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Pasteurisierung von Lebensmitteln mit hydrostatischem 
Hochdruck: Chemische Aspekte 

Zusammenfassung. Mit Hilfe hydrostatischen Hochdrucks 
pasteurisierte Lebensmittel werden in Japan bereits ver- 
marktet. Auch in Europa und USA ist das Interesse an 
dieser Methode grog. Temperatur und Druck sind die 
wichtigsten Parameter, die den Zustand der Materie - 
auch von Lebensmitteln - beeinflussen. Wghrend die 
Einwirkung von Temperatur auf Lebensmittel seit langem 
Gegenstand von Untersuchungen ist, ist der Einflug des 
Druckes auch in Kombination mit Temperatur auf Lebens- 
mittel ein relativ junges Forschungsgebiet. Generell sollten 
VorgS_nge und Reaktionen in Lebensmitteln untersucht 
werden, die dem Prinzip von Le Chatelier unterliegen. 
Hierzu geh6ren chemische Reaktionen niedermolekularer 
und makromolekularer Verbindungen. Es werden theoreti- 
sche Grundlagen und Beispiele ftir durch Druck beeinflugte 
Reaktionen vorgestellt. 

Abstract. Food pasteurized by hydrostatic high pressure 
have already been marketed in Japan. There is great interest 
in this method also in Europe and USA. Temperature and 
pressure are the essential parameters influencing the state 
of substances including foods. While the influence of 
temperature on food has been extensively investigated, 
effects of pressure, also in combination with temperature, 
are attracting increasing scientific attention now. Processes 
and reactions in food governed by Le Chatelier's principle 
are of special interest; they include chemical reactions of 
both low- and macromolecular compounds. Theoretical 
fundamentals and examples of pressure affected reactions 
are presented. 

Introduction 

Hite and Bridgman were the first to report on the applica- 
tion of hydrostatic high pressure to biological material. It 

was in 1899 when Hire et al. exposed several foods and 
beverages to high pressure of up to about 680 MPa [1]; in 
1914 Bridgman coagulated egg white under pressure [2]. It 
took a while for the next remarkable contributions to the 
influence of pressure on biological material including food 
to appear in the fifties. Pressure induced changes in 
biopolymers include also changes in spectral characteris- 
tics. The rapid development of spectroscopic methods 
opened up new fields of research. Today nearly all com- 
mon biophysical methods are used also for pressure treated 
biological materials [3, 4]. After first spectroscopic studies 
on protein denaturation by high pressure in the seventies [5] 
essential papers were published among others by Morild 
[61, Heremans [7], Weber [8], Balny [4, 9], Kunugi [10], 
and Jaenicke [11]. 

Technical-scientific progress has led to a renaissance of 
food pasteurization by hydrostatic high pressure recently 
[12-15]. In the Japanese market high-pressure pasteurized 
food has been available for some years [16-19]. Food 
treated in this way keeps its original freshness, colour, 
flavour and taste. Other advantages of high-pressure treat- 
ment are the gradient-free immediate expansion of the 
pressure which is thus equally effective everywhere in the 
food. Pressure pasteurization is feasible also at room 
temperature and energy saving as compared to heat treat- 
ment. Other influences to be expected besides destruction 
of microorganisms (overviews in e.g. [20-23]) are: protein 
denaturation or modification, enzyme activation or inacti- 
vation, changes in enzyme substrate specifity, changes in 
the properties of polymer carbohydrates and fats. The 
revived interest in high-pressure pasteurization of food 
has raised many questions, among them those of the 
pressure-temperature behaviour of macromolecular food 
components such as proteins, lipids and polysaccharides; 
the mechanism of protein gelation and of the sol/gel 
behaviour of polysaccharides, for example, are not well 
understood. 

Little is known so far about reactions of low-molecular 
compounds in the matrix 'food', i.e. in usually aqueous 
media. High pressure, on the other hand, has for long been 
a means of manipulating organic-chemical reactions (over- 



views e.g. in [24-29]). High pressure influences organic 
reactions in general. So the question arises whether at 
pressure > 500 MPa which is employed for food steriliza- 
tion the chemical reactions supposed to occur are desirable 
or not. 

Generally any process and any reaction in food are of 
interest to which the principle of Le Chatelier applies, 
according to which, under equilibrium conditions, a pro- 
cess associated with a decrease in volume is favoured by 
pressure, and vice versa. 

