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Abstract

The increasing interest amongst consumers in healthy, convenient, and min-
imally processed foods has led food processors to develop novel and non-ther-
mal techniques like high pressure processing (HPP). This technique involves
processing moisture-rich solid and liquid foods under high pressure conditions
(400 - 1000 MPa). HPP is a promising alternative to the conventional modes
of thermal and chemical preservation of food. Numerous studies have claimed
the potential of HPP in extending the product shelf-life without compromising
its nutritional and organoleptic aspects. This non-thermal approach eliminates
harmful and spoilage microorganisms while preserving covalent bonds in food
molecules, thereby limiting the effect on nutritional and sensory properties of the
product. As compared to heat treatments, HPP has far less of an impact on low
molecular weight components like vitamins, pigments, and flavorings. As a result,
the quality of high pressure processed foods is quite like that of fresh foods. This
paper provides an overview on preservation of foods by HPP including basic
principle, process equipment, mechanistic effect on food components, microbial
destruction, and applications.
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Introduction

HPP refers to the process of ultra-high-pressure treatment to the product
uniformly for few min. High pressure technology (HPT) is gaining popularity
among food processors due to its food preservation capability as well as its poten-
tial to achieve various functional effects [1]. The growing research on HPP has
produced many opportunities to enhance the quality and safety of food products.
HPT, also called ultra-high-pressure processing or high hydrostatic pressure, is
the technique in which the food is subjected to ultra-high hydrostatic pressure,
usually in the range of 100 - 1000 MPa. The processing temperature during treat-
ment is adjusted from below 0 “C to above 100 °‘C with exposure times ranging
from a few seconds to about 20 min. Processing time can be varied from mil-
li-second pulse (formed by oscillating pump) to a treatment time of over 1200 sec
(20 min). The processing conditions used in this technology inactivate vegetative
microbes, ensure safety, and enhance shelf-life of chilled or high-acid (e.g., gua-
camole, fruit juices) food products [2]. Covalent bonds of food molecules which
attribute to them a characteristic structure and property are minimally affected
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by pressures used in HPP [3]. Hence, food products treated
with HPT at or near room temperature do not undergo nota-
ble chemical transformations which results in improved sen-
sory and nutritional characteristics of food. This technology
has also been used for the pasteurization of various food stufts
including cooked meat, dairy, seafood, and vegetable products
[4]. Spores of bacteria are resistant to high pressure levels due
to which shelf stability of low-acidic foods cannot be attained
by higher pressure alone [5]. High hydrostatic pressure caus-
es protein denaturation, leading to the inactivation of some
inherent enzymes as well as the biogenic activity of certain
microbes. However, high pressure can also increase lipid oxi-
dation within muscle tissues. Current intensive research on the
impact of high hydrostatic pressure on fish tissues has shown
the advantages as well as drawbacks of this novel technology.
It was found that HPP can kill microbes present in milk and
may increase the time of realistic usability [6]. It was observed
that a pressure over 463 MPa for 1 h slows down the sour-
ing of milk for not less than 24 h. This innovative technique
is used for the preparation of food and crude ingredients for
obtaining desirable sensory and functional properties [7]. As
an alternative to conventional thermal processing, HPP has
the potential to produce food with 'fresh-like" qualities and
improved functional properties [8]. HPP is an effective inno-
vative technique to increase food protection and spread their
time span of usage [9]. One of the most important applica-
tions of HPT is microbial inactivation that results in enhanc-
ing the shelf-stability and microbial stability of foods. HPP
can be used to eliminate Listeria monocytogenes in processed
meat-based products and cheese [10]. Further, hydrostatic
pressure treatment is advantageous for inactivation of certain
hazardous microorganisms like Escherichia coli, Salmonella, and
Vibrio, many bacteria, molds, yeasts that may cause deteriora-
tion in foods [11]. This technology can also be used to mod-
iy the sensory and functional characteristics of certain food
constituents, mainly proteins. The protein molecular structure
maintained by hydrophobic and ionic interactions are mod-
ified by high pressure usually above 200 MPa [12]. The hy-
drophobic and electrostatic bonding get severely affected but
hydrogen bonds remain unaftected resulting in stabilization of
a-helical and R-pleated sheets [13]. Egg, fish, dairy and meat
proteins are denatured due to HPP in absence of high tem-
peratures. Viscosity is increased and opacity is achieved with
minimum changes in flavor. On the other hand, HPP possess-
es minimum effect on low molecular weight components like
flavoring compounds, pigments, and vitamins, as compared to
thermal processing. The quality is mainly influenced by storage
temperatures, distribution, and barrier properties of the pack-
aging material than by the HPP operations [14]. Over the past
20 years, advancement in HPP technology as semi-continuous
system has been used to increase the pilot units to commercial-
ly viable processes [15]. Presently industrial HPP treatment of
food is done by a batch or semi-continuous process; solid food
is mostly processed in a batch mode while liquid foods are
processed by continuous as well as semi-continuous process
[16]. In 1992, the main revolution in HPP came in Japan by
releasing first high pressure processed product in the market.
The pressure-treated jam launched in the food markets by a
company at the beginning, subsequently made remarkable

