*t

PostharvestNews and Information 1998 Vol. 9 No. 4 53N - 66N

( Review Article ,

Section 5k

The inhibition of enzymatic browning in
minimally processed vegetables and fruits

E. Laurila, R. Kervinen and R. Ahvenainen
VTT Biotechnology and Food Research, P.O. Box 1500,
F1-02044 Espoo, Finland

ABSTRACT

Control of enzymatic browning in minimally processed vegetables and fruits has
received a great deal of attention by researchers because of its importance to the food
processing industry. Browning reactions in vegetables and fruits become evident
when, for instance, food material is subjected to processing or to mechanical injury.
Historically, enzymatic browning has been controlled by the application of sulphites;
however, there is a need to substitute sulphites with other methods. The most
frequently studied alternative to sulphite is probably ascorbic acid. Current thinking
suggests prevention of browning is most effective using an integrated approach
where all stages of processing are optimized. In this mini-review, chemical,
enzymatic and physical methods for preventing browning of vegetables and fruits
have been compiled without neglecting the significance of raw material, peeling and

packaging.

Introduction

Consumers are increasingly asking for convenient, ready-to-
use and ready-to-eat fruits and vegetables with fresh-like
quality, containing only natural ingredients (Lund, 1989). In
Finland, browning of potatoes has been a difficult problem
for industries preparing potato salads and potato casseroles.
Hitherto, sulphites have been used to prevent browning, but
recently other alternatives have been studied.

Finnish regulations concerning sulphite compounds are con-
gruent with EU Directives on sulphite compounds. The
highest allowed amount of sulphite compounds, calculated
as 50,, depends on the foodstuff but there are only a few
limits for fresh vegetables and fruits, such as peeled potatoes
(50 mg/kg or mg/l) and prepared (including frozen) pota-
toes (100 mg/kg or mg/1) (95/2/EU). In the US, sulphite
compounds are generally recognized as safe when used in
accordance with good manufacturing practice, except that
they are not allowed to be used on fruits and vegetables
intended to be served raw to consumers or sold raw to con-
sumers, or to be presented to consumers as fresh (FDA, 1996).

Sulphites are multifunctional agents: they prevent enzymatic
and non-enzymatic browning, control growth of microorgan-
isms, act as bleaching agents, antioxidants or reducing agents
and carry out various other technical functions. However, the
use of sulphites has some disadvantages. In addition to being
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corrosive to machinery and destructive to nutrients, sulphites
may produce tissue softening and off-flavours. Sulphite
treatments can also be used in conjunction with vacuum
packaging. In these situations, anaerobic conditions can be
created which are conducive to anaerobic fermentation and
the growth of pathogenic organisms.

Adverse health effects associated with sulphite usage, and an
increase in consumer preference for fresh, natural foods have
also been other powerful motives behind the search for a
practical and functional alternative to sulphite agents
(Langdon, 1987; Anonymous, 1991; McEvily et al., 1991).

Control of browning with sulphite substitutes has been
under examination and ascorbic acid is one of the browning
inhibitors much dealt with. The search for altematives has
yielded compounds that are effective substitutes for only one
or 2 of the functionalities obtained with sulphites. It is
unlikely that a multifunctional sulphite substitute can be
developed. Rather, combinations of several active ingredi-
ents, formulated to meet the needs of specific commodities
and product types, will be developed. Such formulations
must be cost-effective in their stated use and they must be
approved for food use (Sapers & Miller, 1993). The extent of
usage of these inhibitors is not very well known.

The following commercial non-sulphite browning inhibitors
have been examined: Snow Fresh™ and Potato Fresh™
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(Maga, 1995), Sporix™ (Sapers et al., 1989; Gardner ef al,,
1991) and EverFresh™ (Lozano-de-Gonzélez et al., 1993).
However, it seems that they are not as effective as sulphites.
Therefore, research and development work for finding an
effective substitute is still ongoing.

