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1

Introduction

One of the major advances in human history was the ability to preserve food. It
was the prerequisite to man settling down in one place, instead of moving from
place to place in the never ending hunt for fresh food. The earliest preservation
technologies developed were drying, smoking, chilling and heating. Later on the
art of controlling these technologies was developed. The work of Pasteur in the
nineteenth century then made it possible to understand the real mode of
operation of preservation techniques such as heating, chilling and freezing,
providing the basis for more systematic monitoring and control.

The use of various compounds such as salt and spices to preserve foods was
also used in ancient times. Unfortunately, the gradual use of a wider range of
chemicals for preservation such as boron or cumarine sometimes led to misuse.
Consumers have developed some suspicion of the use of chemical additives,
sometimes with good reason in such cases as antibiotics and materials such as
hexamethyltetramine (which during processing and storage develops into
formaldehyde).

Consumers have fewer reservations about physical treatments, although one
of the oldest technologies, smoking, is now suspected of being carcinogenic.
Another more recent physical treatment which is also much under debate is
irradiation. Many studies have shown it to be safe and it has been approved for
use in food processing in several countries, e.g., the USA, because it has proved
to be the best way to kill Salmonella and other pathogenic bacteria. However,
irradiation of foods is not used in practice in most countries in Europe because
of continuing consumer concerns about the safety of the technology.

Recent debate about preservation techniques has focused on ways of
preserving foods in a way that is both safe but also preserves the intrinsic
nutritional and sensory qualities present in raw and fresh food by minimising the
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amount and severity of subsequent processing operations. This is why minimally
processed foods have gained such great popularity, although they raise new
safety risks. As an example, they often rely on an effective cold chain during
storage and distribution to prevent microbial growth. This book describes both
established and new preservation methods which embrace biotechnology and
physics. Both methods offer the possibility of preserving food safely with a
minimal impact on quality. The book describes the principles behind individual
preservation methods, the foods to which they can be applied, their impact on
food safety and quality, their strengths and limitations. It also shows how
individual techniques have been combined to achieve the twin goals of food
safety and quality. The book tries to describe a status quo of where we are in the
development of food preservation techniques at the beginning of a new
millennium, and some of the things we still need to do.

©2003 Woodhead Publishing Limited and CRC Press LLC



Part 1

Ingredients



2

The use of natural antimicrobials

P. M. Davidson and S. Zivanovic, University of Tennessee, USA

2.1 Introduction

Food antimicrobials are chemical compounds added to or present in foods that
retard microbial growth or kill microorganisms. The functions of food
antimicrobials are to inhibit or inactivate spoilage microorganisms and
pathogenic microorganisms. The latter function has increased in importance in
the past 10-15 years as food processors search for more and better tools to
improve food safety (Davidson, 2001). Prior to recent approvals of certain
compounds to control foodborne pathogens by worldwide regulatory agencies,
one of the only uses of antimicrobials to control a pathogen was nitrite or nitrate
against Clostridium botulinum in cured meats.

A number of compounds are approved by international regulatory agencies
for use as direct food antimicrobials (Table 2.1). The question arises as to why,
with so many compounds already approved for use in foods, would the food
processing industry need a greater number of food antimicrobials? The primary
incentive for searching for effective antimicrobials among naturally occurring
compounds is to expand the spectrum of antimicrobial activity over that of the
regulatory-approved substances. Most of the traditional, currently approved food
antimicrobials have limited application due to pH or food component
interactions. For example, organic acids function at low concentrations only
in high acid foods (generally less than pH 4.5-4.6). This is because the most
effective antimicrobial form is the undissociated acid which exists in majority
only at a pH below the pK, of the compound. All regulatory-approved organic
acids used as antimicrobials have pK, values less than 5.0 (Table 2.2) which
means their maximum activity will be in high-acid foods. For food products with
a pH of 5.5 or greater, there are very few compounds that are effective at low
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Table 2.1 Current regulatory-approved compounds for use as direct addition food
antimicrobials

Compound or group of compounds

Alkyl esters of p-hydroxybenzoic acid (Parabens; methyl, ethyl, propyl, butyl and heptyl)
Acetic acid and acetate salts, diacetates, dehydroacetic acid
Benzoic acid and benzoate salts

Dimethyl dicarbonate, diethyl dicarbonate

Lactic acid and lactate salts

Lysozyme

Natamycin

Nisin

Nitrites and nitrates

Phosphates

Propionic acid and propionate salts

Sorbic acid and sorbate salts

Sulfite derivatives

Table 2.2 pK, of regulatory-approved organic acids

Compound or group of compounds pKa.
Acetic acid 4.75
Benzoic acid 4.19
Lactic acid 3.79
Propionic acid 4.87
Sorbic acid 4.75

concentrations. Another factor leading to reduced effectiveness among food
antimicrobials is food component interactions. Most food antimicrobials are
amphiphilic. As such, they can solubilize in or be bound by lipids or
hydrophobic proteins in foods making them less available to inhibit
microorganisms in the food product.