success. HPP started fetching notable presence in the market
when six other companies brought in similar products in the
next three years [17]. Over the past 30 years, HPP has been
successfully used in the food industry. Further, this technology
is also used in the material and process engineering industry
for sheet-metal forming and isostatic pressing of certain ma-
terials including ceramics and turbine components. Engineer-
ing aspects of HPP were enormously investigated in the early
20 century (1909 - 1959) [18]. Depending on the processing
conditions of pressure, temperature, and the operating scale,
the cost of processing is about $0.10 higher than thermally
processed products. The history events in the use of HPP for
food products is elucidated in table 1 [19]:

Table 1: Historical developments in the use of HPP for processing food
(1899-2001).
Product/
Commodity Intended purpose Year
Fruit iuices Launch of the first high pressure treated fruit
! juices in United Kingdom (UK). HPP fruit pieces | 2001
and pieces . .
were given approval for sale in UK
Marketing of high pressure self-shucking oysters,
fruit juices, poultry product, and other products
Cooked . . .
meat. fruit were done in United States of America (USA). 2000
) Mainland (Europe) started to produce fresh
juices e . .
fruit juices (mostly citrus) and delicatessen-style
cooked meat
Guacamole | Avomex (USA) started to produce high pressure
from processed product with prolonged shelf life and | 1990
avocados fresh taste
Fruit jam Japan started producing high pressure processed 1980
products
Food Hite (USA) used high pressure treatments for
. 1899
products preservation of foods

Lately, HPP has received significant interest amongst
scientists, academicians, and industrialists. It is a promising
technique for the future of food processing with immense
potential to mitigate the current problems associated with
conventional methods of thermal processing. The scope of this
comprehensive review is to synthesize an amalgamated body
of literature on key aspects of this novel technology, compris-
ing the unravelling of the underlying principles and design
of a basic HPP unit, its effect on primary food compounds,
and applications in the processing and shelf-life extension of
diverse food products.

HPP Technology

HPP doesn’t cause distortion or damage to the food un-
less the treated product has an empty space inside. During the
processing time, decline in the number of microbes and pro-
tein denaturation occurs without affecting molecular bonds.
Further, chemical reactions that result in the destruction of
vitamins or off-flavors development can be reduced under
high-pressure treatments [20]. Further, the implication of
HPP ravages a mild effect on the covalent bond providing a
least effect on the chemical transformations when applied at
ambient temperature or near ambient/room temperature [21].
The rate of microbial and enzyme linked damage can be ap-
preciably reduced by the unification of HPP and heat. It may
be noted that any chemical change in the food will be the
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function of time and temperature combination selected during
the process in aggregation with pressure treatment [22].

HPP principles

HPP can inactivate food borne pathogens, spoilage bac-
teria, yeasts, and molds with minimum degradation of color,
flavor, texture, and nutritive quality of foods, as compared to
traditional methods of food preservation [23]. The general
principles that explain the behavior of foods due to the impact
of high pressure include:

Le-Chatelier’s principle

Le-Chatelier’s principle states that the pressure applied
shifts the system equilibrium towards the state occupying the
lesser volume and, thus, any process including phase transition,
chemical reaction, changes in molecular configuration, etc.,
along with a decline in volume would be increased by raising
the pressure and vice versa [24].

Microscopic ordering principle

As per the principle of microscopic ordering, with a pres-
sure increment, under constant temperature, mutually rises
the degree of order of molecules of the given substance. As a
result, pressure and temperature exert antagonistic effects on
chemical reactions and molecular structure [25].

Isostatic principle

As per this principle, food is compressed uniformly by ap-
plying pressure and then returned to their original shape when
the pressure is released. The products are compressed inde-
pendent of the geometry and product size as the transmission
of pressure to the core is not mass/time dependent, thus the
process is minimalized if a food contains sufficient moisture,
pressure will not damage the product at the macroscopic level
if the uniform pressure is applied in all directions [26].

