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Abstract High pressure can be applied for the inactivation of
endogenous enzymes detrimental to fruit and vegetable products.
One of the enzymes that affect the quality of fruits and vegetables
is pectinmethylesterase (PME), responsible for cloud destabiliza-
tion and consistency changes. Depending on the desired quality
of the developed product, PME can be partly or fully inactivated.
In this review paper, the cited results in the literature of the high
pressure inactivation of PMEs in model systems after extraction
and purification as well as in real food systems is comprehen-
sively presented. It is discussed that the pressure stability of
PMEs can vary significantly, especially when comparing the
more pressure-sensitive types, like orange juice (Valencia cv.)
PME, with the more barotolerant ones like purified banana
PME (Cavendish cv.). This variation can be attributed to the type
of enzyme, the coexistence with other enzymes, type of sub-
strates, ionic strength, pH and nature of the medium in which
the enzyme is dispersed. This review may support the systematic
evaluation and optimal design of fruit and vegetable product high
pressure (HP) processing aiming to control their shelf-life, espe-
cially when considering that milder conditions are necessary for
the inactivation of microorganisms compared to endogenous
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enzymes. Using literature data, an exponential mathematical
model was uniformly applied to enable a better comparative
assessment of pressure effects, on all PMEs discussed in this
manuscript, obtained from different plant sources.

Keywords Plant pectinmethylesterases - High pressure
processing - Inactivation kinetics

Introduction

Processing methods to control the growth of pathogenic or
spoilage microorganisms as well as the activity of intrinsic
enzymes play a key role in the food production industry.
Failure to achieve specified requirements for enzyme and mi-
crobial inactivation can result in inadequate safety and quality
of food products. One of the enzymes that affect the quality of
fruit and vegetable products is pectinmethylesterase (PME);
thus, control of its activity is a prerequisite in the food and,
especially, beverage industries.

PME:s can play diverse roles in fruit and vegetable process-
ing. They can aid processing, improve the product sensory
characteristics and increase the efficiency of industrial opera-
tions. In the food industry, PMEs can be used for extraction
and increase of juice yield (fruit and vegetable juice
manufacturing) [1-3], fruit juice clarification [4], enzymatic
peeling of fruits [2], rheological property characterization of
purees and pastes (mainly for tomato products) [5], production
of high-quality wines [6] and extraction of pigments and food
colourings [7]. In most of these applications, PMEs are used
for the complex degradation of pectin. On the other hand, they
cause a serious quality defect in cloudy juices and concen-
trates (cloud loss), due to precipitation of pectin demethylated
by PME with calcium ions [8, 9]. Hence, in most cases, one of
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the main concerns of the fruit industry is the inactivation of
this enzyme, which deteriorates the quality of final juices.

During processing, PMEs can be denatured and partly or
completely inactivated resulting in reduced pectin conversion.
Under certain conditions, enzyme activity may increase
resulting in a higher pectin conversion. Apart from enzymatic
pectin conversions, under appropriate conditions of tempera-
ture and pH, chemical conversion reactions can be observed
during processing of plant-based food products without the
presence of PMEs (either (3-elimination reaction or acid hy-
drolysis) [10]. Consequently, the processing-induced modifi-
cations on the structure and activity of the PMEs can have a
positive or negative effect depending on the desired character-
istics of the food product. To date, the food industry employs
mainly conventional methods for the inactivation of PME in
fruit products such as thermal methods (pasteurization).
Thermal inactivation of PME has been the subject of many
studies [11-13]. In the case of orange juice, PME is usually
inactivated by pasteurization at 90 °C for 1 min [14].
Traditional thermal processing, however, can negatively affect
heat-sensitive nutrients and food product quality factors such
as flavour, colour and texture [15—18].

In recent years, novel technologies such as high pressure
(HP) processing, pulsed electric fields (PEFs) and ultrasound
or a combination of these technologies can also offer an alter-
native non-thermal processing method for (cold) pasteuriza-
tion of food. These methods present some fundamental bene-
fits related to the mild conditions involved, particularly be-
cause the process takes place at lower temperatures (usually
ambient temperatures or temperatures even lower than 10 °C),
than those used for thermal pasteurization. These technologies
target microorganism and enzyme inactivation while main-
taining the nutrient content and flavour of foods and, conse-
quently, the quality of final products [19-22]. Among these
technologies, HP is considered the most promising based on
the results cited in the literature for the inactivation of micro-
organisms and enzymes and based on the potential applica-
tions and already established units in food industries. During
the HP process, products, usually packed in flexible packag-
ing, are introduced into the HP vessel and subjected to high
hydrostatic pressure (mostly in the range of 100 to 650 MPa)
transmitted by fluid (in most applications water). Products are
practically considered to be pressurized instantaneously and
uniformly to all directions independent of product size and
geometry, although in cases of solid foods with constituents
of highly different compressibility variations in the spatial
distribution of pressure can occur. Adiabatic heating in the
range of 2° to 5° per 100 MPa occurs during pressurization.
The effect of HP treatment is a function of the process param-
eters, applied pressure (MPa), temperature (°C), holding time
(min), pressure buildup time (min) and pressure release time
(min). In addition, when applying high pressures, adiabatic
heating should also be considered as an influence factor.

Adiabatic heating is caused by compressive work against in-
termolecular forces resulting in temperature increase during
pressurization. The temperature reached during pressurization
can be readily derived assuming that there are no thermal
losses [23].

In contrast to other technologies, HP may also be used for
the selective enzyme inactivation where and when required,
since different process parameters are required for different
enzyme inactivation. Such a case is the selective inactivation
of polygalacturonase (PG) in tomato products while simulta-
neously retaining most of PME activity, associated to alter-
ations in the rheological properties of tomato purees and
pastes, providing tomato products of superior quality [5, 24,
25]. In the conventional processing of tomatoes, when high
consistency and viscosity is desired, a heat shock treatment
(hot break) is used to inactivate both PME and PG. When high
consistency is not a prerequisite, cold break is used resulting
in lowering viscosity since PME and PG degrade pectin.
Generally, PME activity control is of high significance in the
food industry for fruit and vegetable process optimization, for
high-quality final products.

In the literature, there is a significant number of papers
describing the effect of high pressure (HP) and temperature
on PME activity from different fruits and vegetables, such as
citrus-based foods [15, 26-35], tomato-based foods [25,
36-39], peach [40], strawberry [27, 41], pepper [42, 43], car-
rot [41, 44-46], banana [47, 48], apple [49], persimmon [50]
and sea buckthorn [51]. A number of the aforementioned
studies have been performed on the purified forms in buffer
solutions such as citrate and Tris—HCl buffer. In general, PME
purification is mainly performed by a series of fractionations
by which the enzyme is separated from other proteins present.
A common first step to isolate PMEs is precipitation with
ammonium sulphate (NH,4),SOy. This is performed by adding
increasing amounts of ammonium sulphate and collecting the
different fractions of precipitate protein. PMEs are subse-
quently purified using different chromatographic techniques
considering differences in protein size, physico-chemical
properties, binding affinity and biological activity among the
protein molecules.

As evidenced by results cited in the literature, the degree of
PME inactivation depends on the origin of the enzyme, since
different behaviours have been observed.