Interest in natural antimicrobials is also driven by the fact that international
regulatory agencies are generally very strict about requirements for toxicological
evaluation of novel direct food antimicrobials. In many parts of the world,
toxicological testing of new synthetic compounds could take many years and
many millions of dollars to obtain approval. For some types of food additives a
payback may be possible (e.g., artificial sweeteners), but for food antimicrobials
it is less likely that obtaining approval would be profitable.

An argument often used to justify natural antimicrobials is that they will
produce ‘green’ labels, i.e., one with few or no ‘synthetic’ additives in the
ingredient list. While this rationale may be true, it must be remembered that
many of the antimicrobial compounds approved for use in foods today come
from natural sources (Table 2.3). If a truly effective antimicrobial was
discovered from a natural source, it may be more economically feasible to
synthesize it than to extract it from a natural source. This justification also leads
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Table 2.3 Natural sources for antimicrobials

Compound or group of compounds Natural source

Acetic acid Vinegar

Benzoic acid Cranberries, plums, prunes, cinnamon,
cloves, and most berries

Lactic acid Lactic acid bacteria

Propionic acid Swiss cheese (Propionibacterium
freudenreichii ssp. shermanii)

Sorbic acid Rowanberries

consumers to the mistaken belief that food additives currently in use are
potentially toxic and should be avoided.

In addition to potential benefits associated with natural antimicrobials in
foods, there are a number of potential concerns that need to be examined with
respect to food safety. For example, if an antimicrobial is to be used exclusively
to inhibit a pathogenic microorganism, it must be uniformly effective, stable to
storage, and stable to any processes to which it is exposed. Standardized assays
for activity need to be developed to ensure that the antimicrobial compounds
retain potency. Finally, producers and users of natural antimicrobials that make
claims for efficacy of use will be likely to be liable for any claims they make. In
short, natural antimicrobials have excellent potential but probably will not
produce miracles.

2.2 Natural antimicrobials from animal sources

Naturally occurring antimicrobials may be classified by source. There are
compounds from animal, plant and microbial sources. As stated above, some
naturally occurring antimicrobials have been approved for direct addition into
foods by regulatory agencies including lactoferrin, lysozyme, natamycin and
nisin.

2.2.1 Chitosan
Chitosan, (1—4)-2-amino-2-deoxy-3-D-glucan, is a natural constituent of
fungal cell walls (Ruiz-Herrera, 1992). It is produced commercially from
chitin, a by-product of shellfish processing, by alkaline deacetylation. Chitosan
is the designated name for the series of polymers with different ratios of
glucosamine (GlcN) and N-acetyl glucosamine (GIcNAc). Most commercial
chitosans have less than 30% acetylated units (referred to as degree of
acetylation less than 30%) and molecular weights between 100 and 1,200 kDa
(Li et al., 1997; Onsoyen and Skaugrud, 1990).

Chitosan inhibits growth of foodborne molds, yeasts and bacteria including
Aspergillus flavus, Saccharomyces cerevisiae, Zygosaccharomyces bailii, Mucor
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racemosus, Byssochlamys spp., Botrytis cinerea, Rhizopus stolonifer and
Salmonella, Staphylococcus aureus, Escherichia coli, Yersinia enterocolitica,
Listeria monocytogenes and Lactobacillus fructivorans (Roller and Covill, 2000;
Sudarshan et al., 1992; Papineau et al., 1991; Wang, 1992). However, reported
minimum inhibitory concentrations for both bacteria and yeasts vary widely
from 0.01-5.0% depending on polymer characteristics and pH, temperature, and
presence of interfering substances such as proteins and fats (Chen et al., 1998;
Rhoades and Roller, 2000; Roller and Covill, 1999; Sudarshan ez al., 1992; Tsai
and Su, 1999; Tsai et al., 2000). Chitosan may directly affect the microbial cell
by interaction with the anionic cell wall polysaccharides or components of the
cytoplasmic membrane resulting in altered permeability or prevention of
transport (Tsai and Su, 1999; Fang et al., 1994).