Equipment

The two ways of processing food in high pressure vessels
include in-container processing and bulk processing. Although
foil pouches and conventional plastics are most suitable, var-
ious studies are constantly being done on seal integrity, the
ideal package design, and other suitable packaging materials
which can be utilized. Automatic equipment is used for ob-
taining material handling for in-container processing which is
like that used to load or unload batch retorts. Bulk handling is
less complex; it requires pumps, pipes, and valves. Processing
of fluid foods like juices can be done in both semi-continuous
and batch mode [27]. HPP leads to a reduction in the vol-
ume of foods while processing them (like the volume of water,
which is reduced by nearly 15% at a pressure of 600 MPa). In
HPP there is a substantial impact and deformation to the seal
and the package when in-container processing is being used.
One of the companies in Japan has used semi continuous pro-
cessing of fruit juices at 4000 - 6000 for 1 h with pressures of
about 400 - 500 MPa for period of 1 - 5 min under optimum
temperature, whereas other companies use similar processes
operating at 120 - 400 MPa followed by small heat treatments
before juice packaging. These liquid foods can be used as pres-
surizing fluid by pumping with high pressure pumps directly.

Ifliquids are promptly decompressed through a small opening,
the turbulent flow and high velocity will raise the shearing
forces on microorganisms and will increase their destruction
rate [28]. The main high pressure system components are pres-
sure vessel and its closure, pressure generation system, tem-
perature control device, and materials handling system. The
main HPP system components are shown in figure 1.

—

Gressire transferring medium ) (CBottom closure ) e »

Figure 1: Schematic assembly of a HPP equipment.

Pressure vessel

Typically, pressure vessels used in the food industry are cy-
lindrical in structure. Pressure vessels are constructed in three
different ways. Vessels made with steel alloys having high ten-
sile strength are known as 'monoblocs' (single-forged) cham-
bers. Monolithic chambers are simple to build and less expen-
sive, but they cannot withstand pressure levels above 400 - 600
MPa. Multiwall chambers made from a shrink-fitting series
of concentric cylinders can withstand higher pressures and are
safer than single-wall vessels. For higher pressure, wire-wound
or pre-stressed multi-layer vessels are used, which can be uti-
lized for pressure vessels with a larger diameter. Depending
on the target process conditions, pressure vessels possess an
external jacket to control the temperature [23].

Top and bottom closures to contain the pressure

Two end closures hold the food product and pres-
sure-transmitting fluid within the pressure vessel during oper-
ation. For food processing operations, rapid opening and clos-
ing of the closure is required. The pressure vessel along with
the associated closure and yoke are mostly installed in either
horizontal or vertical orientation.

Yoke

At elevated pressures, often a secondary structure is re-
quired to contain end closures. This secondary external frame
is referred to as yoke. It consists of a wire-wound frame or a
high-tensile strength steel.

Pressure intensifier and pump for pressure generation

Pressure vessels at industrial scale use an external pumping
intensifier system to produce target pressure with a minimum
pressure come-up time of about 1 - 2 min. They use a motor
to run the lower-pressure pump that compresses the hydraulic
fluid to be used in a larger intensifier. The most widely used
pressure-transmitting medium in larger, industrial-scale pres-
sure vessels is water. The larger intensifier compresses the wa-
ter and sends it to the pressure vessel.
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A material handling system for sample loading and unloading

During batch processing, pre-packaged samples are car-
ried into a cylindrical shaped canister. The canister contain-
ing the sample is pre-heated or chilled before loading into the
pressure vessel.

Control system for monitoring and recording process variables

The control system helps to monitor and provide relevant
process data like temperature, pressure, etc. The sensors need
to be periodically calibrated using the standard protocols [29].

Pressure and temperature effect

To predict and understand the HPP effect on food prod-
ucts it is essential to take into consideration the combination
impact of temperature-pressure on the foods being treated as
shown in figure 2. Food products during the compression cycle
(T, -T,) of pressure treatment undergo a decline in volume as
a function of the pressure. The food products are kept under
pressure for a definite period (T, - T,) before decompression
(T, - T,). The product will return to its initial volume upon
decompression [30].

During this process, compression and decompression oc-
curs due to change in transition temperature in the product.
The food temperature (T, - T,) rises due to physical compres-
sion (P, - P,). Temperature of product (T, - T,) at pressure
(P, - P,) is not dependent of compression rate until the heat
exchange between surroundings and the product is negligible.
The product will return to its initial temperature upon decom-
pression (P, - P,) in a perfectly insulated system. During the
compression phase, the product will return to a temperature
(T,) slightly lesser than its initial temperature (T,) due to heat
loss. The water temperature rises about 3 °C for every 100 MPa
increase in pressure at ambient temperature. The heat com-
pression value for oils and fats is of the order 8 - 9 “C/100
MPa, whereas carbohydrates and proteins have an intermedi-
ate range [31].

In the given figure 2, T is the initial temperature of the
product at pressure P, T, - T, is the temperature range of the
product at pressure levels P, and P,, and T, is the final tem-
perature of the product while the pressure is P,.