A comparative assessment of the effect of high pressure
processing parameters on the activity of PMEs from different
sources in a quantitative manner is very important.
Knowledge of PME stability dependence on pressure and
temperature allows for the proper design of HP processes en-
suring high quality of products. Mathematical models capable
to describe the pressure inactivation kinetics of PME from
different plant sources as a function of temperature and pres-
sure serve as tools for such design and are critically presented
in this review.
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Mechanism of Action of PMEs

Pectinmethylesterase (PME, EC 3.1.1.11), an endoge-
nous enzyme, can be found in the cell walls of fruits
and plants and can be produced by several microorgan-
isms [52, 53]. PMEs of higher plants such as citrus [26,
34, 54-58], banana [47, 48], apple [59], strawberry
[60], apricot [61], persimmon [62], papaya [63, 64],
cherry [65], peach [66], plum [67], pepper [42], carrot
[41, 46, 68, 69] and tomato [70, 71] have been the
focus of several studies that include purification, molec-
ular investigations and kinetic research of enzyme activ-
ity and stability.

In general, the PMEs are moderate-sized enzymes with
molecular weight ranging from 25 to 54 kDa [72]. They are
mainly active as monomers. Most of the PMEs are glycopro-
teins, but lipoproteins have also been indentified mainly from
bacteria such as Erwinia chrysanthemi [73]. With regard to the
isoelectric point, values from 3.1 for fungal PME to 11 for a
tomato PME have been reported [72]. It has been found that
the stability of PMEs depends on several parameters such as
matrix composition, model system in which the enzyme is
dissolved, purification level of enzyme and pH [13, 33, 74].
According to the above statements, the stability of PME de-
pends on the source of the enzyme.

PME is responsible for the de-esterification of pectin, re-
leasing methanol, pectin with a low degree of esterification
and hydrogen ion, as depicted in Picture 1.

Different mechanisms of PME action have been proposed.
The mostly accepted hypothesis is that they could act either
randomly or linearly along the chain of pectins [75—77]. When
PMEs act randomly on homogalacturonans,
demethylesterification releases protons that promote the ac-
tion of endopolygalacturonases and contribute to cell wall
loosening. When PMEs act linearly on homogalacturonans,
they give rise to blocks of free carboxyl groups that could
interact with Ca®*, creating a pectate gel. Because the action
of endopolygalacturonases in such a gel is limited, this action
pattern of PMEs contributes to cell wall stiffening. Three-
dimensional crystallography of microbial (produced by
E. chrysanthemi, PemA and Yersinia enterocolitica) 78] and
plant PME obtained from carrot [79] and tomato [80] has been
reported. Based on the 3D structure of PME and primary
sequence alignments, Pelloux et al. [81] suggested a specific
mechanism of action. In particular, two aspartates (Asp) and
one arginine (Arg) are strictly conserved among PMEs. One
of the Asp residues makes a hydrogen bond to Arg and is
therefore most likely unprotonated. The other Asp is likely
to be protonated. A water molecule adjacent to the
unprotonated Asp may be activated by transferring its proton
to the Asp. The hydroxyl generated can then attack the car-
bonyl carbon. Simultaneous protonation of one of the oxygens
results in the formation of a tetrahedral intermediate, which
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collapses with the release of methanol and thus results in
demethylation.

Effects of Combined High Pressure and Temperature
on PME from Various Plant Sources

Changes in active site or enzyme denaturation (conformation-
al alteration of protein molecule) can lead to a reversible or an
irreversible loss of activity. HP can modify protein structure
[82] and thus enzyme activity [83]. The principles of structure
of proteins including optimum packing of the hydrophobic
core, minimum hydrophobic surface area and ion pairs within
and between subunits have to be taken into account when
studying the effect of processing on the structural changes of
the enzymes. The HP mechanism for enzyme denaturation is
governed by the Le Chatelier principle, which predicts that
application of pressure shifts an equilibrium to the state that
occupies the smallest volume, so any reaction accompanied
by volume decrease is accelerated by elevated pressures [27].
In view of the specificity of enzymatic reactions, enzymes
may be affected by pressure in several ways [84]: (i) pressur-
ization at ambient temperature may lead to reversible or irre-
versible, partial or complete enzyme inactivation resulting
from conformational changes in the protein structure; (ii) en-
zymatic reactions may be accelerated or retarded by pressure,
depending on the positive or negative reaction volume; (iii) a
macromolecular substrate may become more sensitive to en-
zymatic depolymerization or modification once it has been
pressurized and (iv) intracellular enzymes may be released
in extracellular fluids or cell cytoplasm due to alteration of
the membranes by pressure, thereby facilitating enzyme—sub-
strate reactions.

For the controlled inactivation of many plant PMEs, due to
their extreme pressure (needed pressures higher than 600 MPa
atroom temperature) and thermal (needed temperatures higher
than 80 °C, at atmospheric pressure) stability, combined pro-
cesses (HP in conjunction with mild or elevated thermal treat-
ment) might be needed. Combined HP treatments may in-
crease the efficiency of non-thermal processing and reduce
the severity of non-thermal treatment needed to obtain a given
level of enzyme inactivation. Thus, processing conditions re-
quired are generally less severe than those used for either
treatment alone. The results found in most papers cited in
the literature, as previously discussed, show that when proc-
essed at the same process conditions, the degree of PME in-
activation from different sources varies. This variation can
only be partly attributed to the type of enzyme, the presence
of other enzymes, type of substrates, ionic strength, pH, nature
of the medium in which the enzyme is dispersed, pressure,
temperature and treatment time [33, 84, 85].

In general, more intense pressure and temperature process
conditions enhance enzyme inactivation. In some cases, there
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is a synergistic effect of pressure and temperature (process
combining pressure at a certain temperature results in faster
inactivation when compared to enzyme inactivation by only
thermal treatment at the same temperature), as expected (an
alteration in the volume of hydration influences the denatur-
ation of the enzyme under a high pressure environment that, in
combination with thermal treatment, results in enzyme
unfolding and higher inactivation due to synergistic effect)
[86]. However, at high temperatures (close to temperatures
resulting in thermal inactivation of enzymes at atmospheric
pressure, i.e. >70 °C), an antagonistic effect of pressure and
temperature could be observed. In these cases, the enzyme
inactivation is slower when the enzyme is treated at a certain
temperature combined with pressure, compared to the inacti-
vation by only thermal processing. Such antagonistic effect of
pressure on thermal inactivation can be explained by the fact
that at atmospheric pressure, temperature increase affects both
non-covalent and covalent bonds, resulting in aggregated or
incorrectly folded enzymes. It entails that the active site be-
comes inaccessible (due to protein unfolding) and the enzyme
loses its activity. On the contrary, when increasing pressure,
some parts of the enzyme molecule (especially the active site)
are ordered, resulting in partial or complete recovery of en-
zyme activity [74].

This trend has also been observed in several studies of plant
PME inactivation, with pressure and temperature exerting
counteracting effects on the low-pressure-high-temperature
region. Fachin et al. [70] investigated the effects of HP on
purified tomato PME and PME in tomato juice and found that
PMEs were pressure-stable, with a distinct antagonistic effect
of pressure and temperature. This is in line with the work of
Stoforos et al. [25] who observed high inactivation rate of
tomato PME during processing at 75 °C and ambient pressure
and reduction of PME inactivation with increasing processing
pressure (at pressures between 200 and 600 MPa) at the same
temperature. Other researchers studied the HP inactivation of
orange PMEs and found a synergistic effect of pressure and
temperature on this enzyme under HP processing conditions,

except in the high-temperature (>70 °C)—low-pressure
(<300 MPa) region where an antagonistic effect was noted
[32, 34]. Such a behaviour was also reported for various plant
PME:s by other researchers, i.e. inactivation of carrot PME
[45], banana PME [48], white grapefruit PME [30], green
pepper PME [42] and peach PME [40]. A synergistic effect
of pressure and temperature may be observed for some en-
zymes when treated up to a certain pressure or/and tempera-
ture, and an antagonistic effect may be observed for more
intense process conditions and vice versa.