The "driving force" of a reaction is the (negative) free 
enthalpy change AG = G(p r~ - G(educt) which depends 
upon the concentration of the initial material and of the 
products, but also on the chemism of the reaction, tempe- 
rature and pressure. With AG being negative, the reaction is 
spontaneous, with AG being positive, it is not. Gibbs' 
fundamental equation (eq. 1) correlates pressure, tempera- 
ture and chemical potential 

dG = - S d T  + V d P  + E #idni (1) 

with S = entropy, V = volume, gi = chemical potential, and 
ni = number of moles of i. Equation 2 correlates the 
pressure influence on G with the volume: 

V =  O-fi r,.~ 

An increase of pressure has been found to change the 
reaction rate of chemical reactions in solution. This effect is 
low as compared to the influence of temperature: 100 MPa 
may be required to achieve the same effect as a temperature 
increase by 10 ~ While reactions when regarded as a 
function of temperature provide insight into the energy 
levels involved, functions of pressure shed light on the so- 
called "volume profiles" of the process. Pressure changes 
the physical properties - boiling point, melting point, 
density, viscosity, solubility, dielectric constant and con- 
ductivity - of the material under investigation. Melting 
points may rise with increasing pressure. Water is an 
exception as its volume increases during crystallization to 
ice modification I (Fig. 1). Pressure can hence be expected 
to bring about partial solidification also of foods. Lipids 
e.g. which are liquid under normal conditions crystallize 
under pressure. A pressure increase of about 100 MPa 
increases the viscosity of liquids by a factor of about 2; 
this influences diffusion controlled reactions significantly. 
Water is an exception again; its viscosity remains nearly 
constant. As the solubility of compounds [30] depends 
usually on the pressure, precipitations must be expected 
to occur in pressure treated food. Pressure influences the 
reaction rate and the chemical equilibrium of reactions in 
food. 

Thermodynamic (AV) and kinetic (AV*) effects of 
pressure 

Temperature and pressure are used to shift reaction equili- 
bria. The shift' is determined by the change in the chemical 
potentials of the components involved. The pressure de- 
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pendence of the chemical potential ~ti of a dissolved 
compound i is shown in equation 3, where Vi = the partial 
molar volume of compound i. 

O#il  = V i  (3) 
O P )  T 

In an ideal solution equation 4 correlates the chemical 
potential with the mole fraction (x); #o = the chemical 
potential of i in its standard state. 

O #i = #i + RTInxi  (4) 

To a general chemical reaction at equilibrium (eq. 5) 

aA + bB + . . .  ~- IL + r n M  + . .. (5) 

equation 6 applies: 

l#L + m#M + . . .  -- a#A -- bpB -- . . .  = 0 (6) 

The equilibrium constant Kx as a function of pressure is 
shown in equation 7: 

- R T  [ ~ )  = IVL + m V M  + . . .  

--(aVA + DVB + . . . )  = AV (7) 

where the equilibrium constant Kx is expressed in terms of 
mole fractions (eq. 8): 

l m 
K X : X L X M " "  (8) 

a b 
X A X B . . .  

For the state of equilibrium of a chemical reaction under 
pressure the reaction volume AV is decisive. 

The influence of pressure on the reaction rate may be 
described by the transition state theory. The rate constant kx 
of a reaction in a liquid phase (Eq. 9) is proportional to the 
quasi equilibrium constant Kx* for formation of the active 
complex of reactants. 

aA + bB + . . .  ~-X+ --+ products (9) 

In this way the pressure dependence of kx is expressed in 
terms of the activation volume AV* (eq. 10): 

f dInkx ] = A V ~ (10) 
- R T  ( dP ) T  
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Fig. 2. Typical volume profile of reaction 9 

Figure 2 shows the volume profile of reaction (9). 
The partial molar volumes of dissolved components are 

influenced by 3 factors [31]: 1) by an intrinsic share of the 
dissolved component which is determined by a change in 
van der Waals radii; 2) by interactions of components and 
solvent, leading to electrostriction; and 3) by interaction of 
the component with all dissolved components including 
itself. Factor 3 is negligible in dilute solutions. Factor 1 
(intrinsic factor) is assumed to be independent of solvent 
and concentration. By a first approximation the reaction 
Volume corresponds to the sum of two volume parts, one of 
which is known as the intrinsic, the other as solvation 
volume (eq. 11). 

A V  = AVi,~tr + AVsol~ (11) 

The intrinsic part (AVintr) results from the motion of the 
atomic nuclei of the reacting component, and from changes 
in bonding length and angle_during the formation of 
products. The solvation part (AVsolv) includes any change 
in volume associated with changes in polarity, electrostric- 
tion and dipole interaction with the solvent during the 
reaction. * AV may be described in a similar manner 
(eq. 12): 

A V  ~ : AV{nt, + AV!olv (12) 

In reactions without substantial contributions by solva- 
tion AV* is determined by AV$intr. In this case forming of a 
covalent bond between two atoms is assumed to be 
associated with a negative intrinsic contribution AV:;intr, 
while bond scission is characterized by a positive change in 
volume AV-+'intr. Accordingly a bond-forming process is 
accelerated by pressure, while a bond-breaking one is 
delayed. When, however, charges appear in a transitional 
state or in the products formed, the situation is more 
complex because of interactions with the solvate shell. In 
reactions with strong changes in polarity AV*solv may be 
larger than AV:~intr. Polar reactions of this kind have been 
found to depend strongly on the polarity of the solvent. 