Effect of HPP
Effect of HPP on chemical composition of food

HPP increases temperature naturally due to adiabatic
heating, depending on the target pressure and chemical com-
position of the food. The water temperature rises to about 3
°‘C per 100 MPa of pressure, and it can be higher for more
compressible foods like fats. Thus, the temperature increase is

higher during HPP for foods with a higher fat content.
Effect on microorganisms

HPP causes the inactivation of microbes by various tech-
niques; the cellular membrane changes, like changes in per-
meability and the cell structure, are mainly responsible for
microbial destruction. Further, the reduction in volume due
to HPP causes the synthesis of certain enzymes, protein in-

P2 P3

T2 T3

™ T4

P1

@®—@® Temperature Time

o——@ Pressure

P4

Figure 2: Pressure-temperature relationship during HPP.

hibition, cell morphology alteration, and changes in the sur-
vival and reproductive mechanisms of certain microbes. Re-
sistance to HPP in eukaryotic microbes (such as protozoa
and fungi) is less than that in prokaryotes (such as bacteria).
Among bacteria, Gram-negative bacteria are less pressure-re-
sistant than Gram-positive bacteria because of their greater
cell wall rigidity. Further, rods are usually less resistant than
cocci because of their spatial configuration [32]. The pressure
capability to destroy each microorganism is difficult to define
because it is also influenced by the contamination level in food
and the growth phase (process efficiency reduces at higher
concentrations of microorganisms because of auto-protec-
tive mechanisms among the cells), food characteristics (such
as pH, water activity, acidity, presence of antimicrobials, etc.),
and other process variables (including pre-process character-
istics, temperature, time, etc.). Spore germination under high
pressures is temperature-dependent; near 0 °C, spores are re-
sistant to germination even at pressures of 1000 MPa, while
at moderate temperatures, pressure-produced germination can
be attained at a pressure of 100 MPa only. Germinated spores
can be eliminated at a temperature of 50 - 70 °C and a pressure
of 600 MPa. However, these effects are not constant, and a
combination of moderate heating and high pressure has both
synergistic and antagonistic effects on the growth of micro-
organisms (depending on the type of microorganism), enzy-
matic activity, and chemical reactivity. HPP can either make
microbes more sensitive to heat or prevent their destruction
at high temperatures, depending on the type of microorgan-
ism being used [15]. The behavior of microbes towards high
pressure is the same as that observed during thermal process-
ing operations in acidic conditions. The susceptibility of mi-
croorganisms is greater; they are less resistant in the presence
of fats or proteins, high sugar concentrations, the presence of
antimicrobials, and at the log growth phase [33]. It is neces-
sary to take bacterial spores and molds into consideration in
addition to vegetative spores that are found in foods. For fruit
juices with a lower pH, the fungi ascospores from the genera
Byssochlamys and Neosartory needs to be destroyed [34]. For
low acid foods, the bacterial spores of considerable importance
are from genera Bacillus and Clostridium, including pathogens
such as Bacillus cereus and Clostridium botulinum. The process
(up to 1200 MPa) is not able to promote a sufficient decline in
the number of spores because the effect of processing on the
structure of spores is minimal or negligible. Based on various
research, the Food and Drug Administration (FDA) (2010)

recommended a varying time (at least 3 min) and pressure of
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580 MPa for stabilizing acidic and low-acidic food products
when the method is carried out under refrigerated conditions.
Low pH is the main attribute characterizing fruit juices; for
such foods, only HPP is responsible for food safety [34]. To
prevent spoilage, juices processed at high pressure are usually
kept under refrigeration to increase shelf stability. Pressure-as-
sisted thermal sterilization is a method that uses pressure and
temperature combinations to achieve commercial sterility for
the product. This method has advantages over traditional ther-
mal treatments. The use of pressures provides sensibilization
of microbial spores, lowering the time and temperature of the
process required for its destruction, and due to the adiabatic
heating (3 “C/100 MPa), the process increases the tempera-
ture of the product to around 24 - 30 °C instantaneously.
Pressure-assisted thermal sterilization has been used for the
sterilization of food by the FDA since 2009, but due to a lack
of research, the use of this technology is limited in the food
industry [35].

