ATP,

ADP, IMP and AMP) was only shghtly slower under
than under

due to freezing and thawing effects is also avoided.
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high d storage,
whereas it was significantly reduced by freezmg;”
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Low-temperature non-frozen storage under pressure
therefore appears to be applicable to prolonging the
sheif life of certain foods, as compared with refriger-
ation, while avoiding the damage caused by freezing.
Continuing (though reduced) enzyme activity is likely
to limit potential storage times (unlike freezing).

Other related areas of interest

‘Watanabe et al.**" have carried out several studies
on ice-nucleation bacterial cells, which are the most
effective heterogeneous ice-nucleating agents known.
According to these authors, a high-pressure treatment of
>300MPa at 5°C or 20°C was sufficient to sterilize the
ice-nucleating bacteria Erwinia ananas and Xanthomonas
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Extensive investigations of bacterial ice nucleation by strains
of Pseudomonas, Erwinia and Xanthomonas have indicated
that highly homologous proteins, each encoded by a single
gene, are involved in the ice-nucleation active sites of either
intact bacterial cells and/or cell-free ice nucleators. The
application of these bacterial ice nucleators to the freezing of
some model food systems and real foods, such as selwon,
egg white protein and comnstarch gels, elevates nucleation
temperatures, reduces freezing times and improves the qual-
ity (e.g. the flavor and textural properties) of frozen foods;
this suggests that there may be profound potential for energy
savings and quality improvement in the food industry. The
use of bacterial ice nucleators is a unique application of bic-
technology, as it directly improves freezing processes. Further
research is needed to gain a better understanding of the basic
mechanisms, the practical applications and the safety of
this particular material in the commercial freezing of food
products.

Freezing is one of the best methods available in the food
industry for preserving food products with high quality.
Many factors affect the economic viability of the freez-
ing process and the quality of the food products.
Overall, the efficiency of this process and the resulting
food quality are affected by two important factors:
supercooling (the cooling of liquid below its freezing
point without freezing) and nucleation (the initiation of

Bacterial ice nucleation
and its potential
application in the

food industry

Jingkun Li and Tung-Ching Lee

agents such as suspended foreign particles, surface films
or walls of containers. The type of ice nucleation is de-
termined by the properties of the solutes and the freez-
ing rate, which consequently affect crystal size and
crystal structure within the food and, therefore, product
quality?.

Bacterial ice nucleation by strains of Pseudomonas,
Erwinia and Xanthomonas has been both acknowledged
and investigated since the early 1970s, and it has been
recognized as one of the major causes of frost injury in
plants’ Many smdles have comnbmed to the under-

g of i isms*, and the elimi-
nation of ice-nucleation injury in planls’ The unique
activity of ice nucleation at higher subzero temperatures
(in the range -2 to -5°C), however, makes these
nucroorgamsm very uscful in such processes as the

the crystallization of liquid water into solid ice)'. There
are potentially two types of ice nucleation. Homo-
geneous ice nucleation takes place only in extremely
purified water, where an ice nucleus is formed by the
random accumulation of water molecules. Hetero-

ice nucleation is predomil in the freezing of
real food systems, and occurs when water molecules
aggregate in a crystalline ar on

of 1 snow and the freezing of some

food products (Refs 6, 7 and J.M. Ryder, PhD thesis,

University of Rhode Island, Kingston, RI, USA, 1987),
where ice nucleation is a limiting step.

The aim of this article is to present bolh basic and up-

to-date k ledge of 1 ice ion, and to

discuss the application of this fascinati h to

the study of freezing foods as well as the potcnnally
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found impact it may have on energy savings and
quahty improvement in the food industry.

Ice-nucleation-active bacteria
Strams of I’seudnmrmas synngae were first observed
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to catalyze ice f p led water in 1974
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