Structural changes in HP-treated PMEs may elucidate the
mechanism underlying enzyme inactivation at the molecular
level and may provide information for further assumptions.
Taking into account the principles of structure of proteins,
i.e. optimum packing of the hydrophobic core, minimum hy-
drophobic surface area and ion pairs within and between sub-
units, it is clear that HP has to be effective at the levels of both
tertiary and quaternary structures and possibly secondary
structure. Alterations in protein conformation may lead to
changes in activity of those proteins.

Regarding PMEs, since structural changes are respon-
sible for changes in their catalytic behaviour, HP-
induced structural changes of enzymes are important
aspects to be discussed. Alexandrakis et al. [26] inves-
tigated the HP-induced and the heat-induced structural
changes upon the purified PME molecules from two
different orange sources (Navel and Valencia cv.).
Results showed that the pressure effects were negligible
in the secondary structure of orange PMEs. This verifies
that HP alone does not cause alterations on the mole-
cule’s secondary structure. Instead, it supports the as-
sumption that pressure bears a minimum effect upon
the hydrogen bonds that are responsible for the second-
ary structure network maintenance [86, 87].

On the other hand, the near-UV CD spectra of PMEs, as-
sociated with the enzyme’s tertiary structure, reveal signifi-
cantly altered patterns. The application of pressure led to ex-
tensive, irreversible changes of the enzyme. The magnitude of
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these structural changes was greater for higher pressure values
and was otherwise independent of the duration of the treat-
ment for temperatures below the PME’s thermal denaturation
limits. Pressure is generally assumed to denature proteins by
the destabilization of hydrophobic aggregates, thus allowing
water molecules to be forced into the protein interior. This
will, in turn, affect the molecule’s tertiary structure [88]. It is
evidenced that exposure to HP may lead to a structurally mol-
ten globule-like state, where the PMEs maintain a secondary
structure of untreated protein molecules, while a tertiary struc-
ture is substantially affected bearing subsequent impact on the
substrate—enzyme binding interaction, leading to reduction of
enzyme activity.

Effect of HP on PME Inactivation in Citrus Products

High pressure processing may affect the stabilization of citrus-
related juices, resulting in an extension of their shelf-life. A
number of studies have shown that PME in citrus-based prod-
ucts is not fully inactivated after certain pressure treatments
[28, 31-34, 89, 90].

Basak and Ramaswamy [15] studied the effect of HP on
PME activity in orange juice (freshly squeezed or
reconstituted frozen concentrate with commercial citrus
PME added) in the range of 100400 MPa and investigated
the effects of pH on pressure inactivation of PME. PME ob-
tained from orange juice was found to be inactivated more
rapidly at pH 3.2 than at pH 3.7. At the natural pH of 3.7,
inactivation of PME was found to be relatively small (up to
25% at 400 MPa). However, the effect was clearly noticeable
at pH 3.2 with inactivation increasing from about 25% at
100 MPa to as high as 90% at 400 MPa. They also reached
a conclusion that total soluble solid content in orange juice
affects the inactivation rate of PME. The baroprotective effect
of orange juices containing large concentrations of soluble
solids on PME activity was demonstrated.

Cano et al. [27], working in the pressure range of 50—
400 MPa combined with heat treatment at 20-60 °C, reported
that only combinations of low pressures and mild tempera-
tures inactivated PME in freshly squeezed orange juice
(Citrus aurantium, Salustiana, Spain), with a maximum 25%
reduction of the initial activity of PME after treatment at
200 MPa and 30 °C. Goodner et al. [28] investigated the
PME inactivation in orange juice with additional pulp
(Valencia cv.) using high pressure processing in the range of
500-900 MPa. Results showed that the thermal-sensitive form
of PME was effectively inactivated, while the thermal-tolerant
form was slightly affected. Nienaber and Shellhammer [91]
found that PME in non-concentrated frozen Florida oranges
followed first-order kinetics in the range of 400-600 MPa and
25-50 °C with residual activity of the pressure-resistant en-
zyme. Other researchers used the response surface method in
order to evaluate the combined effect of pressure cycle,
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pressure level and treatment duration on inactivation of PME
in single strength and concentrated orange juice during high
pressure processing [89]. Furthermore, kinetic studies on the
inactivation of PME in model systems of commercial PME
purified from orange peel (Valencia cv.) in the range of 50—
900 MPa combined with temperatures from 15 to 67 °C were
conducted by Van den Broeck et al. [34]. They found that high
pressure inactivation of PME could be described by a first-
order fractional conversion model, estimating the inactivation
rate constant of the labile fraction and the remaining activity of
the stable fraction.

The degree of PME inactivation depends on the environ-
ment of the enzyme-model solution or the particular food
system; even on the variety and origin of the material used,
other researchers examined the effect of intrinsic factors such
as pH, food composition and purification level of enzyme on
PME inactivation, combined with thermal and high pressure
processing. Irwe and Olsson [85] investigated PME inactiva-
tion in different orange juices by applying pressures up to
600 MPa combined with moderate temperatures. They con-
cluded that the degree of PME inactivation was dependent on
the citrus variety used. This is in line with other works which
indicated that PME from Valencia orange juice (inactivation
rate constant, k= 2.99 minﬁl) was found to be more sensitive
than Navel orange juice PME (inactivation rate constant,
k=035 minfl) at the same treatment conditions (400 MPa,
30 °C) [31, 32]. Similarly, PME from Navel orange juice was
found to be more sensitive than purified PME from white
grapefruit (Citrus paradisi) (k values were calculated as 1.76
and 0.113 min "' respectively at 600 MPa and 50 °C) [30, 32].
Sampedro et al. [33] studied the inactivation kinetics of PME
in an orange juice—milk-based beverage system as well as in
different orange matrices under combined conditions of HP
and heat. PME was found to be more thermostable in the
orange juice—milk beverage than the other media, while it
was more pressure-resistant in the purified enzyme in a buffer
system (pH = 7.0). Residual enzyme activities of 17 and 6%
were observed in the orange juice—milk system and orange
juice after a treatment at 750 and 700 MPa respectively, while
a remaining activity of 20% was observed after a treatment at
800 MPa in the case of the purified enzyme (pH 7.0). This fact
could mean that pH, matrix composition and purity all con-
tribute significant roles in the stability of PME against the
different HP processing conditions.

Collectively, these studies demonstrated the potential of
high pressure processing to inactivate PME to a level that
preserves cloud. Bull et al. [90] made an effort to determine
a commercially suitable HP that would allow production of a
high-quality orange juice (Navel and Valencia cv.) with a re-
frigerated shelf-life sufficient to meet the requirements of the
market. Other researchers pointed out that HP can be used for
Valencia orange juice cold pasteurization, by inactivating the
factors that cause quality deterioration, such as dominant
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spoilage microorganisms (lactic acid bacteria) and endoge-
nous PME, while minimally affecting its nutritional and sen-
sorial characteristics. They found that the optimal estimated
process conditions for that type of orange juice were 360 MPa
at 35 °C for 2 min [31].