Effect on enzymes

Fruit processing being the major application of HPP
treatment, various studies of enzyme deactivation are con-
cerned that it deteriorates the quality of fruit products and af-
fects their shelf stability. Enzymes produce their eftect on food
structure (such as cellulases and hemicellulases, pectinases as
pectin methylesterase, or cause changes in nutritional value,
flavor, or color due to oxidation (ascorbate oxidase, peroxidase,
and polyphenol oxidase. The enzyme's structure, stability, and
activity are maintained by non-covalent bonds like electrostat-
ic, hydrophobic, hydrogen linkage, van der Waals interaction,
and disulfide linkage. Therefore, for various enzymes, HPP at
pressures of around 100 MPa or more induces certain changes
in enzyme structure. HPP doesn’t break covalent linkage, and
hence, hydrostatic pressure causes changes in enzymes mostly
by changing tertiary and quaternary structures. For example,
polyphenol oxidase shows resistance to pressures of up to 1200
MPa for 10 min before deactivation, although it is sensitive at
high pH values [36]. Differences in polyphenol oxidase ba-
ro-sensitivity from various sources, such as mushrooms (800
- 900 MPa), apricots (100 MPa), strawberries (400 MPa), and
grapes (600 MPa) have also been reported [12]. Pectin esterase
causes loss of consistency in tomato products, gelation of fruit
concentrates, and cloud destabilization in juices. It is more re-
sistant than polyphenol oxidase; its activity is decreased above
300 MPa, and it can be deactivated at pressures above 700
MPa at 45 °C for 10 min. Orange pectin esterase is partial-
ly, i.e., around 90%, inactivated at a pressure of 600 MPa at
ambient temperature and does not get activated by storage
conditions [37]. The effects on enzymatic and microbial ac-
tivity with a combination of high pressures and lower water
activity, compressed or supercritical carbon dioxide pre-treat-
ments with enzymes (e.g., lysozyme, glucose oxidase) or bio-
polymers (e.g., chitosan), sodium sulfite ethanol, ultrasonic
waves, and high electric field pulses have also been reported.
Having difficulty achieving the inactivation of enzymes under
process conditions applied to induce microbiological stability
as pasteurization (600 MPa/few min at ambient temperature),
most fruit products treated with HPP use certain forms to
minimize enzymatic activity (such as anti-browning agents).

Effect of HPP on various food components
Effects of high pressure on water

During HPP operations, water is used as a pressure-trans-
mitting fluid during various processes. Under pressure, water
compressibility and the volume decrease at 20 “C are 4%, 7%,
and 15% at 100 MPa, 200 MPa, and 600 MPa, respectively. At
the same time, a moderate temperature rise assists this adia-
batic compression as the pressure increases. At 25 °C, the order
of this increase is 3 °C per 100 MPa, but it can be hindered by
thermal exchanges between the vessel and the water [38]. Un-
der pressure, the ionic product of the water rises, resulting in
a decrease in pH that is reversible upon depressurization. This
process has various important effects on the product being
treated (gelation, texture, emulsification, etc.). High pressures
applied to 210 MPa cause depression in the melting point of
the water, resulting in negative temperatures with no crystal
formation [39].

Effects of high pressure on lipids
Two lipid properties are mostly affected by HPP treat-

ments: the oxidation level and the melting temperature. With
the pressure applied at a rate of 20 °C per 100, the temperature
of melting increases reversibly, leading to the crystallization of
lipids under pressure and thus altering bio-middles, resulting
in potential enhancements in microbial inactivation, cell con-
tent leakage, and cell permeability [13]. Various studies have
concluded that oxidation is accelerated due to high pressures,

depending on the matrix studied [40].
Effects of high pressure on proteins

Proteins are large molecules existing in aqueous environ-
ments in equilibrium with varying conformations, including
monomers, denatured monomers, partially denatured mono-
mers, and oligomers, whose partial volume reduces in the order
of increasing hydration [41]. Thus, when pressure is applied,
Le Chatelier’s principle shifts the equilibrium to a system with
less volume, thereby causing oligomer dissociation, monomer
denaturation, etc., depending on the protein and pressure ap-
plication level [42]. As proteins are present in higher amounts
in food, pressure-induced reactions are responsible for the ge-
lation of protein molecules and irreversible aggregation [43].
Further, HPP treatments form disulfide bonds. Examples in-
clude milk treated at 200 MPa, which causes [-lactoglobulin
to form disulfide-bonded dimmers [44]. Moreover, pressure
treatments can alter the protein structure, thereby causing
changes in its function, like masking or better access to epi-
topes or modification of the active site of enzymes [45, 46].
In proteins, the pressure is responsible for molecular structure
unfolding and then aggregation with either different proteins
present in a food or in a different form, causing an alteration
of the texture of the food. Gel formation is seen in certain
proteins, like fish, soy, egg albumin, and meat. Pressure-treat-
ed gels retain their natural color and flavor, are referred to
as glossy, smooth, and soft, and possess higher elasticity as
compared to heat-induced gels. Research is also being done
to unfold the structure of low-quality proteins using HPP
to modify their functional properties, like emulsification and

gel-forming capacity.
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Effects of high pressure on carbohydrates

Simple sugars are affected by HPP produced with cova-
lent bonds of high energy. However, high pressure can alter
carbohydrates composed of sugar chains linked by low-ener-
gy bonds. Therefore, starch swelling and starch gelatinization
are caused by HPP. Alginate and pectin also produce different

gelling and thickening characteristics after pressurization [47].

Applications of HPP in Food Preservation

does not reduce the sensory and nutritional properties of
the food and helps in maintaining the shelf stability of food
products (Figure 3).