This mini-review aims to present the most recent knowledge
on the inhibition of enzymatic browning in minimally proc-
essed vegetables and fruits.

Factors affecting enzymatic browning

Enzymatic browning requires 4 different components:
oxygen, an enzyme, copper and a substrate. The most impor-
tant enzyme in minimally processed vegetables and fruits is
polyphenol oxidase (PPO). Polyphenol oxidase is a generic
term for the group of enzymes that catalyse the oxidation of
phenolic compounds to produce a brown colour on the cut
surfaces of vegetables and fruits (Whitaker & Lee, 1995).
Peeling and cutting are key steps in the preparation of mini-
mally processed vegetables and fruits. During these
operations cell membranes are broken, and appropriate sub-
strates come into contact with oxidizing enzymes. In the
presence of oxygen, rapid browning occurs due to the enzy-
matic oxidation of phenols to orthoquinones which rapidly
polymerize to form brown or black pigments, such as mela-

nins (Fig. 1).

Enzymatic browning or raw discoloration can proceed very
quickly, even in 0.5 h. In the potato processing industry, min-
imally processed potatoes (whole, slices, strips) usually
experience delays before further processing takes place.
These delays may extend from an hour to several days (i.e.
over a weekend) leading to the appearance of the above-men-
tioned defects. The most important factors that determine the
rate of enzymatic browning of vegetables and fruits are the
concentration of both active PPO and phenolic compounds
present, the pH, the temperature and the oxygen availability
of the tissue.
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The optimum pH of PPO activity varies with enzyme source
and with the substrate over a relatively wide range. In most
cases, the optimum pH range of PPO is between pH 4 and 7.
The adjustment of pH with acids to 4 or below can be used to
control browning as long as the acidity can be tolerated taste-
wise. The temperature stability of PPO varies with species
and with cultivars. The enzyme is relatively heat labile and
activity is completely destroyed at 80°C (Vamos-Vigyaz6,
1981). Heat inactivation of PPO is feasible by applying tem-
peratures of more than 50°C but may produce undesirable
colours and/or flavours as well as undesirable changes in
texture.

The effect of raw material

Much can be done to reduce browning occurring during
storage or processing by selecting cultivars of low browning
tendency (Amiot et al., 1992) and by appropriate agricultural
techniques (Mondy & Munshi, 1993). The rate of brown dis-
coloration in minimally processed vegetables varies
according to pre- and postharvest factors. Among cultural
factors, the choice of cultivar has been reported to have an
effect on the browning potential of prepared potato, since dif-
ferent potato cultivars may have different chemical composi-
tions. However, there are some indications that fertilizer
practices may mask cultivar differences. Among the posthar-
vest techniques that may affect browning, transport and
storage of intact potatoes have been shown to play a role in
the rate of browning of prepared potatoes.

The results of a Finnish study with various cultivars of 8 veg-
etables (Ahvenainen & Hurme, 1994) showed that not all
cultivars of a specified vegetable can be used for processing
for prepared vegetables. The correct choice of cultivar is par-
ticularly important for carrots, potatoes, swedes and onions.
Weller et al. (1997) showed that cultivars or selections of car-
ambola fruit could be selected with increased resistance to
browning. Susceptibility to browning after slicing, packaging
and storage for 4 weeks at 4.4°C varied considerably between
4 cultivars and 5 selections.
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Figure 1. Reaction scheme for enzymatic browning (Labuza et al., 1992)
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The effect of processing