Effect of HP on PME Inactivation in Carrot-Based
Products

Many researchers support that high pressure processing would
be satisfactorily implemented to carrot-based products in or-
der to produce safe products of high quality. Ly-Nguyen et al.
[41] found that the thermal and the pressure inactivation of
purified carrot (“BELGIAN red carrot”) followed a fractional
conversion model with a residual PME activity (3%), indicat-
ing the existence of both a pressure-labile and a pressure-
tolerant isoenzyme in the pressure range of 600 to 700 MPa.
In comparison to PME obtained from oranges, the carrot PME
is more thermal-sensitive. Ly-Nguyen et al. [45] also reported
that pressure and temperature act synergistically, except in the
high-temperature (>50 °C) and low-pressure region (100—
300 MPa) where an antagonistic effect was found. These au-
thors also pointed out that a kinetic study of carrot PME in real
carrot-related products is worth investigating. Hence, Balogh
et al. [44] studied the carrot pieces and juice PMEs as well as
purified PME of this vegetable using HP of 700 and 800 MPa,
in the range of 10—40 °C, in order to evaluate this technology
on these products. Results indicated that PME contained in
carrot pieces (decimal reduction time, D-value of about
161 min at 700 MPa and 10 °C) appeared to be more sensitive
than PME in carrot juice (188 min, respectively) and purified
PME (172 min, respectively). They also examined the stabil-
ity of carrot PME at pH 4.5, 5.5 and 6.0. Purified carrot PME
seemed to be more thermostable and pressure stable at pH 6.0
(which is the pH of carrot juice) compared to its stability at pH
4.5 or pH 5.5.

Effect of HP on PME Inactivation in Tomato-Based
Products

Several studies have dealt with the impact of HP on PME
inactivation in tomato-based products [36, 37, 39, 71,
92-95]. Aiming at an optimal process design of this kind of
product, the knowledge of the stability (inactivation) of the
enzymes that affect the quality of the final product is neces-
sary. Crelier et al. [93] compared heat inactivation and com-
bined pressure—heat inactivation of PME and PG in tomato
juice. Tomato PME and PG were inactivated by heat treatment
at atmospheric pressure following first-order kinetics at tem-
peratures of 60 to 75 and 80 to 105 °C, respectively. Tomato
PG activity was inactivated completely by HP treatment at
600 MPa and 30 °C for 5 min. Stabilization of tomato PME
was observed at temperatures of 60 to 75 °C under pressures

ranging from 100 to 600 MPa. This is in line with the work of
Shook et al. [95] which indicated that PME in tomato pieces is
very stable in the range of 400-800 MPa and 25-45 °C. Van
den Broeck et al. [38] studied the effect of HP and thermal
treatment on activity of commercial tomato PME. Tomato
PME was found to be heat-sensitive at atmospheric pressure,
but it was very pressure-resistant [96, 97]. Fachin et al. [70]
also examined the processing stability of purified tomato
(Lycopersicon esculentum var. Flandria Prince) PME in buffer
solution as well as in tomato juice. In both systems, PMEs
were pressure-resistant and it was observed that pressure acts
antagonistically to the temperature. Such a behaviour was also
reported by Stoforos et al. [25] pointing out that the tomato
processing should be described by considering two mecha-
nisms of inactivation. One of the mechanisms can be related
with pressure, the other one with temperature-induced chang-
es in enzyme activity. Rodrigo et al. [37] reported that only
high pressures (above 700 MPa) inactivated PME in different
tomato varieties. This is in line with the findings observed by
Houben et al. [98] mentioning that only 30% of pressure-
stable PME in tomato puree was inactivated at 800 MPa
(20 °C, 10 min).

A residual activity of 50% was observed in the tomato juice
after a treatment at 850 MPa for 15 min. Nevertheless, Plaza
et al. [36] reported the existence of a pressure-labile PME
isoenzyme in tomato (L. esculentum, variety Perfect Peel).

Boulekou et al. [5] studied the HP inactivation of PME and
PG in tomato variety (Red Sea). They concluded that high
pressure processing can be used for the selective inactivation
of PME and PG leading to products with improved quality
characteristics such as viscosity, colour and consistency.
According to the overall results of this work, high pressure
processing could be used in order to replace the traditional
industrial tomato processing methods leading to products with
superior-quality characteristics.

Effect of HP on PME Inactivation in Other Products

High pressure processing of several vegetables and fruits is
advantageous from the point of nutrient content because non-
significant detrimental impacts of this technology on nutrients
have been reported. Ly-Nguyen et al. [47, 48] studied the
effect of pressure (up to 900 MPa) combined with mild tem-
perature on PME extracted and purified from banana
(Cavendish cv.). High pressure inactivation of this enzyme
can be described by a fractional conversion model. Residual
activity of purified banana PME was estimated to be approx-
imately 8% after HP treatment in the range of 600 to 700 MPa
at 10 °C for prolonged times accounting for the presence of a
pressure-stable fraction of PME in bananas. When pressure of
800 MPa was applied at temperatures higher than 70 °C, the
inactivation of purified banana PME was decreased compared
to equivalent heat treatments at atmospheric pressure
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indicating an antagonistic effect of pressure and heat. Banana
PME was sensitive to pressure increases ranging from 700 to
800 MPa at 64 °C.

Ly-Nguyen et al. [60] also purified strawberry PME and
subjected the PME to HP treatments at ambient temperature.
Pressure stability of strawberry PME was characterized by a
fractional conversion model suggesting the presence of both
pressure-labile and pressure-tolerant forms with prolonged
pressure treatment. Strawberry PME was extremely
pressure-resistant with a smaller £ value during pressure treat-
ments at 1000 MPa (k = 0.0260 minﬁl). In addition, the effect
of HP on PME in strawberry puree was investigated by
Bodelon et al. [99] at 100400 MPa/20 and 50 °C for a treat-
ment duration of 15 min. Maximum inactivation of 13% was
observed at 300 MPa/50 °C/15 min. On the other hand,
Chakraborty [100] reported that the addition of sugar in straw-
berry puree enhanced PME inactivation during HP. A pres-
sure-temperature synergy was observed with maximum inac-
tivation (60%) achieved at 600 MPa/10 min/80 °C/30% added
sugar. Nunes et al. [67] investigated the effect of high pressure
on purified PME from greengage plums (Prunus domestica
cv.) and found that its pressure inactivation could be described
by a first-order kinetic model in a pressure range of 650—
800 MPa at ambient temperature. PME from plums was more
thermal- and pressure-tolerant for treatments below 600 MPa
compared to PME from other fruits such as peach pulp [40]
and orange juice [32]. Several studies dealt with the effect of
HP on PME inactivation in pepper-based products. Castro
etal. [42] investigated the HP inactivation of the labile fraction
of purified pepper Capsicum annuum cv.) PME in a model
system (pH = 5.6). It was found that pressure acts antagonis-
tically to the temperature at lower pressures (P < 300 MPa)
and high temperatures (>54 °C).

Baron et al. [101] working in the pressure range of 200—
600 MPa combined with heat treatment at 15-65 °C observed
partly inactivation of PME in apples (Golden Delicious). In
particular, 61 and 68% inactivation of purified apple PME in
citric—phosphate buffer (pH 4.0) was observed after applica-
tion of HP at 100 and 650 Mpa, respectively, at 20 °C regard-
less of the treatment time, which appears to be due to the
instantaneous pressure inactivation of the pressure-labile frac-
tion. Boulekou et al. [40] studied the effect of HP (100—
800 MPa) combined with temperature (30-60 °C) on PME
in peach pulp (Everts cv.). They reported that pressure and
temperature acted synergistically on PME inactivation, except
at the high temperature of 70 °C and middle pressure range
(100600 MPa), where an antagonistic effect of pressure and
temperature was observed. Pressure effects on PME in peach
juice was investigated by Rao et al. [102] at 400-600 MPa and
25 °C for 5-25 min. Maximum 50% PME inactivation was
reported at 600 MPa/25 min/25 °C, whereas no change was
observed at 400 MPa. Bermudez-Aguirre et al. [103] investi-
gated the pressure stability of mango (Mangifera indica L. cv.)