Fruit jams

Fruit jams like apple, strawberry, and kiwi jams are ex-
amples of the first pressure-pasteurized products [48]. They
are mostly processed at pressures of 400 MPa for up to 5 min
at ambient temperature. The product is kept under refrigerat-
ed conditions after processing to prevent browning and flavor
changes that may occur due to enzymatic activities. The re-
frigerated shelf life of jams treated with high pressure is about
30 days. They have better sensory quality as compared to those
produced by conventional methods [49].

Fruit juices

Acidic fruit juices treated with high pressure, like orange
juice, are available commercially in the USA, Mexico, Canada,
Japan, and Europe. They are treated at = 400 MPa for a short
duration (usually not more than 10 min) at < 20 “C, which
not only reduces the number of yeasts and molds significantly
but also decreases the number of certain pathogens, like E.
coli O157:H7.The shelf-life of pressurized fruit juices can be
increased by about 30 days.

Vegetable products

Non-thermal processing of freshly prepared vegeta-
ble products to improve food safety is of major concern be-
cause of the high pH and chances of growth and survival of
spore-forming pathogenic microbes. Guacamole (acidified
avocado puree) is an example of a high-pressure processed
vegetable product in the USA. Guacamole is mostly treated at
pressures of around 500 - 600 MPa for 2 min or longer, which
results in a 5-log reduction in the number of pathogens [48].
The shelf-life of the product can be increased from 7 to 30
days under refrigerated conditions.

Meat products

HPP of meat and poultry products like ready-to-eat ham,
chicken, and turkey products is mostly used as the last step
of preservation after packaging to lower the risk of post-pro-
cessing contamination from various pathogenic microorgan-
isms like L. monocytogenes and E. coli. High-pressure-treated
sliced cooked hams are available in the USA and Spain and
are processed in flexible pouches at a pressure of 500 MPa
for a short duration of time. This maintains the sensory char-
acteristics and extends the shelf life to 60 days under chilled
storage conditions [2]. High-pressure treatments, along with
heat, can reduce the bacterial spore population significantly in
meat products. The high pressure eliminates Citrobacter freu-

§) BLEOHOLIE
> BEVERRGES

) FRUSAND
(@v:ﬁ:‘rnms )

Used to make Jams,
Juices, vegetable

=~
( (2) mear prooucts )
to ms,
ts

Used to m

Higher yield, free from
bacterial contamination,
higher anthocyanin
content

9 SERFOOD -\' 3

Opsters, shellfish, other
products with suprior

sausages & other product
with extended sheif-life keeping qualities

isnsus:
A

Figure 3: Applications of HPP in various food products.

dii, Pseudomonas fluoresecens, and Listeria innocua at pressures
greater than 200, 280, and 400 MPa, respectively, at 20 “C.
Total inhibition of microorganisms occurs at pressures of 400
- 500 MPa. However, Pseudomonas spp. is observed after 3 - 9
days at 30 “C, which means that they are not eliminated but
are stressed by HPP treatments. Hence, HPP needs to be cou-
pled with certain other treatments, like a moderate tempera-
ture of 50 °C, to reduce the viable Pseudomonas spp. The HPP
effect on color and myoglobin content of minced beef showed
a meat that was pink when treated with pressure of 200 - 350
MPa, resulting in an increase in color values and lightness (L),
which turns grey, brown at 400 - 500 MPa (showing a reduc-
tion in L values). Meat discoloration is due to a whitening
effect of 200 - 300 MPa, due to globin denaturation and the
oxidation of ferrous myoglobin to ferric myoglobin at a pres-
sure of 400 MPa.

Egg products
Blended liquid eggs or whole liquid egg products are used

in several foods due to their nutritive value and hence are re-
sponsible for various physicochemical properties of the food
like coagulation, foaming, and emulsification properties. The
advantages of HPP in egg compounds include an improve-
ment in egg white foaming capacity due to the presence of
SH groups, which enhance the stability of foams [50, 51]. In
various studies on the inactivation of microbes in liquid whole
eggs using high-pressure treatment, the application of HPP
treatments with low intensity (300 MPa/3 min) followed by
heating at 52 °C/3.5 min or 55 ‘C/2 min provided an equal
level of microbial stability in the presence of 2% triethyl citrate
as compared to that of liquid whole eggs processed at 71 °‘C/1.5
min, but had the same quality properties as those of fresh liquid
whole eggs [52]. Further, high-pressure treatments are used to
enhance the functional properties and emulsifying qualities of
egg protein. Research has shown that high-pressure treatment
effect at a pressure of 100 - 500 MPa on certain functional and
physicochemical characteristics of egg yolks and found that
HPP produces egg yolk solubility loss and reduces the surface
hydrophobicity, free sulthydryl content, emulsifying activity
index, and viscosity of egg yolks Additionally, conformational
and physiochemical variations under high-pressure treatment
are critical as they affect the bioactivities of egg proteins and
their functional properties. Ovo-transferrin, as a good bioac-
tive peptide source, accounts for 12% - 13% of egg albumin
proteins. High-pressure treatments change the conformation-