It may be summarized that bond formation, charge 
separation and concentration of equal charges, and steric 
crowding result in volume contraction; bond scission, 

M P a  

Fig. 3. Typical, non linear plots of in (kp/k0.i) vs pressure. (A) 
Cycloaddition reaction, (B) homolytic scission reaction 

charge neutralization and delocalization result in volume 
expansion. An overview paper [32] of the activation and 
reaction volumes of some thousand organic and anorganic 
reactions may be helpful as a source of information about 
reactions among food components which are accelerated or 
inhibited by pressure. 

When the density of a solution of known concentration 
and of the solvent are known, the apparent molar volume of 
the dissolved substance can be calculated. The partial molar 
volume is derived from the concentration dependence of 
the calculated values. Density measurements using modern 
equipment allow the partial molar volume to be calculated 
very precisely [33]. Hence the reaction volume AV can be 
determined provided the density of all components in- 
volved is known. For rapid reactions special dilatometers 
are available allowing to measure AV directly [34]. 

When reaction or activation volumes are derived from 
measurement of the equilibrium constant K or the rate 
constant k, one has to bear in mind that lnK or lnk are linear 
functions of pressure in the ideal case only; usually the 
function is non-linear. Therefore it is necessary to apply a 
standard pressure - usually 0 MPa - to compare reaction 
and activation volumes. O MPa is not significantly different 
to 0.1 MPa, i.e. atmospheric pressure. Equilibrium con- 
stants, furthermore, have to be expressed in terms indepen- 
dent of pressure as molefractions or molalities [35]. Usually 
volumes are derived from the slope of the curves shown 
in Fig. 3 at P = 0 MPa; they have been termed AV0 and 
AV*0, resp. 

Reaction volumes of chemical reactions 

Ionization of  water, acids, phenols and amines 

Water is one of the most important food ingredients 
especially of fruit and vegetable products. Therefore 
some characteristics of water under pressure will be 
presented. Compared to gas, water is nearly incompressi- 
ble (by 4 Vol% at 100 MPa and 22 ~ and by 15 Vol% at 
600 MPa and 22 ~ Adiabatic compression of water 
increases the temperature by about 3 ~ per 100 MPa 
[36]. Phase transitions of water depend on pressure. At 
- 2 2  ~ and 210 MPa e.g. water is still liquid. That water 
exposed to pressure does not freeze at 0 ~ is due to the fact 
that transition of the liquid to the ice I phase (Fig. 1) is 
accompanied by an increase in volume which counteracts 



pressure [37]. At pressure above 210 MPa the melting point 
of ice rises with pressure, i.e. at 20 ~ and 880 MPA, or 
30 ~ and 1036 MPa water solidifies. These effects may be 
used to thaw food quickly; the heat of transformation has to 
be added. Conceivable - but expensive - is also storage of 
non-frozen food under pressure at temperatures below zero. 

Self-ionization of water is promoted by pressure. The 
ionization volume of water in H30 + and OH- ions is 
-22.2 cm3mo1-1 at 25 ~ Volume contraction is brought 
about by strong electrostriction around the ions formed. 

There is no example of ion formation from neutral 
molecules that is not associated with volume contraction. 
In large ions and in ions characterized by charge delocaliza- 
tion contraction is lower. This may be exemplified by the 
ionization volumes of phosphoric acid (eq. 13) at 25 ~ 
[38]. 

_ H  + _ H  + 

H3P04 ----+ H z P O  4 ---+ HP024 - - ~  P O ] -  (13) 

AV1 = -16.3 AV2 = -25.9 AV3 = -36.0 cm3mo1-1 (25 ~ 

This implies that pressure promotes ionization of phos- 
phoric acid up to the phosphate ion. An example as 
interesting is the dissociation of diphosphoric acid (pyro- 
phosphoric acid) under pressure at 25 ~ (eq. 14) [39]. 

- H  + H + 

- HOaPOPOaH2 --+ - H O a P O P O a H -  --+ 

- 2 - - ~  2 -  2 -  H O 3 P O P O  3 0 3 P O P O  a (14) 

AV1 = -16.0 AV2 = -20.7 AV3 = -28.9 cm3mo1-1 (25 ~ 

Carbonic acid responds to pressure by increased ioniza- 
tion suggesting also covalent bond formation between 
water and CO2 [40] (eq. 15). 

_ H  + 

COz + 2H20 --+ H C O  3 + H 3 0  + H C O  3 ~ CO~- (15) 

AV1 = -26.0 crn3mo1-1 AV2 = -29.2 cm3mol -a (25 ~ 

The dissociation of boric acid shows a reaction volume 
of -35.5 cm 3 mol-1 at 25 ~ The dissociation behaviour of 
anorganic and organic acids under pressure has considera- 
ble influence on the selection of suitable buffer systems for 
e.g. protein studies. 