@ Springer

nectar PME at three different pressures (247, 345 and
415 MPa—17 °C). PME was found to be pressure-resistant,
showing the highest decrease in enzymatic activity (45%) af-
ter 4 min at 345 MPa but with a significant activation at
414 MPa.

Katsaros et al. [50] found that the thermal and high pressure
inactivation of persimmon PME was described by first-order
kinetics both in thermal and in HP treatment. Persimmon PME
appeared to be an enzyme of high pressure and temperature
resistance. For a 90% enzyme inactivation, 5.5 min at 90 °C or
35 min at 800 MPa and 70 °C is required. Ortuno et al. [104]
investigated the effect of HP on PME in feijoa (Acca
sellowiana) puree. The residual PME activity of HP-treated
samples at 600 MPa (25 °C, 5 min) was found to be equal to
65%. Also, they pointed out that using HP along with other
techniques such as dense phase carbon dioxide (DPCD), low-
er HP pressures may be used for a given inactivation level.

HP inactivation of PME in watermelon juice was studied
by several researchers [105, 106] where contradictory findings
were noticed. According to Liu et al., inactivation of 77% was
achieved at 600 MPa/25 °C/60 min, while Zhang et al. sup-
ported that more intense process conditions (900 MPa/60 °C/
40 or 60 min) are required for a similar degree of inactivation.

Alexandrakis et al. [51] studied the effect of the conven-
tional thermal pasteurization (60—80 °C) and high pressure
(200—-600 MPa) cold pasteurization (temperatures lower than
35 °C) on sea buckhorn juice. Based on the PME inactivation
and antioxidant activity retention, they suggested that the op-
timal process conditions for commercial production of
superior-quality sea buckthorn juice were 600 MPa, 35 °C
and 5 min process time.

Factors Affecting Sensitivity of PMEs to Pressure
Inactivation

As clearly demonstrated in the previous paragraphs, sta-
bility of PMEs against HP and thermal processes de-
pends on the source of the enzyme. Among the PMEs
investigated, tomato PME appears to be the most
pressure-resistant with no inactivation at ambient condi-
tion even up to 800 MPa, while orange PME is the
least pressure-resistant with the inactivation of the labile
fraction to be achieved at ambient temperature and pres-
sures close to 300 MPa. Purified strawberry and banana
PMEs have also been reported to be pressure-stable
since their inactivation requires pressures above
800 MPa in combination with mild heating. Reference
could be made to Table 1 in which the most important
findings of published works regarding the effect of HP
parameters on the activity of plant PMEs in different
matrices are summarized.

One possible explanation about the aforementioned en-
zyme’s behaviour against HP processing is that PMEs from
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Table 2 Kinetic models for high pressure inactivation of plant PMEs in different systems (buffer, juice, tissue)

Processing conditions

Reference

Source Buffer solution/medium  Kinetic model
Banana (Cavendish cv.) Tris buffer pH 7.0 Fractional conversion
Carrot (Daucus carota L. cv.) Tris buffer pH 7.0 Fractional conversion
Carrot (D. carota L. cv.) Citrate buffer pH 6.0 First-order

Carrot (D. carota L. cv.) Juice pH 6.0 First-order

Carrot (D. carota L. cv.) Pieces pH 6.0 First-order

Orange Juice pH 3.7 First-order

Orange Deionized water Fractional conversion
Orange (Valencia cv.) Juice First-order

Orange (Navel cv.) Juice pH 3.4 Fractional conversion
Orange (Valencia cv.) Juice pH 3.8 Fractional conversion
Orange (Navel cv.) Tris buffer pH 7.5 First-order

Orange (Valencia cv.) Tris buffer pH 7.5 First-order

Orange (Navel cv.) Orange-milk beverage Biphasic

White grapefruit (Citrus paradisi cv.) — Tris buffer pH 7.0 Fractional conversion
Pepper (Capsicum annuum cv.) Citrate buffer pH 5.6 Fractional conversion
Plum (Prunus domestica cv.) Tris buffer pH 7.5 First-order

Tomato (Lycopersicon esculentum cv.) — Puree First-order

Tomato
Tomato (L. esculentum cv.)

Deionized water
Citrate buffer pH 6.0

First-order
First-order
Fractional conversion
Fractional conversion
First-order
First-order

100-900 MPa 30-76 °C
100-825 MPa 10-65 °C
650-800 MPa 10-25 °C
700-800 MPa 10 °C
700-800 MPa 40 °C
100-400 MPa 1040 °C
600-900 MPa 20-30 °C
400-600 MPa 25-50 °C
100-800 MPa 30-60 °C
100-500 MPa 2040 °C
200 —700 MPa 45-55 °C
200-700 MPa 40-55 °C
500-700 MPa 25-65 °C
100-800 MPa 10-62 °C
100-800 MPa 1064 °C
650-800 MPa

400-800 MPa 30-75 °C
100-900 MPa 40-60 °C
100-800 MPa 20,40 °C
100-500 MPa 4,25,50 °C
850-1000 MPa 10 °C
100-800 MPa 30-70 °C
500-800 MPa 40-70 °C

Ly-Nguyen et al. [48]
Ly-Nguyen et al. [45]
Balogh et al. [44]
Balogh et al. [44]
Balogh et al. [44]

Basak and Ramaswamy [15]

Van den Broeck et al. [34]

Nienaber and Shellhammer [9, 91]

Polydera et al. [32]
Katsaros et al. [31]
Alexandrakis et al. [26]
Alexandrakis et al. [26]
Sampedro et al. [33]
Guiavarch et al. [30]
Castro et al. [42]
Nunes et al. [67]
Crelier et al. [92]

Van den Broeck et al. [38]
Plaza et al. [36]

Hsu [96]

Ly-Nguyen et al. [60]
Boulekou et al. [40]
Katsaros et al. [50]

Tomato Juice pH 4.5

Strawberry (Elsanta cv.) Tris buffer pH 7.0
Peach (Everts cv.) Phosphate buffer pH 7.0
Persimmon (Hachiya cv.) Pulp pH 5.5

Sea buckthorn (Golden sea berry cv.)  Juice pH 2.8

Fractional conversion

200-600 MPa 25-35 °C  Alexandrakis et al. [51]

different sources exist in several isoforms, which may be dis-
tinguished by their molecular weight, isoelectric point, bio-
chemical activity and stability. PMEs from different plant
sources or from the same source but different variety may vary
towards pressure inactivation since different isoenzymes may
be present or the same isoenzymes may be found in different
proportions. Further to the above, the inactivation rate of PME
is dependent on the nature of the medium in which the enzyme
is dissolved or on food composition that the enzyme exists. In
most cases, PME found to be more resistant in an intact tissue
is protected by the presence of food components than in its
purified form. In particular, Balogh et al. [44] investigated the
inactivation of purified carrot PME in different buffer solu-
tions (0.02 M Tris buffer at pH 6.5 and 7.0; 0.1 M citrate
buffer at pH 4.5, 5.5, and 6.0) as well as in carrot juice and
tissue. PME was found to be more heat- and pressure-resistant
in carrot tissue than in carrot juice or its purified form. At
800 MPa and 40 °C, the k value of PME in carrot tissue was
0.03 min !, whereas at 800 MPa and 10 °C, it was 0.06 and
0.08 min ' for PME in carrot juice and buffer solution (pH
6.0), respectively. Nevertheless, the opposite has been report-
ed in other cases that higher inactivation rate of PME was
observed in matrix composition compared to purified en-
zymes in model systems. A study by Sampedro et al. [33]
showed that purified orange PME in 20 mM Tris buffer (pH
7.5) was more pressure-resistant compared to PME in differ-
ent orange matrices i.e. orange juice—milk beverage and

orange juice. A remaining activity of 17 and 6% was observed
in the orange juice—milk system and orange juice after a treat-
ment at 750 and 700 MPa respectively. On the other hand, a
remaining activity of 20% was observed after a treatment at

Table 3  Thermal dependence of inactivation rate constants of plant
PMEs in different food systems at various constant pressures

Ea (kJ/mol)

Pressure Orange Orange  Sea Peach Persimmon

(MPa) (Navel ~ (Valencia buckthorn (Everts  (Hachiya
cv.) juice cv.)juice (Golden sea  cv.) pulp cv.) juice
PMEpH PMEpH berrycv)  PMEpH PMEpH
34 3.8 juice PME 7.0 55

pH2.8

100 177 61 - 179 -

200 - 78 79 - -

250 135 - - - -

300 - 103 - - -

400 - - 108 - -

450 - - - - -

500 127 136 - 114 36

600 108 - 163 81 34

700 - - - - -

800 - - - 59 25

@ Springer
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800 MPa for the purified enzyme. This could be explained by
the differences in the amount of the pressure-labile PME frac-
tion found in the different systems.