The correct and proper storage of vegetables and careful
trimming before processing are vital for the production of
prepared vegetables of good quality (Ahvenainen & Hurme,
1994; Kabir, 1994; Wiley, 1994). Some vegetables or fruits,
such as potatoes, carrots or apples, need peeling. There are
several peeling methods available, but on an industrial scale
peeling is normally accomplished mechanically (e.g. rotating
carborundum drums), chemically or in high-pressure steam
peelers (Wiley, 1994). Peeling should be as gentle as possible
(Ahvenainen & Hurme, 1994; O’Beirne, 1995). The ideal
method would be hand-peeling with a sharp knife. Ahve-
nainen ef al. (1997) found that browning of potatoes peeled
with a carborundum peeler was more pronounced than that
of potatoes peeled with knives. Carborundum-peeled pota-
toes must be treated with a browning inhibitor, whereas
water was enough for hand-peeled potatoes. Potatoes peeled
using a carborundum peeler also developed stronger off-
odours. Sapers et al. (1989) showed that the method of peeling
had alarge effect on the extent of browning at the peeled sur-
face. The decrease in L-value was greater for steam- or
abrasion-peeled potatoes than for potatoes peeled with a
sharp knife. According to Gunes and Lee (1997), hand
peeling and lye peeling resulted in better quality, but abra-
sion peeling was undesirable for fresh potatoes.

Quality control of sliced potatoes is more difficult than that of
whole pre-peeled potatoes. In ideal conditions whole pre-
peeled potatoes can be stored without browning prevention
chemicals for as long as 7 days (Ahvenainen et al., 1997) but
sliced potatoes cannot be stored without browning preven-
tion chemicals (Laurila et al., 1997).

The stability of shredded lettuce is affected by the way in
which it is cut. Bolin et al. (1977) showed that shredded lettuce
cut with a sharp knife using a slicing action had a storage life
of about twice that of lettuce cut with a sharp knife using a
chopping action. The shelf-life of cut lettuce was shorter
when a dull knife was used.

Methods for preventing browning

In theory, PPO-catalysed browning of vegetables and fruits
can be prevented by heat inactivation of the enzyme, exclu-
sion or removal of one or both of the substrates (O, and
phenols), lowering the pH to 2 or more units below the
optimum, or adding compounds that inhibit PPO or prevent
melanin formation (Whitaker & Lee, 1995). Many inhibitors
of PPO are known, but only a few have been considered as
potential alternatives to sulphites (Vdmos-Vigy4z6, 1981).

The most attractive way to inhibit browning would be ‘nat-
ural' methods, such as the combination of certain salad
ingredients with each other. Lozano-de-Gonzélez et al. (1993)
and Meza et al. (1995) have obtained promising results with
pineapple juice. It appears to be a good potential alternative
to sulphites for the prevention of browning in fresh apple
rings. Treatment of white grapes and cut fruits with honey
has been shown to inhibit PPO activity and browning. The
inhibitory effect was due to a peptide of MW 600 (Oszmi-
anski & Lee, 1990).

The browning susceptibility of potatoes could also be
reduced to some extent by heat treatment (2 weeks at +15°C)
before peeling. This is mainly due to the fact that the amount
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of reducing sugars decreases during the heat treatment (Mat-
tila ef al., 1995). The results of recent research in browning
prevention of potatoes, apples and iceberg lettuce are pre-
sented in Tables 1, 2 and 3, respectively.

Chemical methods

Probably the most frequently studied alternative to sulphite
is ascorbic acid. This compound is a highly effective inhibitor
of enzymatic browning, primarily because of its ability to
reduce quinones back to phenolic compounds before they
can undergo further reaction to form pigments. Unfortu-
nately, once the ascorbic acid has been completely oxidized to
DHAA (dehydroascorbic acid), quinones can accumulate
and undergo browning. According to Sapers and Miller
(1995) digestion with hot ascorbic acid/citric acid solutions
improved the shelf-life of pre-peeled potatoes. A shelf-life of
about 2 weeks was obtained. However, high concentrations
of ascorbic acid (0.75%) imposed an unpleasant taste on the
fruits (Luo & Barbosa-Cdnovas, 1995). Ascorbic acid deriva-
tives, like AAP and AATP, have been used as browning
inhibitors alone or in combinations with other inhibitors for
potatoes and apples (Sapers et al., 1989; Sapers & Miller, 1992,
1993; Monsalve-Gonzilez et al., 1993). Erythorbic acid, an
isomer of ascorbic acid, has been used as an inhibitor of enzy-
matic browning in combination with ascorbic acid or citric
acid for potato slices (Dennis, 1993) and for whole abrasion-
peeled potatoes (Santerre et al., 1991). Lambrecht (1995)
found that erythorbic acid and ascorbic acid were equally
effective in preventing browning in pineapple slices.