Monobasic carboxylic acids approximate an ionization 
volume of about - 1 4  cm3 tool-1 with increasing carbon 
number. The first and second ionization volumes of non- 
branched dibasic carboxylic acids [41] are close ( -13  to 
- 1 4  cm 3 tool-l), while those of oxalic acid are relatively 
distant to each other ( -6 .7  to - l l . 9  cm 3 mol-1). The 
ionization volumes of citric acid (eq. 16) increase as 
expected with advancing dissociation [38]. 

l id COOH 
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HO CDOH .ooc oo  

(16) 

AV1 = -10.7 A~2 = -12.3 A~3 = -22.3 cm3mol q (25 ~ 

Phenols have larger negative ionization volumes than 
carboxylic acids. The value for phenol itself is comparable 
to that of water. Substituents at the aromatic ring influence 
the ionization behaviour of the phenolic OH group. 

NH3 + H 2 0  ---* N H  + + O H -  (17) 

AT = -28.8 cm 3 mol-1 (25 ~ 

The dissociation volume of ammonia (eq. 17) is higher 
than that of water [42]. The protonation of amines is 
promoted by pressure, as is the transition of NH3+-glycine 
and NH3+-alanine to the zwitterionic form ( - 7  to - 8  cm 3 
mo1-1) [43]. However, proton transfer from -NH3 + to 
water is associated with a positive reaction volume. 

Hydrogen bond formation 

Formation of hydrogen bridges is supposed to be associated 
with a small volume contraction, due to the small diameter 
of the covalently bound hydrogen atom and the consider- 
able length of the hydrogen-bridge bond. This has indeed 
been verified and explained for phenol as H donor [44]. 
The changes in volume are by few cm 3 mol-a. For the 
dimerization of carboxylic acids a stronger volume contrac- 
tion at room temperature is expected because of the double 
H bridge bond. Dimerization of carboxylic acids in aqueous 
medium at 30 ~ yielded larger reaction volumes indeed 
[45]. With increasing pressure above 200-300 MPa asso- 
ciation is suppressed with increasing chain length. This 
may be due to hydrophobic interactions (see following 
section) of the alkyl groups in the dimer. In keto-enol 
tantomers pressure has been found to favour the keto 
form slightly, i.e. the cyclic structure of the enol form has 
a somewhat larger volume than the keto form, as has been 
shown in ethyl acetoacetate [46]. These examples demon- 
strate that formation of hydrogen-bridge bonds is not 
always associated with molar volume contraction due to a 
slight reduction of bond lengths. Volume contraction may 
be compensated or even overcompensated for by hydro- 
phobic interactions or more voluminous cyclic structures. 

Hydrophobic effects [47, 48] 

Unpolar compounds tend to aggregate in aqueous media. 
Water molecules prefer binding to each other to binding to 
an unpolar hydrocarbon. Hydrophobic interactions are 
responsible for the stability of, and interactions among 
biological macromolecules as proteins and lipids, for the 
binding of substrates to enzymes, and for micelle forma- 
tion. When taking place in aqueous solution, also simple 
organic reactions may exhibit hydrophobic effects. The 
hydrophobic effect increases in the presence of compounds 
such as lithium chloride which reduces the solubility of 
hydrocarbons in water. Lithium chloride could also be 
called "salting-out-agent". Some salts, among them guani- 
dinium chloride e.g., enhance the solubility of hydrocar- 
bons in water; they could accordingly be called "salting-in- 
agents". The intermolecular effects are not fully understood 



[49]. Hydrophobic effects as a function of ions added 
deserve attention in all cases of pressure treatment. 

Formation of covalent bonds 

Covalent bonds are shorter than those involved in complex 
formation. Hydration of carbonyl compounds under high 
pressure is accompanied by volume contraction of about 
10 cm 3 mo1-1 [50]. When two covalent bonds are formed as 
e.g. in Diels-Alder reactions, larger volume contractions of 
30-40  cm 3 tool -] have been observed. The influence of 
pressure on this type of reaction has been studied exten- 
sively. In many Diels-Alder reactions activation and reac- 
tion volumes are of comparable size. This means similar 
volume requirements of product and transitional state. 

Reaction and activation volumes of organic reactions 
may provide clues to potential reactions of food ingredients 
under high pressure. Of interest could be 1) the Men- 
schutkin reaction, 2) reactions at C -- C and C = 0 bonds, 
3) [2+2] polar cycloadditions, 4) Diels-Alder reactions, and 
5) solvolyses. 

Activation volumes of chemical reactions 

Homolytic and ionic reactions 

Homolytic cleavage is expected to be accompanied by 
volume expansion: generally the activation volume of 
simple radical degradation processes is nearly +10 cm 3 
mol -t  [32]. Processes of this kind are hence retarded by 
pressure. This applies also to other reactions in which 
neutral fragments form neutral molecules. Vice versa, 
bond formation among neutral particles is characterized 
by volume contraction. The propagation step during poly- 
merization is greatly accelerated by pressure, and so is the 
hydrogen abstraction from a molecule by free radicals in a 
biinolecular process [29]. Termination steps during poly- 
merization are retarded by pressure; this appears surprising 
at a first glance, as dimerization of radicals is involved. 
However, these processes are controlled by diffusion, and 
as viscosity increases with increasing pressure, diffusion is 
retarded. 