Another factor that affects significantly the stability of
PME:s is the pH of the medium in which it dissolved the
purified enzyme. Enzymes are typically more sensitive to
acidic than to alkaline environments. As pH values increased,
a significant increase in resistance to inactivation was ob-
served. Basak and Ramaswamy [15] reported higher inactiva-
tion rate of PME in orange juice at pH 3.2 compared to the
natural pH of the juice (pH 3.7). Similarly, Van den Broeck
et al. [13] observed higher rate of pressure inactivation of the
thermolabile orange PME in buffer of pH 3.7 compared to
deionized water at a higher pH (4.5). However, the opposite
was observed for PME obtained from tomato as the enzyme
was found to be less stable at pH 4.2 compared to pH 7.0 [93].
Likewise, D values of 11.5, 33.5 and 64.8 were determined for
the inactivation of purified heat-labile carrot PME at 750 MPa
and 25 °C at pH 4.5, 5.5 and 6.0, respectively, indicating
significantly higher-pressure stability at higher pH [44].
Apparently, the effect of pH on the stability of enzymes de-
pends on both their structure and biochemical properties.

Modelling Inactivation of PME as a Function
of Temperature and Pressure

Data cited in the literature on the inactivation of PME
from different plant sources by HP processing were col-
lected. Only studies on which processing and experi-
mental conditions were well documented and suitable
statistical methods were used in the subsequent interpre-
tation of the data were considered. The studies used in
the present review were also selected according to the
adequacy of the experimental domain i.e. range and
combinations of temperature and pressure conditions.
The inactivation of these enzymes conducted by a sig-
nificant number of researchers by high pressure has
been investigated under various experimental conditions.
In general, HP processing of plant PMEs was achieved
in the wide range of pressures from 100 to 900 MPa
combined with low to moderate temperatures (less than
80 °C). The selection of the process condition range
was based on the pressure stability of enzymes. All
pressure experiments were carried out in laboratory-
scale HPP equipment, which allow pressurization even
up to 1000 MPa in combination with temperatures rang-
ing from —20 to 100 °C. In most of the cases, the
pressure-transmitting fluid used was water, but
polyglycol ISO viscosity class VG 15 has also been
reported as pressure medium. In order to achieve the
desired operating temperature during pressurization, the
initial increase of temperature due to adiabatic heating

@ Springer

during pressure buildup was taken into account. It has
been reported that pressurization may increase the tem-
perature of the foods by approximately 3 °C per
100 MPa, depending on the composition of the food.
Moreover, one of the most important aspects frequently
overlooked in the analysis of high pressure treatments is
the pressure-induced pH change. Even though during
depressurization pH might return to its initial value,
the pressure-induced pH shift, while the food is under
HP, may affect the inactivation rate of enzymes. The
limited consideration in published works of the food
pH changes induced by pressure could be justified by
the lack of practical and widely available instruments.
However, knowledge of the direction of pH shift and its
magnitude for each product is necessary for the deter-
mination of optimal HP conditions.

A significant number of these studies have been carried out
directly in fruit juices and pieces, others in model systems
after extraction and purification of PME. Almost in all cases,
PME in different systems (buffer, juice, tissue) followed first-
order inactivation kinetics (Eq. 1). However, the existence of
several isoenzymes of PMEs, which show different heat or/
and pressure resistance, has also been observed (Tables 1 and
2) [107]. These data can be fitted in the biphasic model that
could be explained based on the hypothesis of at least two
PME isozymes, a pressure-resistant and a pressure-labile
one. However, this hypothesis needs to be independently val-
idated. Apart from the biphasic model, the series type model
could also be used to describe these data (with different as-
sumptions) [108] with similar fitting adequacy to the biphasic
model. In the case of fractional conversion model (Eq. 2),
first-order inactivation is applied taking into account a non-
zero residual activity upon prolonged processing.

For comparison purposes, it is proposed that all the
data cited in the literature be modelled using a uniform
procedure and one-model equation, instead of different
models. Specifically, the inactivation of all these en-
zymes can be described by a first-order kinetic model

(Eq. 1.) [14]:

In (2:) = —k-t (1)

where A, and A, are the initial activity and the remaining
activity at time ¢, respectively, and k is the inactivation rate
constant (min ).

In the case of the fractional conversion model for all pres-
sure—temperature conditions, Eq. 2 could be used:

A-A,
1 = —k- 2
n (Aa_Af> k-t (2)
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Table 4 Thermal dependence of inactivation rate constants of plant PMEs in purified form at various constant pressures

Ea (kJ/mol)

Pressure  Purified Purified Purified white  Purified tomato  Purified Purified Purified Purified Purified

(MPa)  orange orange grapefruit PME PME pepper PME  carrot PME  banana orange-milk  orange-milk
PME PME (Citrus paradisi  (Lycopersicon — (Capsicum (Daucus PME beverage beverage
(Navel cv.) (Valencia cv.) pH 7.0 esculentum cv.) annuum) pH  carota L.) (Cavendish PME (labile = PME (stable
pH 7.5 cv.)pH 7.5 pH 6.0 5.6 pH 7.0 cv.) pH 7.0  fraction) fraction)

100 - - - - 194 - - - -

200 40 40 - - 162 199 221 - -

250 - - - - - - - - -

300 - - 428 - 143 167 238 - -

400 78 39 281 - 159 96 265 - -

450 - - - - - - - - -

500 104 43 121 - 117 166 185 - -

550 - - - 28 - - - 10 -

600 107 53 97 42 47 54 124 23 13

700 160 58 39 - 43 28 44 22 8

800 - - - - 40 - 40 - -

where A is the PME activity after processing for a treat-
ment duration ¢, Ay is the residual activity after process-
ing, A, is the initial activity, ¢ is the processing time
(min) and k is the inactivation rate constant (min ').
The above kinetic model may describe adequately the
loss of PME activity during processing, showing a first-
order inactivation of the sensitive portion of the enzyme
(labile isoenzyme) and the presence of a resistant en-
zyme fraction that is hardly inactivated by the pressure
or temperature applied.

The temperature dependence of the inactivation rate con-
stant, k, could be described adequately by Arrhenius equation
and expressed in terms of activation energy, £, (kJ/mol):

E, (1 1
R \T T

where T,ris the reference temperature, kroris the inactivation
rate (min ') at T,or and R the universal gas constant
(8.314 Jmol ' K.