Journal of Food Chemistry & Nanotechnology | Volume 10 Supplement 1,2024

S106



High Pressure Processing as an Advancement in Food Processing

Shams et al.

al structure from helices, turns, sheets, and aggregated strands
to intermolecular B-sheets or aggregated strands at pH level 8
and a pressure of 200 MPa, and it can return to its native form
at higher pressure treatments. These changes result in a rise in
protein surface hydrophobicity without changing the total SH
groups, due to which aggregation is inhibited [53].

Alcoholic beverages

Various traditional techniques used for the stabilization of
wines, like pasteurization and flash pasteurization at 60 - 70
°C and filtration, affect their sensory characteristics and de-
crease their pigment, polyphenolic compounds, and volatile
compound content. Whereas HPP can control Brettanomy-
ces species efficiently and reduce degrading effects [54]. In the
case of grape wines, bacterial spoilage is the most crucial prob-
lem, and hence, SO, is used as a chemical preservative that
acts as an antioxidant and an antimicrobial agent in wines, but
it has a detrimental impact on human health [55]. Treatment
of wine from the variety of grape, namely Dornfelder, using
HPP and observed the predominant anthocyanin stability,
namely malvidin-3-O-glucoside (Mv3gl). A reduction in the
level of Mv3gl at pressure (600 MPa for 1 h at 70 °C) samples
was observed, while as heat processed (0.1 MPa for 1 h at
70 °C), samples did not show any loss of Mv3gl as compared
to the untreated ones (0.1 MPa for 1 h at 20 °C). When the
processing of wine was done at a pressure of 600 MPa at 70
°C for 10 min, antioxidant activity or anthocyanin composi-
tion remained unaffected. The study on the effect of HPP on
the shelf-life stability of lager beer has also been reported. The
processing of filtered bright lager beer samples was done with
the pasteurization technique (60 “C for 15 min) or high-pres-
sure treatments (350 MPa for 3 and 5 min at 20 °C). A storage
period of 56 days reported similar results in color and with
both HPP and heat pasteurization. However, the samples
treated at high pressure reported lower protein sensitivity,
lower bitterness, and increased chill haze values than the sam-
ples treated with heat-pasteurization. Similarly, studies on the
effect of HPP on the quality characteristics of lager beer are
also conducted. Unpasteurized lager beer samples were treated
with high pressure (200, 250, 300, and 350 MPa at 20 °C for
3 and 5 min) or pasteurization technique (60 “C for 15 min).
The major characteristics of the beer, including fermentation
degree, density, ethanol content, extract, and pH, remained the
same in both cases. However, HPP and heat pasteurization
affected the protein sensitivity, chill haze, color, and bitterness.
The protein sensitivity, chill haze, and color values enhanced
with the higher pressures, whereas the bitterness change was
greater in conventional heat pasteurization as compared to
HPP. It was observed that high-pressure treatment inhibits
spoilage-causing microbes and enhances the organoleptic of
beer. The high-pressure processed product has a fresh-like
taste that is mostly accepted by consumers. HPP technology is
also used in the wine industry to enhance product quality and
provide a unique, environmentally friendly technique [56].

Opysters and other seafood

High-pressure treatment is used in seafood, including
shellfish and oysters. Vibrio species associated with seafood
products are relatively sensitive to HPP. Oysters are treated

for 1 - 3 min at 250 - 350 MPa at optimum temperature to
eliminate Vibrio species. from the product with minimum or
no effect on sensory properties [57]. A 7-log reduction of V.
parahaemolyticus has been reported by processing oysters at
345 MPa and 22 °C for 1.5 min [58]. A 5-log reduction in the
V. parahaemolyticus O3:K6 (the most resistant strain among
the 10 strains studied) at 10 “C for 3 min by a 300 MPa treat-
ment has also been reported [59]. Furthermore, HPP can en-
hance the limited refrigerated shelf stability of oysters while
maintaining the overall quality of the product. The mechanical
shucking effect is an important benefit of HPP for oysters by
releasing and denaturing the adductor muscle from the shell
[60].