In food, autoxidation e.g. of fat is important. Accor- 
dingly the initial reaction, i.e. formation of radicals from 
neutral molecules such as unsaturated fatty acids should be 
retarded by pressure, while propagation steps should be 
favoured. The effect of pressure on oxidative processes in 
foods has been little investigated. Oxidation of sardine 
lipids has been shown to be accelerated by pressure as a 
function of the duration of pressure treatment and pressure 
height [51]. The radical chemistry of polyunsaturated fatty 
acids (PUFA) under normal conditions has been investigat- 
ed by several authors [52]. Autoxidation of linolenic acid 
under high pressure [53, 54] is complex: initially (350 MPa) 
more primary oxidation products form than under atmo- 
spheric pressure (Fig. 4), recognizable by formation of 
conjugated dienes with an absorption maximum at 
7, = 234 nm. At higher pressure the initial change is less 
distinct. Table 1 shows the decrease in linolenic acid as a 
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Fig. 4. Conjugated diene absorption (234 nm) after pressure treatment 
of linolenic acid. @ 0.1 MPa; + 350 MPa 

Table 1. Linolenic acid content after different times of pressure 
treatment [54] 

0,1 MPa 350 MPa 600 MPa 

1 h 99% 80% 91% 
3 h 76% 73% 89% 

21 h 52% 72% 80% 

function of pressure time and pressure height. Accordingly, 
high pressure (600 MPa) has a greater protective effect on 
the autoxidation of linolenic acid than medium pressure. 
Reaction products of subsequent reactions remain to be 
fully explored. Investigations are necessary also on the 
storability of high-pressure treated products which are rich 
in polyunsaturated fatty acids. 

Diels-Alder and Menschutkin reactions 

Diels-Alder reactions as [2 + 4] cycloadditions have been 
studied extensively under pressure. The pressure induced 
acceleration in this reaction is one of the largest. The 
reaction between electron-rich dienes and electron-defici- 
ent dienophiles is characterized by large negative activation 
volumes. In some cases activation volumes exceed reaction 
volumes. The activated complex hence has a very fight 
structure. The same applies also to inverse Diels-Alder 
reactions. 

The selectivity of a reaction can be controlled by 
pressure; in this way the product whose reaction volume 
is more negative is favoured. Optimal effects have been 
obtained by simultaneous variation of pressure and tempe- 
rature [55]. The chemo-and endo-selectivity of Diels-Alder 
reactions in aqueous media is strongly affected by hydro- 
phobic interaction [56, 57]. 

In food, Diels-Alder products may form during thermal 
treatment. Unsaturated fatty acids may turn into conjugated 
fatty acids which may react to Diels-Alder adducts [58]. 
Parsley-, lavender- and tagetes oil may also contain Diels- 
Alder products involving the influence of terpenoidal 
compounds [59, 60]. Retinol may form dimer products as 
well [61 ]. 



Quinones may act as dienophiles, and conjugated 
terpenoids as dienes [62]. Vitamin K3 (1) reacts with 
myrcene (2) to form the Diels-Alder products 3 and 4 at 
a ratio of about 1:1 (eq. 18). 

, "~ 40* C,60h , 
EtOH 

1 2 3 4 
(18) 

Vitamin K1 and I(2 have been found to react much less 
with myrcene under these conditions. Coenzyme Q0 (5) 
also reacts with 2 while the homologous ubiquinones fail to 
react (eq. 19). 

0 I I  

H 3 C O , ~  + 2 P,,T reoction - produ�9 
HsCO" ~1~ 

5 (19) 

It remains to be investigated whether detectable levels 
of Diels-Alder products result from high-pressure treatment 
of food. 

Cycloadditions governed by dipolar or concerted me- 
chanisms are accompanied by strong volume contraction in 
the transition state and accelerated by pressure [63]. 
Besides [2+4] also polar [2+2] cycloadditions are of 
interest. Pressure may affect the ratio between [2+2] and 
[2+4] cycloadducts in reactions involving both; the reaction 
showing the largest negative activation volume will domi- 
nate. Cycloadditions involving a dipol intermediate have 
been found to show an activation volume as large as that of 
Diels-Alder reactions. Nothing has been known so far about 
reaction products of this kind in food. 

Large negative activation volumes are characteristic of 
reactions involving charges arising in the product, e.g. 
quarternization of nitrogen, formation of sulphonium- and 
phosphonium salts. These reactions have been known as 
Menschutkin reaction (eq. 20). 