Darmadji and Izumimoto (1994) showed that 1% chitosan was necessary for
reduction of only 1-2 logs of Pseudomonas, staphylococci, and total bacteria
count in minced beef patties and lower concentrations (0.2 and 0.5%) had no
effect on the microflora. In contrast, fresh strawberries and bell peppers dipped
in acidic chitosan solutions and inoculated with B. cinerea or R. stolonifer were
reported to have a shelf life equivalent to that of fruit treated with conventional
fungicide (El-Ghaouth ef al., 1991; El-Ghaouth, 1997). Roller and Covill (1999)
reported that 0.1 to 5 g/l of chitosan glutamate inhibited growth of eight yeast
species in apple juice at 25°C. The most sensitive strain was Z. bailii, which was
completely inactivated by chitosan glutamate at 0.1 g/l. For S. cerevisiae, the
minimum inhibitory concentration was 0.4 g/l and no resumption of growth was
observed after 32 days.

2.2.2 Lactoferrin

In milk and colostrum, the primary iron-binding protein is lactoferrin.
Lactoferrin has two iron binding sites per molecule. Lactoferrin is inhibitory
by itself to a number of microorganisms including Bacillus subtilis, B.
stearothermophilus, Listeria monocytogenes, Micrococcus species, E. coli and
Klebsiella species (Oram and Reiter, 1968; Korhonen, 1978; Reiter, 1978;
Mandel and Ellison, 1985; Payne et al., 1990). The compound has no activity
against Salmonella Typhimurium, Pseudomonas fluorescens and little activity
against E. coli O157:H7 or L. monocytogenes VPHI (Payne et al., 1994). Some
gram-negative bacteria may be resistant because they adapt to low iron
environments by producing siderophores such as phenolates and hydroxamates
(Ekstrand, 1994). Microorganisms with a low iron requirement, such as lactic
acid bacteria, would not be inhibited by lactoferrin. Since it is cationic,
lactoferrin may increase the outer membrane permeability to hydrophobic
compounds, including other antimicrobials. According to Naidu and Bidlack
(1998), lactoferrin blocks adhesion of microorganisms to mucosal surfaces,
inhibits expression of fimbria and other colonizing factors of enteric
pathogens, such as E. coli, and inactivates lipopolysaccharides of gram-
negative bacteria.
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Lactoferricin B or hydrolyzed lactoferrin (HLF) is a small peptide produced
by acid-pepsin hydrolysis of bovine lactoferrin (Bellamy et al., 1992). Jones et
al. (1994) reported that the compound was inhibitory to Shigella, Salmonella,
Yersinia enterocolitica, E. coli O157:H7, S. aureus, L. monocytogenes and
Candida. In contrast, while HLF was effective against L. monocytogenes,
Enterohemorrhagic E. coli, and Salmonella Enteritidis in peptone yeast extract
glucose broth, it was not active in a more complex medium, trypticase soy broth
(TSB) (Branen and Davidson, 2000). The addition of EDTA enhanced the
activity of HLF in TSB, indicating that the decreased activity of HLF may have
been due, in part, to excess cations in the medium. Venkitanarayanan et al.
(1999) found that, while 50 or 100 ug lactoferricin B per ml reduced viable E.
coli O157:H7 in 1% peptone, it was much less effective as an antimicrobial in
ground beef.

2.2.3 Lactoperoxidase system
Lactoperoxidase is an enzyme that occurs in raw milk, colostrum, saliva and
other biological secretions. Bovine milk naturally contains 10 to 60 mg of
lactoperoxidase per liter (Ekstrand, 1994). This enzyme reacts with thiocyanate
(SCN7) in the presence of hydrogen peroxide and forms antimicrobial
compound(s). This is termed the lactoperoxidase system (LPS). Fresh milk
contains 1 to 10 mg of thiocyanate per liter, which is not always sufficient to
activate the LPS. Hydrogen peroxide, the third component of the LPS, is not
present in fresh milk due to the action of natural catalase, peroxidase or
superoxide dismutase. Approximately 8 to 10 mg hydrogen peroxide per liter is
required for LPS. In the LPS reaction, thiocyanate is oxidized to the
antimicrobial hypothiocyanate (OSCN ™) which also exists in equilibrium with
hypothiocyanous acid (pK, = 5.3) (Reiter and Harnulv, 1984; Gaya et al., 1991).
The LPS is generally more effective against gram-negative bacteria,
including pseudomonads, than gram-positive bacteria (Bjorck, 1978). However,
it does inhibit both gram-positive and gram-negative foodborne pathogens
including salmonellae, S. aureus, Listeria monocytogenes and Campylobacter
Jjejuni (Beumer et al., 1985; Kamau et al., 1990; Siragusa and Johnson, 1989).
The LPS system can increase the shelf life of raw milk (Ekstrand, 1994).
Inactivation of lactoperoxidase occurs at 80°C in 15 sec whereas residual
lactoperoxidase activity is detected following treatment at 72°C. Barrett et al.
(1999) theorized that lactoperoxidase may have a role in the keeping quality of
pasteurized milk treated at 72°C for 15 sec. LPS has also been used as a
preservation process in infant formula, ice cream, cream, cheeses and liquid
whole eggs (Ekstrand, 1994).