The effect of the pressure processing on the activation en-
ergy values could be expressed by an exponential equation.

k = krre-€xp [ (3)

Ea = Eap ‘CXp [7b (prref)] (4)

With regards the pressure effect on the inactivation
rate constant, k, the Eyring equation may be used

(Eq. 5) and expressed through the activation volume,
V, (ml/mol):

(5)

Vi (PP
k = kPref'eXp |:_i. g:|

T

where P+ is the reference pressure, kp.ris the inactivation rate
(min~ ') at P,.; and R is the universal gas constant

Table 5 High pressure dependence of inactivation rate constants of
plant PMEs in different food systems at various constant temperatures

V,, (mL/mol)

Temperature Orange Orange  Sea Peach  Persimmon

(°C) (Navel  (Valencia buckthorn  (Everts (Hachiya
cv.) cv.) juice  (Golden sea cv.) cv.) juice
juice PME pH berrycv.)  pulp PME pH
PME 3.8 juicePME PME 55
pH3.4 pH 2.8 pH 7.0

20 - -29 - - -

25 - -32.7 -9.8 - -

30 -36.7 358 -12.5 -325 -

35 - -374 -17 - -

40 224 427 - -224 -193

50 -19.8 - - =25 -18

60 -147 - - -9.4 -17.4

65 - - - - -

70 - - - —4 -17.1
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Table 6 High pressure dependence of inactivation rate constants of plant PMEs in purified form at various constant temperatures

V,, (mL/mol)

Temperature Purified Purified Purified white  Purified tomato Purified Purified Purified Purified Purified

(°C) orange orange grapefruit PME PME pepper PME  carrot PME  banana orange-milk  orange-milk
PME PME (Citrus (Lycopersicon ~ (Capsicum  (Daucus PME beverage beverage
(Navel cv.) (Valencia  paradisi cv.) esculentum cv.) annuum) pH carota L.) (Cavendish PME (labile = PME (stable
pH 7.5 cv)pH7.5 pH7.0 pH 6.0 5.6 pH 7.0 cv.) pH 7.0  fraction) fraction)

20 - - -33.0 -354 - - - - -

25 - - - - -25.3 - - -16.1 -12.4

30 - - —27.8 - -27.4 —55.6 -33.8 - -

35 - - - - - - —41.4 - -

40 - -11.8 -30.6 - -34.6 —46.1 - - -

44 - - -29.6 - - - - - -

45 -10.7 -15.4 - - - - - —28.3 -15.3

48 - - —24.5 - - - - - -

50 —-15.1 —13.6 - - -27.4 —47.5 -36.8 - -

52 - - —-13.6 - - - - - -

55 —-18.0 -16.2 - - - - —31.4 -259 —20.7

60 - - - - -3.6 -12.7 -39.6 - -

65 - - - - - —-9.8 - —-19.7 —34.0

70 - - - - - - —-11.1 - -

(8.314 Jmol ™! Kﬁl). The dependence of activation volume on
temperature was expressed by a linear function:

Vo= a(T-Teer) + Vary (6)

Based on Egs. (3) and (5) and taking also into con-
sideration the effect of pressure on E, (Eq. 4) and the
effect of temperature on V, Eq. 6), Polydera et al. [32]
developed a multi-parameter equation to mathematically

predict the inactivation rate constant at any combination
of pressure and temperature conditions.

E, 1 1
- RP -exp[~B:(P—Pye)] <T_ T >
k = ko, ref 7
£p 1 *€XP A'(T*Tref) + VuT . (P*Pre f) ( )

R T

Other researchers have used a higher-order polynomial
model in order to describe the combined pressure and temper-
ature dependence of the inactivation rate constant [48]. This

Table 7  Estimated parameters of the multi-parameter equation (Eq. 7) that describes the inactivation rate constant of plant PMEs in different food

systems at any combination of pressures and temperatures

Parameters Orange (Navel cv.)  Orange (Valencia cv.)  Sea buckthorn (Golden sea Peach (Everts cv.) Persimmon (Hachiya cv.)
juice PME pH 3.4 juice PME pH 3.8 berry cv.) juice PME pH 2.8 pulp PME pH 7.0 juice PME pH 5.5

P..r Mpa) 600.0 300.0 600.0 600.0 600.0

Trer (K) 323.0 308.0 298.0 323.0 333.0

Keer pr (min ") 1.760 0.403 0.054 0.16 0.016

Ep (kJ/mol) 148.0 78.0 163.5 86.8 29.0

V. (ml/mol) -25.1 -34.1 -8.1 -20.1 -14.3

B (MPa ") 0.001 —0.003 0.002 —0.0004 0.004

A (mlVmol K" 0.703 —0.969 0.135 0414 0.451

R? 0.924 0.991 0.994 0.956 0.952

Reference Polydera et al. [32]  Katsaros et al. [31] Alexandrakis et al. [51] Boulekou et al. [40]  Katsaros et al. [50]
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Table8 Estimated parameters of the multi-parameter equation (Eq. 7) that describes the inactivation rate constant of plant PMEs in purified form at
any combination of pressures and temperatures

Parameters Purified Purified Purified Purified Purified Purified Purified Purified Purified
orange PME  orange PME  white tomato PME  pepper carrot PME  banana orange— orange—
(Navel cv.) (Valencia cv.) grapeftuit (Lycopersicon PME (Daucus PME milk milk
pH 7.5 pH 7.5 PME (Citrus  esculentum (Capsicum  carota L.)  (Cavendish beverage beverage
paradisi cv.)  cv.) pH 6.0 annuum) pH 7.0 cv.)pH 7.0 PME (labile PME (stable
pH 7.0 pH 5.6 fraction) fraction)
Prer (Mpa) 600.0 600.0 600.0 600.0 600.0 700.0 800.0 600.0 600.0
Trer (K) 318.0 318.0 331.0 313.0 313.0 333.0 333.0 318.0 318.0
Keer pr (min™")  0.022 0.240 0.345 0.367 0.043 0.16 0.062 0.455 0.018
E_p (kJ/mol) 130 73.6 107.5 35.7 61.4 29.8 18.5 17.9 11.1
V. (ml/mol) -8.2 -13.9 -26.6 —40.5 -28.2 -33.7 -29.8 —25.7 -13.5
B (MPa ') 0.004 0.001 —0.004 —0.0079 —0.003 —0.007 —0.005 0.01 0.0051
A 0.269 —0.144 -0.45 1.514 —0.153 -0.539 —0.142 0.746 0.065
(ml/mol K™)
R’ 0.994 0.984 0.946 0.948 0.904 0.959 0.879 0.932 0.663
Reference Alexandrakis Alexandrakis Guiavarch Plaza et al. Castro Ly-Nguyen Ly-Nguyen Sampedro  Sampedro
et al. [26] et al. [26] et al. [30] [36] et al. et al. [45, et al. [45, et al. [33] et al. [33]
[42] 48] 48]

equation results from the conversion of the thermodynamic  through the transition state theory of Eyring [110] and a sub-
model described by Hawley [109] into a kinetic model  sequent small modification proposed by Smeller [111]. This

(a) Banana PME (b) Carrot PME (c) White Grapefruit PME

rd

NRNNNNY

AR ARRTAWY

(d) Pepper PME

”{Mpq
Fig. 1 Predicted inactivation rate constants (k, min!) at any fruits and vegetables: a banana (purified form), b carrot (purified
combination of pressure and temperature predicted by the form), ¢ white grapefruit (purified form), d pepper (purified

exponential mathematical model (Eq. 7) for PMEs from different form), e tomato (purified form)
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(a) Navel orange PME

M (m!n'l\

P(mpy 100

Pmey : 500

Fig.2 Predicted inactivation rate constants (k, min ') at any combination
of pressure and temperature predicted by the exponential mathematical
model (Eq. 7) for PMEs from different fruits and vegetables: a Navel

type of kinetic model was successfully applied to model the
combined pressure and temperature dependence of various
enzymes [110, 112, 113].

