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Polyphenol oxidase (PPO) catalyses the browning reaction during fruit processing and storage. It is considered a

threat to clean labels and minimally processed fruit products. Unwanted changes in fruits’ appearance and quality

represent a cost to the industry. High pressure and ultrasound, in addition to thermal treatment, are effective in

reducing PPO activity and producing high-quality products. PPO from different fruit cultivars behaves differently

when submitted to different treatments.
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1. Introduction

Browning is a common occurrence during the preparation and storage of fruits and vegetables such as apples,

potatoes, bananas, and avocado. It occurs when food undergoes chemical reactions that turn it brown. There are

two types of browning: enzymatic browning and non-enzymatic browning. Enzymatic browning is believed to cause

more than 50% loss during pre-harvest and post-harvest processing of fruits and vegetables . The enzyme that is

responsible for food browning is polyphenol oxidase (PPO). Browning occurs when PPO oxidises phenolic

substances, resulting in food darkening . PPO activity is a major problem in the production and marketing of food

items, particularly fruit juices. When browning occurs, the appearance, and the quality of fruit juices are altered.

Many researchers have investigated how to inhibit undesirable browning to increase their shelf life . However, in

certain foods such as coffee, cocoa beans, and tea, browning is needed to produce the desired colour and flavour

. This is also the case for dry fruits such as raisins. It is critical in food processing to use physical (thermal and

non-thermal processing) or chemical agents (Such as citric or ascorbic acid) to avoid or slow down enzymatic

browning.

Thermal or non-thermal processing can be used to inactivate polyphenol oxidase. The PPO enzyme in fruit (juice)

is inactivated during thermal processing by heating the juice to a temperature of 70 °C to 90 °C. Thermal treatment

of fruits and vegetables is a classic method for destroying bacteria and inactivating enzymes. For a long time,

thermal food preservation methods have dominated the food processing sector . Thermal treatment, on the other

hand, can result in negative changes in food attributes such as loss of colour, texture, and flavour, as well as

nutrient quality degradation . Heat treatment of fruits can cause heat-sensitive components including vitamins

to be destroyed . Industry and researchers have developed non-thermal food preservation techniques in

response to consumer demand for safe and nutritious juices. Some of the technologies include high pressure

processing (HPP), high pressure carbon dioxide (HPCD), ultrasound, and irradiation . The latter can be
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used alone or in combination with heat to enhance bacterial and enzyme inactivation. The adverse effects of

thermal treatment on a variety of fruits have been mitigated using these strategies . Food will be less impacted by

the moderate heat/no heat employed in these processes, allowing for the retention of nutritional, physical, taste,

and flavour properties identical to those of fresh foods . These non-thermal processing methods have

the potential to help with product development in order to address the rising demand for high-value, complex, and

diverse food items. The approach for thermal treatment, high pressure processing, and ultrasonic technologies for

the inactivation of PPO enzymes are discussed in this study.

2. Enzymatic Browning: Polyphenol Oxidase

Enzymatic browning is a chemical process that discolours fruits or fruit products (juice, puree, etc.) into a brown

colour. The enzymes polyphenol oxidase (PPO), 1,2 benzenediol oxygen oxidoreductase, phenolase, monophenol

oxidase, diphenol oxidase (DPO), and tyrosinase catalyse browning . Browning is caused by the presence of

oxygen in the air in contact with sliced fruit (oxidation reaction). Figure 1 indicates that quick browning occurs in

the presence of oxygen due to the enzymatic oxidation of phenols to orthoquinones, which subsequently

polymerise in a sequence of processes, resulting in the development of brown or black pigments (melanins) on the

food’s surface .

Figure 1. Browning reaction of PPO enzyme taken from .

Most fruits and vegetables that are exposed to air after being chopped, sliced, or pulped, will be affected by

enzymatic browning due to mechanical damage of plant tissues and cells. Enzymatic browning can occur during

frozen or cold food transit and storage. PPO produces quinones that bind to plant proteins, reducing protein

digestion and nutritional value for herbivores . The PPO enzyme is structurally composed of two copper ions in

its active region, which is surrounded by six histidines and one cysteine residue . Copper ions in the enzyme are

important factors in the oxidation–reduction process by cyclically transitioning the active site between met-, oxy-,

and deoxy- forms during the catalysis reaction . PPO has two copper atoms in its activity site, and the enzyme

catalyses two distinct processes in the presence of molecular oxygen: the hydroxylation of monophenols

(monophenolase activity) and the oxidation of o-diphenols to o-quinones (diphenolase activity) . This is followed

by non-enzymatic polymerisation of the quinones, which produces the pigment melanins, resulting in dark colours

.
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3. Thermal and Innovative Technologies for PPO Inactivation

3.1. Thermal Treatment

Thermal processing is a traditional food preservation method that employs heat to preserve and process food

products. The inactivation of polyphenol oxidase (PPO) by heat treatment is the most effective and standard

method to control enzymatic browning. Heat is used in this treatment to destroy microorganisms and inactivate

enzymes. However, the thermal treatment causes undesirable changes in food qualities, such as loss of colour,

flavour, texture, and nutrients . Blanching is a common thermal treatment used to inactivate enzymes in fruits

and vegetables. Blanching is a water-intensive technology and is deemed as uneconomical technology . It

involves rapid heating of fruits and vegetables to a predetermined temperature and holding it for a set period,

usually 1 to less than 10 min . The most common method of blanching is hot water blanching, during which the

products are immersed in hot water (70 to 100 °C) for several minutes .