Dairy products

Milk is highly susceptible to microbial growth, which af-
fects its safety as well as its quality. Low-temperature long-
time (63 “C, 30 min) and high-temperature short-time (72
°C, 15 sec) pasteurizations and ultra-high-temperature (~140
°C for a few seconds) treatment are the most used methods to
eliminate pathogenic microbes in combination with hygienic
milk harvesting [61]. HPP application for milk preservation
dates back over a century, when a 5 - 6 log decrease was ob-
served in the total microbial growth of milk treated at 680
MPa for 10 min at room temperature [62]. The combined
pressure and temperature effect (67 - 71 “C) further enhances
the shelf-life of milk. The high-pressure treatment improves
the microbial stability of milk without altering lacto-peroxi-
dase activity (a native milk enzyme). Bovine serum albumin
and s-lactalbumin are resistant to pressure of about 400 MPa
for 60 min. The rise in cheese yield is observed (at 300 and
400 MPa) in combination with additional s-lactoglobulin and
moisture retention. HPP results in improving the moisture
retention properties of fresh cheese and enhancing the coag-
ulation properties of milk. The exact mechanism of microbi-
al deactivation by high-pressure treatment is not completely
understood yet but is thought to act in different ways. The
viability of vegetative microbes can be influenced by chang-
ing cell membrane structure or by inactivating the enzymatic
systems responsible for ribosome disintegration and metabolic
reaction control [24]. Microorganisms' viability depends upon
temperature, pressure, holding time, food constituents, and the
condition and growth phase of microbes present in milk [63].
Temperature and high-pressure treatment can cause sufficient
inactivation of microbes when applied separately, but various
studies have shown that the combination of these two treat-
ments dramatically improves the level of inactivation, mostly
in the case of bacterial spores [15]. The type of substrate pres-
ent and food composition has a considerable impact on the
microbial response during pressure treatment. Various food
components, like proteins, carbohydrates, lipids, and vitamins,
have a protective effect on microbial destruction [64]. The wa-
ter activity (aw) of the food is also an essential parameter that
determines the effectiveness of high-pressure treatment [65].
Microorganisms in the lag phase are more sensitive to high
pressures as compared to those in the stationary phase. This
may be because the microorganism is in the cellular division
process and the membrane is more environmentally sensitive
during the lag phase. Yeasts and molds are mostly inactivated
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at a pressure of 200 - 400 MPa, but when they are in the state
of spore or ascospore or in a food with a higher sugar concen-
tration, the pressure is required to inactivate them, and it could
be as close as the pressure of 600 MPa [66]. The resistance of
spores is more towards pressure than that of vegetative cells,
which can survive at 1000 MPa pressure [67, 68]. However,
various studies have shown the recovery of injured bacteria at
high pressure present in milk during further storage [69, 70].
The recovery process during storage is the most crucial issue
when food safety is to be considered. High-pressure injured
cells in milk can be restored within 1 - 15 days using high
pressure, which indicates the capability for the recovery of
bacteria from these foods. Mild-heat treatment effects at 30
- 50 °C following high pressure treatment at 550 MPa on the
inhibition of L. monocytogenes present in milk have also been
studied [69-71].

Combination Treatments Involving Pres-
sure

HPP treatments can effectively be used when combined
with other processing methods to decrease the severity of oth-
er treatments and increase their preservative effect. It is pos-
sible that this combined technique approach can be used in
many commercial applications of the HPP technique. Ben-
eficial combination treatments may include the use of pres-
sure (mostly < 15 MPa) with carbon dioxide to enhance the
microbial stability of orange juice, egg yolk, chicken, shrimp,
and certain fermented vegetables. Irradiation combined with
pressure techniques has been shown to enhance the microbi-
al stability of poultry meat and lamb meat. Combination of
pressure with ultrasound and heat treatment has successfully
inactivated B. subtilis spores [72]. Certain antimicrobial com-
pounds are also used in combination with high pressure to
inactivate microorganisms. Nisin with high pressure reduces
the growth of Bacillus coagulans spores successfully. Other an-
timicrobials, like pediocin, and the monoterpenes, in combi-
nation with pressure treatment, caused microbial inactivation
successfully. The most important advantage of HPP is that it
can be considered a ‘natural’and minimal processing technique

[73].

Conclusion

HPP is a promising technology for the future of food pro-
cessing. It can furnish food products with high sensory and
nutritional characteristics while extending their shelf stability.
Preservation of foods by HPP without using high-heat treat-
ment or chemical preservatives ensures the safety of the food,
leaving no chances of toxicity associated with the conventional
utilization of chemicals. Since this process can be done with
the final packaging system, the possibility of recontamina-
tion and cross-contamination can be significantly prevented.
Lower operational temperatures in HPP ensure the retention
of heat-labile nutrients like vitamins post-processing, mak-
ing them nutritionally superior to thermally processed prod-
ucts. This advantage also makes it highly suitable to process
heat-sensitive foods like colostrum, eggs, and certain other
proteins. Apart from being highly efficient, this process is

environmentally friendly as electricity and water are the only
requirements, making it a sustainable technology with a low-
er carbon footprint. Presently, spore inactivation is the only
hurdle that is to be duly considered. Synergistic techniques
involving acidity, additives, heat, etc., can be exploited to attain
the desired microbiological quality of the product.
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