Citric acid acts as a chelating agent and acidulant, both func-
tionalities inhibiting PPO. Reliable and promising results
have been obtained using citric acid and the combinations
citric-ascorbic acid and benzoic-sorbic acid as dipping treat-
ments for minimally processed potatoes (Mattila et al., 1995).
Weller et al. (1997) found that treating carambola slices with
1.0 or 2.5% citric acid and 0.25% ascorbic acid in water prior
to packaging was very effective in limiting browning,.

4-Hexylresorcinol (4HR) is one of the recently discovered,
patented (McEvily et al., 1991) and approved browning inhib-
itors of aromatic compounds. 4-Hexylresorcinol is a good
inhibitor of enzymatic browning for shrimp, apples, potatoes
and iceberg lettuce (Monsalve-Gonzélez et al., 1993; Luo &
Barbosa-Cédnovas, 1995; Whitaker & Lee, 1995; Castaner et al.,
1996). 4-Hexylresorcinol interacts with PPO and renders it
incapable of catalysing the enzymatic reaction. 4-Hexylresor-
cinol has several advantages over using sulphites in foods,
including its specific mode of inhibitory action, its effective-
ness at lower levels, its inability to bleach preformed
pigments, and its chemical stability (McEvily ef al., 1992). 4-
Hexylresorcinol is the active ingredient in one commercial
browning inhibitor, EverFresh™ (Lambrecht, 1995).

Ethylenediamine tetraacetic acid (EDTA), a complexing
agent, has been used with potatoes (Cherry & Singh, 1990;
Dennis, 1993) and iceberg lettuce (Castafier et al.,, 1996) in
combinations with other browning inhibitors. Sporix™, a
chelating agent described by its supplier as an acidic
polyphosphate, has been found to be an effective browning
inhibitor in several fruits and vegetables (Sapers et al., 1989;
Gardner et al., 1991)
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Sulphydryl-containing amino acids like cysteine prevent
brown pigment formation by reacting with quinone interme-
diates to form stable, colourless compounds (Dudley &
Hotchkiss, 1989). Cysteine has been used as a browning
inhibitor for potatoes, apples and iceberg lettuce (Molnar-
Perl & Friedman, 1990; Castanier ef al., 1996) and it has also
been used as an ingredient in a commercial browning inhib-
itor (Cherry & Singh, 1990). According to Gunes and Lee
(1997), an L-cysteine (0.5%) and citric acid (2%) mixture pre-
vented browning of potatoes effectively. Reduced
glutathione and N-acetylcysteine are nearly as effective as
sulphites in controlling browning in apple, potato, and fresh
fruit juices (Molnar-Perl & Friedman, 1990).

Enzymatic methods

Protease enzymes were found to be effective browning inhib-
itors for apples and potatoes (Taoukis et al., 1989; Labuza et
al., 1992; Luo, 1992) (see Tables 1 and 2). It is believed that an
effective protease acts to hydrolyse and, therefore, inactivate
the enzyme or enzymes responsible for enzymatic browning.
Of the proteolytic enzymes tested so far mainly 3 plant pro-
teases (ficin from figs, papain from papaya and bromelain
from pineapple) proved to be effective. All 3 proteases are
sulphydryl enzymes of broad specificity. According to
Taoukis et al. (1989), ficin was as effective as sulphite for pota-
toes at 4°C, but slightly less effective than sulphite at 24°C.
Papain was somewhat effective for potatoes at 4°C. Papain
treatment can prevent enzymatic browning of apples about
as well as sulphite treatment at both temperatures (4°C and
24°C).