2.2.4 Lysozyme
Lysozyme is an enzyme that catalyzes hydrolysis of the 3-1,4 glycosidic bonds
between N-acetylmuramic acid and N-acetylglucosamine of the peptidoglycan
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of bacterial cell walls. It is present in avian eggs, mammalian milk, tears (and
other secretions), insects and fish. In hypotonic solutions, the enzyme causes
lysis of bacterial cells. The enzyme is most active against gram-positive bacteria
because the peptidoglycan of the cell wall is more exposed. It inhibits the
foodborne bacteria Bacillus stearothermophilus, Clostridium botulinum, C.
thermosaccharolyticum (Thermoanaerobacterium thermosaccharolyticum), C.
tyrobutyricum, Listeria monocytogenes and Staphylococcus aureus (Hughey and
Johnson, 1987; Hughey ef al., 1989). There is variation in the susceptibility of
gram-positive bacteria to lysozyme probably due to the presence of teichoic
acids or other compounds that bind the enzyme. Also, certain species have
greater proportions of 1,6 or 1,3 glycosidic linkages in the peptidoglycan which
are more resistant than the 1,4 linkage (Tranter, 1994). Lysozyme is less
effective against gram-negative bacteria due to reduced peptidoglycan content
(5-10%) and presence of the outer membrane of lipopolysaccharide (LPS) and
lipoprotein (Wilkins and Board, 1989). Gram negative cell susceptibility can be
increased by combination with chelators (e.g., EDTA) that bind Ca"" or Mg""
which are essential for maintaining integrity of the LPS layer. Lysozyme is used
to prevent gas formation (‘blowing’) in cheeses such as Edam and Gouda by C.
tyrobutyricum. Cheese manufacturers using eggwhite lysozyme for this purpose
generally add a maximum of 400 mg/l. Lysozyme is used in Japan to preserve
seafood, vegetables, pasta and salads. Lysozyme has been evaluated for use as
an antimicrobial in wines to inhibit lactic acid bacteria and as a component of
antimicrobial packaging (Padgett et al., 1998).

2.3 Natural antimicrobials from plant sources

Major components of naturally occurring antimicrobials in plants can include
those present in the intact plant and those released due to infection or injury.
Components present in intact plants include alkaloids, dienes, flavonols,
flavones, glycosides, lactones, organic acids, phenolic compounds, and
protein-like compounds (Lopez-Malo et al., 2000). Post-infection inhibitors
may include isothiocyanates, phenolic compounds, phytoalexins and sulfoxides
(Lopez-Malo et al., 2000). Of greatest potential as food antimicrobials are
compounds from spices and their essential oils. Additionally, compounds from
the Allium family, the Cruciferae or mustard family and phenolic compounds
have shown some potential.

2.3.1 Allium

Onion (Allium cepa) and garlic (Allium sativum) have been shown to inhibit
growth and toxin production of many microorganisms including B. cereus, C.
botulinum type A, E. coli, Lactobacillus plantarum, Salmonella, Shigella, and S.
aureus, and the fungi 4. flavus, A. parasiticus, Candida albicans, and species of
Cryptococcus, Rhodotorula, Saccharomyces, Torulopsis and Trichosporon
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(Saleem and Al-Delaimy, 1982; Conner and Beuchat, 1984; Beuchat, 1994;
Gonzalez-Fandos et al., 1994). Cavallito and Bailey (1944) isolated the major
antimicrobial compounds from garlic by using steam distillation of ethanolic
extracts. They identified the antimicrobial component as allicin (diallyl
thiosulfinate; thio-2-propene-1-sulfinic acid-5-allyl ester). Allicin is formed by
the action of the enzyme, allinase, on the substrate alliin [S-(2-propenyl)-L-
cysteine sulfoxide]. The reaction occurs only when cells of the garlic are disrupted,
releasing the enzyme to act on the substrate. A similar reaction occurs in onion
except that the substrate is [S-(1-propenyl)-L-cysteine sulfoxide] and one of the
major products is thiopropanal-S-oxide. The products responsible for anti-
microbial activity are also apparently responsible for the flavor of onions and
garlic. In addition to antimicrobial sulfur compounds, onions contain the phenolic
compounds protocatechuic acid and catechol, which could contribute to their
antimicrobial activity (Walker and Stahmann, 1955). The mechanism of action of
allicin is most likely inhibition of sulfhydryl-containing enzymes (Beuchat, 1994).