R 3 N  + R / - X ---+ R3 N+ - R / + X -  (20) 

AT* up to -50 cm3mo1-1 

Also dichloro- and dibromomethanes may be used as 
alkylating agents under pressure [64]. Whether Men- 
schutkin products form in pressure treated foods remains 
to be investigated. 

increasing pressure. In SN1 reactions increase of the V:~intr 
is overcompensated by contraction of the solvent in the 
transition state. In SN2 reactions volume contraction is 
brought about by formation of a covalent bond and by 
electrostriction in the activation step. Activation volumes 
are usually between - 1 0  and -35  cm 3 mo1-1. 

Acid catalyzed hydrolyses of ethers, esters, acetals, and 
ketals are governed by A-1 or A-2 mechanisms. A-2 
mechanisms are accelerated by pressure, while A-1 ones 
are retarded. Most of the ketals and acetals are assumed to 
be controlled by the A-1 type of process. Ethers and simple 
esters solvolyze quicker (A-2), orthoesters slower under 
pressure. The retardation is due to the substrates' capability 
of forming relatively stable carbenium ions. A classical 
example of A-1 hydrolysis pertains to the inversion of 
sucrose (eq. 21) [67]. 

HOH~O~ ~ CH20 H * H20 H "  O.gluGoDyro nose 

- - -  Hb o~ - . @ h ~  r D-fructopyronose 

OH 
(21) 

AT* = +6.0 cm3mo1-1 (25 ~ 

Hydrolysis of simple glucosides of monosaccharides 
seems to depend on the form - furanose or pyranose - of 
their carbohydrates. Hydrolysis of the glucopyranose form 
is retarded by pressure, while the glucofuranose form 
usually shows low negative activation volumes. This 
would mean that the first follows an A-1 mechanism, the 
latter an A-2 one [68]. Low volume contractions measured 
in model systems are supposed to be of no importance for 
corresponding reactions in pressure treated food. Neither 
is mutarotation assumed to be significantly influenced 
by pressure. Activation volumes of the transformation of 
~z-glucopyranose to [~-glucopyranose, and vice versa 
(eq. 22) are of the same order of magnitude. 

ha 
a - g l u c o p y r a n o s e  ~- /3-g lucopyranose  (22) 

kz 

AV*a = - 11.7 AV*D = - 10.8 cm3mo1-1 (25 ~ 

The reaction-rate constant k = kcr + k~ increases with 
increasing pressure, while the equilibrium constant 
Keq = ka/k[~ is independent of pressure. Due to the 
negative activation volumes, however, equilibrium is 
achieved faster under pressure [69]. 

Solvolytic reactions 

Other organic reactions and reaction types favoured by 
pressure include e.g. nucleophile substitution reactions or 
additions at double bonds [65, 66]. The significance of 
these in food is difficult to estimate. Of interest are also 
solvolytic reactions, especially those catalyzed by acids 
where the solvent acts as nucleophile (Lewis base). Solvo- 
lytic reactions of neutral substrates are accelerated by 

Effects of  pressure on biopolymers 

Many studies on the influence of high pressure on proteins 
and enzymes were related to studies on the mechanisms of 
adaptation of life to-deep sea conditions [70-72]. It is 
interesting that adaptation to low temperatures had proba- 
bly priority to adaptation to high pressure. The fall in 
temperature in the transition to deep-sea conditions (Ma- 
riana trench) delays chemical reactions by 400%, while an 
increase in pressure causes a change by 15% only [73]. 
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Fig 5. Pressure/temperature phase diagram of proteins, according to 
[74]. x = molar fraction denatured/native 
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Table 2. Typical volume changes of protein dissociation/association 
processes 

Protein Reaction AV (cm 3 mo1-1) Ref  

F-actin Dissociation, up to -74 up to -328 78 
240 MPa reversible 

Lactatede- Dissociation (M4--*4M) -500 l l  
hydrogenase holoenzyme, satd. with -390 

NADH 

7S storage Dissociation -146 79 
globulin 
(pea seeds) 

Ribosome Dissociation, <-240 11 
E. coli 70S---50S+30S 

Tryptophane- Dissociation 132-subunit -170 80 
synthase 

Arc repressor Dissociation -100 81 

Changes in proteins/enzymes at pressure of > 120 MPa 
have been investigated extensively. 

The structure of proteins changes under the influence of 
pressure. Pressure favours the dissociation of oligomeric 
proteins or of complex macromolecular systems, as well as 
unfolding of protein chains. A protein in its native state is 
stabilized by 

- covalent bonds including disulfide bridges 
- electrostatic interactions (ion pairs, polar groups) 
- hydrogen bridges 
- hydrophobic interactions. 

Pressure affects 

- the quarternary structure (e.g. through hydrophobic interactions) 
- the tertiary structure (e.g. through reversible unfolding) 
- the secondary structure (irreversible unfolding). 