Physical methods

Statistically valid evidence of the effectiveness of high-O,
modified atmosphere packaging (MAP) was provided by
Day (1997) with iceberg lettuce. This so-called ‘oxygen shock’
or 'gas shock’ treatment has been found to be particularly
effective at inhibiting enzymatic browning, preventing
anaerobic fermentation reactions, and inhibiting aerobic and
anaerobic microbial growth. It is hypothesized that high O,
levels may cause substrate inhibition of PPO or, alternatively,
high levels of colourless quinones subsequently formed may
cause feedback production of PPO.

Oxygen concentrations in the atmosphere surrounding a
product can be reduced by MAP. While this approach can
delay browning, excessive reduction of oxygen will damage
the product by inducing anaerobic metabolism, leading to
breakdown and off-flavour formation.

A packaging atmosphere of 20% CO, and 80% N, with citric
and ascorbic acids as browning inhibitors gave the best sen-
sory quality of sliced potatoes after 7 days’ storage. Oxygen
concentrations in the package head space were less than 1.5%
during a 7-day storage period (Laurila et al., 1998). According
to Ahvenainen ef al. (1998), the quality retention of peeled
potatoes was as good in vacuum as in gas (20% CO; + 80%
O,). Gunes and Lee (1997) showed that active modification of
the atmosphere inside the package was necessary to extend
the shelf-life of the potatoes but MAP alone did not prevent
browning. Dipping treatment was essential in packaged
potatoes.

A carbon monoxide (CO) gas atmosphere was found to
inhibit mushroom PPO reversibly. Use of this compound ina
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modified-atmosphere packaging system would require
measures to ensure the safety of packing plant workers.

High-pressure treatment of potatoes and apples at 800 MPa
caused little browning but both foods took on a cooked
appearance (Gomes & Ledward, 1996).

Other methods

One possible 'packaging’ method for extending the posthar-
vest storage life of lightly processed fruits and vegetables is
the use of edible coatings, i.e. thin layers of material which
can be eaten by the consumer as part of the whole food
product. At least theoretically, coatings have the potential to
reduce moisture loss, restrict ingress of oxygen, lower respi-
ration, retard ethylene production, seal in flavour volatiles,
and carry additives that retard discoloration and microbial
growth (Baldwin et al., 1995).

Antioxidants are added to edible coatings to protect against
oxidative rancidity, degradation and discoloration. Nisperos-
Carriedo et al. (1988) found that edible coatings reduced
enzymatic browning in whole and sliced mushrooms. Fur-
ther improvement in the antibrowning property of the
coating was accomplished with the incorporation of an anti-
oxidant and a chelator (1% ascorbic acid, 0.2% calcium
disodium ethylene diaminetetraacetic acid). Various sul-
phated polysaccharides, including carrageenans, amylose
sulphate and xylan sulphate, were found to be effective as
browning inhibitors with diced apple (Tong & Hicks, 1991).
Use of Nature Seal™ 1020, a cellulose-based edible coating,
as a carrier of antioxidants, acidulants and preservatives pro-
longed the storage life of cut apple and potato by about one
week when stored in overwrapped trays at 4°C. Ascorbic
acid delayed browning more effectively when applied in an
edible coating than in an aqueous solution (Baldwin et al.,
199¢6).

It is expected that a biological preservation method may
enjoy better consumer acceptance than preservation methods
that use traditional chemical preservatives (Schillinger et al.,
1996). Lactic acid bacteria (LAB) produce a variety of low
molecular mass compounds including acids, alcohols, carbon
dioxide, diacetyl, hydrogen peroxide and other metabolites.
Bacteriocin-producing LAB show potential for minimally
processed foods (Schillinger et al., 1996). Hurdle technology
using natural preservatives, e.g. inhibitors produced by LAB,
may also work as browning inhibitors. The matching of cor-
rect processing methods and ingredients to each other should
be applied to a greater extent in minimal processing of
produce.