Using literature data, the exponential mathematical model
(Eq. 7) was uniformly applied to enable a better comparative
assessment of pressure effects on all PMEs discussed in this
manuscript, obtained from different plant sources.

All the data were fitted in Eq. 1 or 2, depending on the
existence of resistant enzyme fraction. Applying Egs. 3 and
5, the E,, and V,, values were estimated, while from Egs. 4 and
6, the dependence of pressure on E, and temperature on V,
was modelled. The estimated £, values for all the plant PMEs
in different systems (buffer, juice, tissue) are presented in
Tables 3 and 4. For Valencia orange and sea buckthorn juice
PMEs, the E, values increased with increasing pressure indi-
cating more temperature dependence of the enzyme inactiva-
tion rate at higher pressures, while for Navel orange, peach,
persimmon, white grapefruit, carrot, pepper and banana PME,
the opposite phenomenon was observed (PMEs are less
temperature-dependent at elevated pressure).

The V, values for all the plant PMEs in different systems
(buffer, juice, tissue) were also estimated (Tables 5 and 6).
Negative activation volumes indicate that PME inactivation
was favoured by pressure. In case that the increase of

@ Springer

(b) Valencia orange PME

(c) Sea buckthorn PME
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(e) Persimmon PME

700
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orange juice, b Valencia orange juice, ¢ sea buckthorn juice, d peach pulp,
e persimmon pulp

800

E 700
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§ 600 e« @ o a A
800 4
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< 7
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2
2
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2

500

400
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t12 (min)

4 Purif. Navel orange PME

O Purif. White grapefruit PME

© Purif. Pepper PME

B Persimmon juice PME

® Peach pulp PME

A purif Valencia orange PME

4 Purif. Carrot PME

+ Purif. Tomato PME (labile fraction)
X Purif. Banana PME

Fig. 3 Estimated #;,, (min) values for plant pressure-tolerant PMEs at
600 MPa and 50 °C. Filled diamond, purified tomato PME (labile
fraction); filled triangle, purified Valencia orange PME; filled circle,
peach PME; open circle, white grapefruit PME, open diamond, purified
pepper; open triangle, purified Navel orange PME; gray triangle,
purified carrot PME; filled square, persimmon PME; asterisk,
purified banana PME
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temperature results in reduced absolute values of activation
volume, the inactivation rates became less pressure-
dependent.

Estimated parameters for the model in Eq. 7 for various
plant PMEs are summarized in Tables 7 and 8. Satisfactory
agreement was found between fitting this model and PME
inactivation data reported in the literature for various plant
sources. For statistical assessment, the R? values (observed
versus predicted values) were used to compare the experimen-
tal values with the predicted values obtained by Eq. 7. The
higher the R? value, the better the adequacy of the model to
describe the experimental data. For all fittings, R values
ranged from 0.663 to 0.994.

By inserting all model parameters of Tables 7 and 8§ into
Eq. 7, pressure—temperature combinations resulting in specific
pre-set inactivation rate constants for PMEs can be simulated
and can be depicted in 3D plots (Figs. 1 and 2). Under iso-
thermal conditions, the pressure stability of PMEs was found
to vary ranging from pressure-sensitive types like orange juice
(Valencia cv.) PME (higher inactivation rates at the same pro-
cess conditions compared to all other PME sources), to ex-
tremely barotolerant ones like purified banana PME
(Cavendish cv.) (even 800 MPa pressure results in low inac-
tivation rate constants equal to 0.05 min~" at 50 °C). The half-
life times, #1,, (min) (the time required by the enzyme to lose
half of its initial activity), of several plant PMEs were estimat-
ed at 600 MPa and 50 °C and are presented in Fig. 3. The half-
life time determination allows for easy and direct comparison
of the inactivation of the studied enzymes. In general, banana
PME was found to be the more difficult to inactivate (¢;,,
higher than 150 min), followed by persimmon PME (¢,
higher than 50 min), while for all the other sources the half-
life times ranged from 1 (for tomato-labile enzyme and
Valencia orange PMEs) to 25 min (for carrot PME).
Excluding persimmon PME that appeared to be significantly
resistant to pressure and temperature, one general comment
comparing all data presented is that the purification affects the
stability of the enzyme (purified enzymes were more
resistant).

The practical significance of the results presented in this
manuscript can be shown by examples of how to use them for
the optimization of processing (Fig. 3). The selection of the
process conditions could be based on the sufficient process
pressure—temperature and time for the total—or partial—inac-
tivation of PMEs, by estimating the inactivation rate constant
at any combination of pressure—temperature, thus calculating
the necessary process time for PME inactivation (either partial
or total). More specifically, the data obtained by Katsaros et al.
[31] could be used for Valencia orange juice HP cold pasteur-
ization, by inactivating the factors that cause quality deterio-
ration, such as LAB and PME, while minimally affecting its
nutritional and sensorial characteristics. They concluded and
suggested that the optimal estimated process conditions for

that type of orange juice are 360 MPa pressure, at 35 °C for
2 min and obtaining 90% inactivation of PME. Comparing
these data with data cited in the literature [32] for the same
fruit of different variety (Navel orange juice), more intense HP
conditions (600 MPa, 40 °C, 4 min) are required for the pas-
teurization of Navel orange juice (Navel PME is more
pressure-tolerant compared to Valencia PME).

Conclusions

This review has discussed the effects of a number of factors on
the inactivation of PMEs treated with HP. It is clear from the
in-depth analysis of the literature that the pressure inactivation
of PME depends on numerous parameters including the type
and the composition of the food, the purification level of en-
zyme, the pressure intensity and the treatment temperature.
Data cited in the literature on PME inactivation by pressure
were fitted in first-order and fractional conversion kinetic
models under a range of conditions referred to the sources
used. High efficiency in inactivating PMEs caused by HP,
beneficial to preserving the food quality, is dependent on the
parameters of the process (pressure, temperature and treatment
duration). All data were uniformly modelled by an exponen-
tial mathematical model to allow quantitative assessment of
the effect of the parameters of the process. The PME inactiva-
tion rate constant was expressed as a function of the temper-
ature and pressure process conditions used. This function in-
corporates the observed exponential dependence of activation
energy on the pressure conditions, as well as the linear depen-
dence of activation volume on process temperature. Using one
mathematical model as the one applied, the pressure—temper-
ature combinations necessary to inactivate the PMEs can be
estimated allowing for comparative studies and enabling a
proper design of HP combined with mild temperature treat-
ment in many fruit and vegetable products.

PME is usually known to be more heat- and pressure-
resistant than the common spoilage microorganisms (i.e. in
orange juice) [28]. For HP cold pasteurization, the necessary
temperature or/and pressure process conditions sufficient for
the inactivation of PME should be the selection criteria, since
PME inactivation conditions are sufficient for the elimination
of main juice spoilage factors [23].

Concluding, the inactivation of enzymes such as PME, at
low or moderate temperatures without changing organoleptic
and nutritional properties, shows that high pressure technolo-
gy has the potential to be used in the development of a new
generation of value-added foods. Some of the results that were
discussed in this paper may be directly applied in the food
industry. Puree, fruit preparations, juices (orange, apple,
pomegranate, carrot, broccoli, beetroot, etc.) and smoothies
are only some examples of a wide range of fruit and vegetable
products found in the market processed by HP. The selection
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of the process conditions could be based on the sufficient
process pressure—temperature and time for the total—or par-
tial—inactivation of PMEs.
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