2.3.2 Hydroxycinnamic acids and related compounds
Hydroxycinnamic acids include caffeic, p-coumaric, ferulic and sinapic acids.
These compounds are found in plants and plant foods and they frequently occur
as esters and less often as glucosides (Ho, 1992). Herald and Davidson (1983)
demonstrated that ferulic acid at 1000 ug/ml and p-coumaric acid at 500 or
1000 pg/ml inhibited the growth of Bacillus cereus and Staphylococcus aureus.
The compounds were much less effective against Pseudomonas fluorescens and
E. coli. In contrast, alkyl esters of hydroxycinnamic acids including methyl
caffeoate, ethyl caffeoate, propyl caffeoate, methyl p-coumarate and methyl
cinnamate were effective inhibitors of the growth of P. fluorescens (Baranowski
and Nagel, 1983). Stead (1993) determined the effect of caffeic, coumaric and
ferulic acids against the wine spoilage lactic acid bacteria Lactobacillus
collinoides and L. brevis. At pH 4.8 in the presence of 5% ethanol, p-coumaric
and ferulic acids were the most inhibitory compounds at 500 and 1000 pg/ml. At
100 pug/ml, all three hydroxycinnamic acids stimulate growth of the
microorganisms, suggesting that these compounds may play a role in initiating
the malolactic fermentation of wines. Baranowski et al. (1980) studied the effect
of caffeic, chlorogenic, p-coumaric, and ferulic acids at pH 3.5 on the growth of
Saccharomyces cerevisiae. Caffeic and chlorogenic acid had little effect on the
organism at 1000 ug/ml. In the presence of p-coumaric, however, the organism
was completely inhibited by 1000 pug/ml. Ferulic acid was the most effective
growth inhibitor tested. At 50 ug/ml, this compound extended the lag phase of S.
cerevisiae and, at 250 pg/ml, growth of the organism was completely inhibited.
Chipley and Uraih (1980) found that ferulic acid inhibited aflatoxin B; and G,
production by Aspergillus flavus and A. parasiticus by up to 75%. Salicylic and
trans-cinnamic acids totally inhibited aflatoxin production at the same level.
Furocoumarins are related to the hydroxycinnamates. These compounds,
including psoralen (6-hydroxy-5-benzofuranacrylic acid 6é-lactone) and its
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derivatives, are phytoalexins (compounds produced by plants in response to
attacks by fungi and insects) in citrus fruits, parsley, carrots, celery and parsnips.
Purified psoralen and natural sources of the compound (e.g., cold pressed lime
oil, lime peel extract) have demonstrated antimicrobial activity against E. coli
O157:H7, Erwinia carotovora, L. monocytogenes and Micrococcus luteus
following irradiation with long-wave (365 nm) ultraviolet light (Manderfield et
al., 1997; Ulate-Rodriguez et al., 1997).

2.3.3 Isothiocyanates
Mustard seed has as a primary pungency component the compound allyl
isothiocyanate (AIT). Isothiocyanates (R — N = C = S) are derivatives from
glucosinolates in cells of plants of the Cruciferae or mustard family (cabbage,
kohlrabi, Brussel sprouts, cauliflower, broccoli, kale, horseradish, mustard,
turnips, rutubaga). These compounds are formed from the action of the enzyme
myrosinase (thioglucoside glucohydrolase EC 3.2.3.1) on the glucosinolates
when the plant tissue is injured or mechanically disrupted. In addition to the allyl
side group, other isothiocyanate side groups include ethyl, methyl, benzyl and
phenyl. These compounds have been reported to be potent antimicrobial agents.
Isothiocyanates are inhibitory to fungi, yeasts and bacteria in the range of 16—
110ng/ml in the vapor phase (Isshiki et al., 1992) and 10-600 pg/ml in liquid
media (Mari et al., 1993). Inhibition against bacteria varies but generally gram-
positive bacteria are less sensitive to AIT than gram-negative bacteria. Delaquis
and Mazza (1995) found a 1-5 log decrease in viable cells of Escherichia coli,
Listeria monocytogenes and Salmonella Typhimurium in the presence of
2000 ug AIT per ml of air. Delaquis and Sholberg (1997) examined this effect
further and showed that 1000 ug AIT per ml of air apparently decreased viable
E. coli O157:H7, Salmonella Typhimurium, and L. monocytogenes by up to 6
logs. However, cells recovered to a large extent if they were exposed to air. E.
coli O157:H7 was the most resistant. Park et al. (2000) evaluated AIT as
sanitizer against E. coli O157:H7 on alfalfa seeds for sprouting. 50 ul AIT
eliminated 2.7 log CFU E. coli O157:H7/g of wet seeds but did not eliminate the
microorganism on dry seeds. AIT had a detrimental effect on germination of wet
alfalfa seeds. AIT was ineffective against Salmonella inoculated onto alfalfa
seeds and caused sensory problems with treated alfalfa sprouts (Weissinger et
al., 2001). Ward et al. (1998) prepared horseradish essential oil distillate (ca.
90% AIT) and applied it to the headspace of cooked roast beef inoculated with
E. coli O157:H7, L. monocytogenes, Salmonella Typhimurium, Staphylococcus
aureus, Serratia grimeseii and Lactobacillus sake. AIT at 20 ul/l of air inhibited
the pathogens and spoilage microorganisms on the beef. Delaquis ez al. (1999)
added 20 pl horseradish essential oil per liter of air with pre-cooked roast beef
slices. The beef was stored for 28 days at 4°C and inoculated spoilage bacteria
monitored. Pseudomonas and Enterobacteriaceae were inhibited to the greatest
extent while lactic acid bacteria were more resistant. The development of off-
odors and flavors was delayed and cooked meat color was preserved in the
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treated roasts. The mechanism by which isothiocyanates inhibit cells may be due
to inhibition of enzymes by direct reaction with disulfide bonds or through
thiocyanate (SCN™) anion reaction to inactivate sulfhydryl enzymes (Delaquis
and Mazza, 1995).