Measuring browning

In most cases, browning is measured (Tables 1, 2 and 3) by
using different spectrophotometers or colorimeters, such as
the Hunterlab, Gardner or Minolta instruments. In some
cases the appearance of the product is evaluated by sensory
panels.

1t seems that the importance of L, a and b values depends on
the foodstuff examined. In the L*a*b* colour space, L is the
intensity, a the position on the green (-} to red (+) axis and &
the position on the blue (-) to yellow (+) axis. For browning
estimation, the L value has been considered as one of the best
colour indices and is frequently used (Sapers & Douglas,
1987; Sapers et al., 1989). According to Luo (1992), the L value
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alone is not adequate and the use of both a and b values is nec-
essary if the research involves the change of hue and chroma.
Cherry and Singh (1990) found that the difference in L values
(measured with the Hunterlab Colorimeter) between natu-
rally white and blackened potatoes has a value of about 30,
and a difference in L values of 3 units is significant and detect-
able visually. Visual observation of the pieces by 4 expert
judges indicated that when a normalized AL/Lyx 100 value,
measured with a Minolta Chromameter, reached 2.5 for
apple slices and 3.0 for potato slices, the colour could not be
distinguished from the initial colour of the slices (AL is the
change in L value at any time and Ly is the initial L measure-
ment). Slight browning, subjectively considered to be just at
the point of unacceptability, corresponded to a normalized
AL/Ly x 100 value of about 4.0 for apple and 5.0 for potato.
Extremely brown apple slices had a normalized AL/Lg x 100
value of about 15.0 (Labuza et al, 1992). According to
Langdon (1987), an E value of 3 or less, measured with a
Gardner Colorimeter, is considered to be a non-perceptible
colour difference. The E value is the total colour difference
between fresh potatoes and those that are treated and pack-
aged. Lopez-Galvez et al. (1996) found that the 2 value was
most highly correlated with visual evaluations for iceberg let-
tuce. More information about L, a and b values for different
vegetables and fruits and their correlation with visual obser-
vations is needed.

Development needs and future prospects

It is probable that, in the future, vegetables and fruits
intended for minimal processing will be cultivated under
specified controlled conditions, and furthermore, that plant
geneticists will develop selected and created cultivars or
hybrids adapted to the specific requirements of minimal
processing (Varoquaux & Wiley, 1994: Martinez & Whitaker,
1995). According to Watson (1995), a large number of trans-
genic potato lines containing the antisense PPO gene have
been generated and these exhibit low levels of PPO activity
ranging from 1 to 10% of normal levels.

In most research only the prevention of browning has been
studied. The effect of browning inhibitors on the sensory
quality of products has not been examined. Sensory
attributes such as appearance, flavour, odour and texture are
also important factors affecting consumer acceptability.
These attributes must be taken into account when a browning
prevention method is selected.

A characteristic feature in minimal processing is an inte-
grated approach, where raw material, handling, processing,
packaging and distribution must be properly considered to
make shelf-life extension possible. The unit operations, such
as peelers and shredders, need further development to make
them gentler. There is no sense in disturbing the quality of
produce by rough treatment during processing, and after-
wards patching it up with preservatives (Ahvenainen, 1996).

The effectiveness of non-sulphite dips at inhibiting discolor-
ation of different prepared produce under various MAP
conditions is currently under study in an EU FAIR CT96-1104
project "Novel high oxygen and noble gas modified atmos-
phere packaging (MAP) for extending the quality shelf-life of
fresh prepared produce". This project, coordinated by Brian
Day at Campden & Chorleywood Food Research Association
(UK), started in September 1996 and will last till September
1999. In this project the inhibition of discoloration of mini-
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mally processed vegetables and fruit is being studied at VTT
Biotechnology and Food Research in Finland, at the Univer-
sity of Limerick in Ireland, and at CCFRA. VTT is carrying
out research on potatoes, Limerick University on shredded
iceberg lettuce, sliced apples and prepared potatoes, and
CCFRA is studying the effects of suitable dip formulations on
various prepared produce.
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