Denaturation of single-chain proteins may be regarded as 
2-component system (native ~ denaturated); its pressure 
dependence is shown in Fig. 5 and has been exemplified by 
chymotrypsinogen [74]. This pressure/temperature depen- 
dence was first demonstrated by Suzuki in 1960 [75]. 
Differences in temperature and pressure denaturated pro- 
teins and gels are of interest for food industry. As is shown 
in Fig. 5, the denaturation temperature rises initially with 
increasing psessure. At maximal transition temperature the 
sign of AV changes; from this point on the protein 
denaturates at lower temperatures at the given pressure. 
At maximal transition pressure the sign of AS changes; 
from this point on the protein denaturates at lower pressure 
at the given temperature. It is hence possible to denaturate 
proteins by pressure at low temperatures. This aspect 
deserves particular attention; proteins e.g. in meat and 
fish may be denaturated at sufficiently low temperatures 
and low pressure; the products thus obtained may show 
special textural properties. One should remember that water 
is still liquid at -20 ~ when exposed to pressure of 
200 MPa. 

Native proteins are stable in a narrow range only; the 
difference in energy between native and denaturated state is 
small. For small proteins transition to the denaturated state 
is a cooperative process without detectable intermediates 

along the reaction pathway, while for oligomeric proteins 
or proteins with several domains denaturation is a complex 
process involving many intermediates. The determination 
of kinetic and thermodynamic parameters of the transition 
native - denaturated provides information about internal 
and external factors effecting stability. Also renaturation 
processes and their physico-chemical parameters are sour- 
ces of information about folding processes leading e.g. to 
active enzymes. 

Generally most of the proteins denaturate when exposed 
to pressure above 400 MPa. Measurements of changes in 
volume have shown that ~3-sheet structures are more stable 
against pressure than (~-helical ones. ~3-sheet structures are 
nearly incompressible, o~-helical structures form quicker 
than [3-sheet structures. Compact proteins of low flexibility 
show little compressibility and high stability. The mecha- 
nisms of protein denaturation by hydrostatic pressure and 
the compressibility of proteins have been subject of many 
reviews, e.g. [6, 76, 77]. 

Oligomeric proteins dissociate to subunits, with AV 
being negative. After dissociation subunits may aggregate 
or denaturate. At pressure above 200 MPa chains start 
unfolding and subunits of dissociated oligomers start 
reassociating. ~-Casein e.g. depolymerizes reversibly 
below 150 MPa, at higher pressures a temperature-depen- 
dent reversible reassociation is observed. Processes of this 
kind are frequently accompanied by hysteresis [76]. Ex- 
amples of protein dissociation are shown in Table 2. 

Enzymes are proteins of biocatalytic function which 
accelerate chemical metabolic reactions and which, espe- 
cially in the food sector, are gaining in importance with 
regard to selective substance transformations. Pressure 
affects not only the proteins, but also the reaction rate 
and equilibrium state in accordance with the fundamental 
laws of thermodynamics and kinetics. 

In enzyme reactions, two steps have to be considered: 1) 
substrate binding, resulting in a complex of substrate and 
enzyme, and 2) the catalytic step, activating the enzyme- 
substrate complex. Both steps may be subdivided into 
subprocesses [6, 82] in which hydrophobic or polar interac- 
tions, rearrangement of water molecules, and changes in 
conformation are involved. The change in volume mea- 
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Table 3. Typical behaviour of enzymes under high hydrostatic pressure 

Enzyme Condition Reaction Ref. 

Pectin 600 MPa, 20' 
methylesterase 20 ~ pH 2,5-4,5 

Polyphenoloxidase 500 MPa, 10' 
25 ~ pH 6,5 

Lipoxygenase 600 MPa, 30' 
40 ~ pH 7,8 

Taka-amylase A 400-700 MPa 
25-45 ~ 
p~ 6,8 

Actomyosin 700 MPa 
Mg-ATPase 30-60' 

0 ~ pH 7,0 

No complete 83 
inactivation 

Activation (pears 84 
and onions) 85 
followed by 86 
Inactivation 

Inactivation 87 

Inactivation 88 

No complete 89 
inactivation 

Hen's eggs 

Formation of gels up to 700 MPa [90-92]; destabilization 
of heat induced gels up to 300 MPa [93]; removal of 
cholesterol by supercritical carbondioxid [94]. 

Milk and dairy products 

Crystallization of milk fat [95]; influence on milk coagula- 
tion [93]; physico-chemical changes in skim milk up to 
600 MPa [96, 97] and in acid induced gels of skim milk 
[98]; cold sterilization [99], stability of immunoglobulins 
(in the colostrum of cattle) during cold sterilization [100], 
inactivation of lactobacilli, E. coli [101] and listeria [102]; 
soft cheese [103], yoghurt [104], fast ripening of cheese 
[105]. 

sured is the sum of all individual changes in volume. 
Formation of ligand-protein complexes may be accompa- 
nied by an increase in packing density. Substrate binding 
then increases the stability of the complexes due to reduced 
flexibility. In high substrate concentrations, the activation 
volume measured is governed by changes in volume during 
the catalytic step. In low substrate concentrations the 
activation volume may be concealed by a negative binding 
volume contribution. Therefore kinetic measurements of 
isolated enzymes have to be carefully checked for bio- 
logical relevance with regard to ligand concentration. The 
influence of pressure on the reaction rate of enzymes may 
lead to different rates for different substrates. This change 
in substrate specifity under pressure has been observed e.g. 
in nucleases and hydrolases [10]. 