2.3.4 Spices and their essential oils

Spices and their essential oils have varying degrees of antimicrobial activity.
Among the spices, cloves, cinnamon, oregano, thyme, sage, rosemary, basil and
vanillin have the strongest antimicrobial activity. The major antimicrobial
components of clove (Syzygium aromaticum) and cinnamon (Cinnamomum
zeylanicum) essential oils are eugenol (2-methoxy-4-(2-propenyl)-phenol)) and
cinnamic aldehyde (3-phenyl-2-propenal), respectively. Smith-Palmer et al.
(1998) determined that the 24hr minimum inhibitory concentrations of
cinnamon and clove essential oils against Campylobacter jejuni, Escherichia
coli, Salmonella Enteritidis, Listeria monocytogenes, and Staphylococcus aureus
were 0.05, 0.04-0.05, 0.04-0.05, 0.03, and 0.04%, respectively, in an agar
dilution assay. Cinnamic aldehyde or thymol (600 mg/liter of air) significantly
reduced Sal/monella populations on alfalfa seeds used for sprouting and did not
affect germination (Weissinger ef al., 2001). Azzouz and Bullerman (1982)
evaluated 16 ground herbs and spices at 2% (wt/vol) against nine mycotoxin
producing Aspergillus and Penicillium species. The most effective antimicrobial
spice evaluated was clove which inhibited growth initiation at 25°C by all
species for over 21 days. Cinnamon is the next most effective spice inhibiting
three Penicillium species for over 21 days. Bullerman (1974) determined that
1.0% cinnamon in raisin bread inhibits growth and aflatoxin production by A.
parasiticus. Lopez-Malo et al. (2002) confirmed growth inhibition of the related
mold, 4. flavus, by eugenol, thymol ((5-methyl-2-(1-methylethyl) phenol)) and
carvacrol ((2-methyl-5-(1-methylethyl)phenol)). Eugenol (200 pg/ml) increased
the lag time and decreased the growth rate of P. citrinum while 100 pg/ml
delayed production of the mycotoxin, citrinin, by the mold (Vazquez et al.,
2001). The compound also prevented growth of the mold at 200 ug/ml in one
type of cheese. Smid and Gorris (1999) reported that cinnamic aldehyde
inhibited growth of both bacteria and fungi on and increased shelflife of treated
packaged tomatoes.

The antimicrobial activity of oregano (Origanum vulgare) and thyme
(Thymus vulgares) has been attributed to their essential oils which contain the
terpenes carvacrol and thymol, respectively. Both compounds have inhibitory
activity against a number of bacteria, molds and yeasts including Bacillus
subtilis, E. coli, Lactobacillus plantarum, Pediococcus cerevisiae, Pseudomonas
aeruginosa, Proteus species, Salmonella Enteritidis, S. aureus, Vibrio
parahaemolyticus, and A. parasiticus (Davidson and Naidu, 2000). Firouzi et
al. (1998) showed that thyme essential oil was the most effective antimicrobial
against L. monocytogenes 4b growth compared to other spice and herb extracts.
Similarly, thyme essential oil was the most effective antimicrobial among 15
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spice essential oils tested by Smith-Palmer ef al. (1998) against C. jejuni, E. coli,
Salmonella Enteritidis, L. monocytogenes and S. aureus. Aligiannis et al. (2001)
found that a species of oregano with a high concentration of carvacrol
(Origanum scabrum) had significantly greater antimicrobial activity than a
species (Origanum microphyllum) with no carvacrol. This demonstrates that not
all herb or spice sources of such essential oils are equivalent in their
antimicrobial activity. Pol and Smid (1999) and Periago and Moezelaar
(2001) determined that the interactive inhibitory effect of carvacrol and nisin
was synergistic against L. monocytogenes or B. cereus. Ultee and Smid (2001)
found that 0.06 mg/ml of carvacrol inhibited growth and diarrheal toxin
production of B. cereus. Ultee et al. (2000) and Ultee and Smid (2001) further
determined that carvacrol in combination with cymene (methyl-
isopropylbenzene) and soy sauce inhibited B. cereus growth in rice and
carvacrol alone inhibited toxin production by the microorganism in soup.
Inhibition was dependent upon initial inoculum. Ultee et al. (1999, 2002)
determined that carvacrol depletes intracellular ATP, reduces the pH gradient
across the cytoplasmic membrane and collapses the proton motive force of B.
cereus leading to eventual cell death.