Figure 2 shows studies on the thermal inactivation of PPO enzymes that have been carried out by various scholar

. The effect of temperature on PPO stability is commonly investigated by incubating the enzyme at

a higher temperature. Processes from 70 °C to 80 °C for 5–25 min were seen to provide more than 80% of PPO

inactivation. However, studies by Sreedevi  on sugarcane and Sulaiman  on strawberry PPOs show that at a

lower temperature of 60 °C, 80% of PPO inactivation can also be achieved. This proves that different fruits can

react at different temperatures and times to achieve similar PPO inactivation. Different technologies used to

produce juice and puree, different fruit cultivars, and different methods used to determine PPO activity could

explain the differences in the inactivation after processing.
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Figure 2. Inactivation of PPO (≥80%) by thermal treatment .

3.2. High Pressure Processing

High pressure processing (HPP) has been considered as an alternative technology to preserve food without heat

or chemical preservatives . HPP is a non-thermal process that is very effective in assuring the safety and quality

of minimally processed food products. In contrast to thermal treatment, this technology can inactivate foodborne

microorganisms and enzymes while maintaining food quality . For high pressure processing, raising treatment

pressures will generally result in faster microbial inactivation in shorter times. However, the increased pressure can

cause protein denaturation and other potentially harmful changes in food quality, which might affect the

appearance and texture of the food .

For the inactivation of enzymes, the pressure is strongly dependent on the type of endogenous enzymes—some

enzymes can deactivate at room temperature by a few hundred MPa , while others can withstand 1000

MPa . As some food enzymes are highly stable, pressure must be combined with other factors such as

temperature to inactivate them. During the process, hydraulic fluid (typically water) is poured into a chamber and

pressurised with a pump. This pressure is then transferred to the food isostatically through the packaging, where

the pressure at all sides is at the same magnitude (Isostatic principle). This procedure can increase the product’s

shelf life without the addition of preservatives while maintaining the product’s quality (e.g., nutrients).

When using a high pressure treatment for food processing, it is crucial to understand the interactions between the

processing parameters (pressure, time, and temperature) to figure out the best conditions to achieve desired levels

of microbial inactivation while maintaining a high degree of nutritional quality, good flavour, and texture .

Increased treatment pressures for high pressure processing will generally result in higher microbial inactivation.

However, some food enzymes are extremely stable, so the pressure must be paired with other factors such as

temperature to inactivate them. Several studies  demonstrated that by utilising higher pressure (600 MPa)

and a moderate temperature, fruits juice and puree could achieve PPO inactivation of more than 80%. For

example, data by Engmann  show that Mulberry can achieve 88% of inactivation with pressure 365 MPa and a

combination of thermal treatment at 90 °C. Applying pressure without heat treatment in fruits puree and juice is

insufficient to totally inactivate the oxidative enzymes. Temperature assistance is required to achieve significant

inactivation of these enzymes, which may improve the shelf stability of the products. The efficiency and

effectiveness of HPP can be determined by various factors such as the type of food, processing time, initial pH,

and the presence of certain additives in the food. The effect of high pressure processing (HPP) on PPO inactivation

of various fruits is shown in Figure 3 .
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Figure 3. Inactivation of PPO (≥80%) by HPP .

3.3. Ultrasound Processing

Food products that are free of additives or preservatives have become a consumer demand for high quality and

fresh products, especially juice products. This demand has led researchers or producers to employ ultrasonic

technology in the production of fruit juice. Ultrasonic or ultrasound is a promising technology that can be used to

replace traditional thermal treatment processes. It has the potential to improve the quality and safety of juice by

converting electrical energy into mechanical energy through piezoelectric materials . When sound waves pass

through the fluid, continuous compression and relaxation will occur, and then the negative pressure overcomes the

tensile force, the transmission of sound waves to the relaxed position causes the formation of micron-sized bubbles

and spaces . Ultrasound is also transmitted at frequencies higher than the audible frequency of 20 kHz . The

frequency of ultrasonic equipment is usually 20 kHz to 10 MHz .

The applications of ultrasound in the food industry include low-energy and high-energy ultrasound. Low energy

intensities of ultrasound, less than 1 W·cm , and frequency greater than 100 kHz  can be used to monitor food

composition and physicochemical properties of food during processing and storage, for quality control purposes.

High-energy ultrasound is also called power ultrasound because the intensity is higher than 1 W·cm , and the

frequency range is 20 to 100 kHz . Ultrasound can be applied to a product using two methods: submergence in

an ultrasonic bath  or direct treatment to the product using a probe sonicator .
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Figure 4 summarises PPO inactivation by ultrasound in fruit juice . Ultrasound occurs at frequencies

ranging from 20 kHz to 24 kHz, inactivating PPO by more than 80%. Ultrasound combined with heat, also known

as thermosonication (TS), is another emerging preservation method. TS treatment on apple juice of different

cultivars shows an inactivation PPO of more than 80% at various temperatures (ranging between 60 °C and 70 °C)

and time (6 to 20 min) . A comparison of apple juice shows that different parameters used such as sound

intensity, time, and temperature would affect the inactivation of PPO in the fruits. The higher the intensity (or

amplitude) of ultrasound applied is, the more enzyme is inactivated, because high intensity releases high energy.

The wide range of data on PPO inactivation in fruits shows that enzyme inactivation is influenced by various

parameters, including source, sub-type, environment, and physicochemical conditions such as pH and

temperature.

Figure 4. Inactivation of PPO (≥80%) by Ultrasound .
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