In recent years inactivation of microorganisms has been 
the primary goal of pressure treatment; now attention is 
shifting to food enzymes. Pressure may influence enzymes 
in many ways; it may e.g. increase enzyme activity, change 
the substrate specifity, and even inactivate enzymes. Table 
3 shows influences of pressure on typical enzymes. 

Sol-gel transition occurs in proteins and polysaccharides 
in solution. Gelatine and polysaccharides are regarded as 
systems showing the charactistics of common polymer 
solutions. Globular proteins, however, yield gels with 
properties resembling those of colloids and emulsions. It 
is of considerable importance to food technologists that 
temperature induced gels of ovalbumin, soy protein and 
carrageen are destabilized by pressure, while those of 
agarose and gelatine are stabilized. The mechanical pro- 
perties of temperature and pressure induced gels of food 
proteins are different. Pressure induced gels are soft and 
glossy. Hardness increases with increasing pressure, while 
adhesiveness decreases. 

Applications 

Experiences from the use of high pressure have been 
reported for many foods. The following list does not 
claim completeness, but may be helpful to anyone con- 
cerned with high-pressure processing. 

Fish and fish products 

Products of novel texture in which the aroma of the meat of 
sardines, mackerels, carp, thuna, pollack, bream and cuttle- 
fish is largely retained [106-113] (see also review by 
Ohshima, [114]); sterilization of sea urchin eggs [115]; 
studies of lipidoxidation [51, 116]; texturization of water- 
soluble fish proteins [117]. 

Meat and meat products 

Novel roastbeef by pretreatment at 250 MPa, and novel 
bacon by pressure treatment before smoking [118]; tende- 
rizing of beef, pork, poultry- and rabbit meat [108, 
118-124]; studies on gel formation [125, 126] and its 
influence on taste [127]; inactivation of germs in, and 
aspects of storage of minced meat [128, 129]; foie gras 
of excellent quality and extended shelf-life [130]; stability 
of thiamine in rehydrated pork [131]. 

Other polymeric food components" and ingredients 

Pressure induced sol-gel transitions of various starches 
[132-134] and alginates [135]; opposite sol-gel transition 
behaviour of carrageen and agarose under pressure [93, 
136]; pectin extracted at 400 MPa from tangerines contains 
less gaiacturonic acid and methoxyl groups; the gel of 
pressure extracted pectin has different properties compared 
to gel of heat extracted pectin [137]; increased gel stability 
of gelatine up to 200 MPa [93]. 

Cereals and cereal products 

Improved cooking characteristics and reduced allergenic 
potential [138]; different physical properties of pressure 
induced gels from soybeans [90, 91]; changed hydration of 
corn [139]; sensory properties of pressure treated rice 
[140]; cake, crackers and wine of rice [140-143]; decon- 
tamination of spaghetti and rice products [144]. 
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Vegetables and vegetable products 

Blanching of  potato cubes [145]; preservation of  pickles 
[146], tomato ju ice  [147, 148] and onions [85]; influence 
on the hardness of  radish [150]; inactivation of  bean lectins 
[151]; decontaminat ion of  pepper  and spice mixtures 
[152-154] ;  influence on paprika pigments [155]. 

Fruit and fruit products 

Preparation of  fruit products [156, 157]; sterilization of  
honey [158]; changes in the volati le compounds of  peaches 
[159] and grapefruit  [160]; changes in the composit ion of  
tea [161]; pasteurization of  beverages [162] and of  citrus 
juice in part icular [163-165] .  

C~omeNo~ 

Storage of  pork and beef  at 5 to - 2 0  ~ and 5 0 - 2 0 0  MPa 
[166]; pressure shift freezing of  soybean noodles and tofu 
[167, 168]; thawing of  thuna at 150 MPa [169]; use of  
pressure disinfected ice-nucleat ion active bacteria [170]. 

Prospect 

High hydrostat ic pressure has been used in the food sector 
to inactivate microorganisms.  Protein denaturation, enzyme 
inactivation, protein gelation and the sol-gel behaviour  of  
polysaccharides under pressure are contributions of  unfore- 
seeable importance for the food sector in particular. 
Chemical  aspects of  pressure treatment of  food are mani- 
fold. Optimal  treatment is required in any case. Products 
obtained in this way retain their original state of  freshness 
but may have been changed in texture; so interesting 
innovative products will  become available. 
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