Rosemary (Rosmarinus officinalis) contains primarily borneol (endo-1,7,7-
trimethylbicyclo[2.2.1] heptan-2-ol) along with pinene, camphene, camphor
while sage (Salvia officinalis) contains thujone ((4-methyl-1-(1-
methylethyl)bicyclo[3.1.0]-hexan-3-one)). At 2% in growth medium, sage and
rosemary are more active against gram-positive than gram-negative bacterial
strains (Shelef et al., 1980). The inhibitory effect of these two spices at 0.3% is
bacteriostatic while at 0.5% they are bactericidal to gram-positive strains. Of 18
spices tested against L. monocytogenes in culture medium, Pandit and Shelef
(1994) found the most effective compound to be rosemary. The most inhibitory
fraction of the rosemary was a-pinene. Smith-Palmer et al. (1998) demonstrated
that rosemary (0.02-0.05%) and sage (0.02-0.075%) were inhibitory to L.
monocytogenes and S. aureus but not to gram-negative bacteria. Hefnawy et al.
(1993) evaluated ten herbs and spices against two strains of L. monocytogenes in
tryptose broth. The most effective spice was sage which at 1% decreased viable
L. monocytogenes by 5-7 logs after one day at 4°C. Allspice was next most
effective inactivating the microorganism in four days. In foods, both rosemary
and sage have significantly reduced activity. L. monocytogenes Scott A growth
in refrigerated fresh pork sausage was delayed by 0.5% ground rosemary or 1%
rosemary essential oil (Pandit and Shelef, 1994). Sensitivity of B. cereus, S.
aureus and Pseudomonas to sage was greatest in microbiological medium and
significantly reduced in rice and chicken and noodles (Shelef et al., 1984).

Sweet basil (Ocimum basilicum) essential oil has limited antimicrobial
activity with linalool and methyl chavicol the primary antimicrobial agents.
Against 33 bacteria, yeasts and molds in an agar well assay, basil essential oil
extract was active against certain fungi, including Mucor and Penicillium
species, but had little activity against bacteria (Lachowicz et al., 1998). Wan et
al. (1998) screened the essential oil components of sweet basil, linalool and
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methyl chavicol, against 35 strains of bacteria, yeasts and molds. Again, the
compounds demonstrated limited activity against most microorganisms except
Mucor and Penicillium. In contrast, methyl chavicol (0.1%) in filter-sterilized
fresh lettuce supernatant reduced viable Aeromonas hydrophila by 5 logs and, as
a wash for lettuce leaves, the compound was as effective as 125 pg/ml chlorine
(Wan et al., 1998). Smith-Palmer et al. (1998) reported minimum inhibitory
concentrations for basil essential oil of 0.25, 0.25, 0.1, 0.05, and 0.1% for C.
Jjejuni, E. coli, Salmonella Enteritidis, L. monocytogenes and S. aureus,
respectively.

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a major constituent of
vanilla beans, the fruit of an orchid (Vanilla planifola, Vanilla pompona, or
Vanilla tahitensis). Vanillin is most active against molds and non-lactic gram-
positive bacteria (Jay and Rivers, 1984). Lopez-Malo et al. (1995) prepared
fruit-based agars containing mango, papaya, pineapple, apple and banana with
up to 2000 pg vanillin per ml and inoculated each with A. flavus, A. niger, A.
ochraceus, or A. parasiticus. Vanillin at 1500 pg/ml significantly inhibited all
strains of Aspergillus in all media. Cerrutti and Alzamora (1996) demonstrated
complete inhibition of growth for 40 days at 27°C of Debaryomyces hansenii, S.
cerevisiae, Z. bailii and Z. rouxii in laboratory media and apple puree at a,, of
0.99 and 0.95 by 2000 pug/ml vanillin. In contrast, 2000 pg/ml vanillin was not
effective against the yeasts in banana puree. Cerrutti et al. (1997) utilized
vanillin with calcium lactate, ascorbic acid and citric acid to produce a shelf-
stable strawberry puree.

Delaquis et al. (2002) demonstrated that oil of cilantro (leaves of Coriandrum
sativum L.) were effective in inhibiting the growth of L. monocytogenes. The
inhibitory activity was attributed to presence of alcohols and aldehydes (C6—
C10). Many other spices have been tested and shown to have limited or no
activity. They include anise, bay (laurel), black pepper, cardamom, cayenne (red
pepper), celery seed, chili powder, coriander, cumin, curry powder, dill,
fenugreek, ginger, juniper oil, mace, marjoram, nutmeg, orris root, paprika,
sesame, spearmint, tarragon, and white pepper (Marth, 1966; Davidson and
Naidu, 2000).

2.4 Natural antimicrobials from microbial sources

2.4.1 Natamycin (Pimaricin)

Natamycin (C33H47NO{3; MW 665.7 Da) or pimaricin is an antifungal agent. It
was first isolated from Streptomyces natalensis, a microorganism found in soil
from Natal, South Africa (Anonymous, 1991). Natamycin is active against nearly
all molds and yeasts, but has little or no effect on bacteria or viruses. Most molds
are inhibited by 0.5 to 6 pg/ml natamycin while some species require 10-25 pg/
ml. Most yeasts are inhibited by 1.0 to 5.0 ug/ml natamycin. Natamycin inhibits
the production of mycotoxins by molds. Ray and Bullerman (1982) reported that
10 ug/ml natamycin inhibited aflatoxin B; production of Aspergillus flavus by
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62.0%, penicillic acid production by Penicillium cyclopium by 98.8% and
eliminated ochratoxin production by 4. ochraceus and patulin production by P.
patulum. Lodi et al. (1989) found that natamycin was effective in preserving
seven types of Italian cheeses with no detrimental effect on ripening. Natamycin
(100 pg/ml) added in the wash water was effective in increasing the time to
spoilage of uninoculated cottage cheese by up to 13.6 days over the control
(Nilson et al., 1975). Adding natamycin to the cottage cheese dressing was even
more effective in extending shelf life. In addition to cheese, research with
natamycin has shown it to be effective to inhibit fungal growth on fruits, meats
and baked goods (Ayres and Denisen, 1958; Shirk and Clark, 1963; Ayres ef al.,
1956; Van Rijn et al., 1999; Ticha, 1975).

2.4.2 Nisin

Nisin is a 34 amino acid peptide produced by a strain of the dairy starter culture,
Lactococcus lactis ssp. lactis. Nisin has a narrow spectrum inhibiting only gram-
positive bacteria, including Alicyclobacillus, Bacillus cereus, Brochothrix
thermosphacta, Clostridium botulinum, C. sporogenes, Desulfotomaculum,
Enterococcus, Lactobacillus, Leuconostoc, Listeria monocytogenes,
Micrococcus, Pediococccus, Sporolactobacillus, and Staphylococcus (Thomas
et al., 2000). Against bacterial spores, nisin is sporostatic rather than sporicidal
(Delves-Broughton et al., 1996). Nisin does not generally inhibit gram-negative
bacteria, yeasts, or molds. The spectrum of activity of nisin can be expanded to
include gram-negative bacteria when it is used in combination with chelating
agents (e.g., EDTA), heat, or freezing (Delves-Broughton and Gasson, 1994;
Carneiro de Melo et al., 1998). Nisin activity generally increases with
decreasing pH and decreased initial numbers of microorganisms. The presence
of food components such as lipids and protein influence nisin activity (Scott and
Taylor, 1981). Nisin was less active against L. monocytogenes in milk (Jung et
al., 1992) and ice cream (Dean and Zottola, 1996) with increasing fat
concentrations. This was probably due to binding of nisin to fat globules (Jung et
al., 1992); this binding was overcome by adding emulsifiers (e.g., Tween 80).
The primary mechanism of nisin is believed to be the formation of pores in the
cytoplasmic membrane that result in depletion of proton motive force and loss of
cellular ions, amino acids, and ATP (Crandall and Montville, 1998).

The application of nisin as a food preservative has been studied extensively
(Hurst and Hoover, 1993; Montville et al., 2001; Cleveland et al., 2001). Based
upon its target microorganisms, nisin application falls into one of three
categories: (1) prevent spoilage by sporeforming bacteria, (2) prevent spoilage
by lactic acid bacteria and related microorganisms or (3) kill or inhibit gram-
positive pathogenic bacteria, e.g., Bacillus cereus, C. botulinum or L.
monocytogenes (Thomas et al., 2000). Somers and Taylor (1981, 1987) studied
the use of nisin to prevent C. botulinum outgrowth in processed cheese spread
formulated to have higher than normal moisture content and/or lower salt
content. Nisin was an effective antibotulinal agent at 12.5-250 pg/g. The higher
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nisin levels allowed for the safe formulation of cheese spreads with higher
moisture content and lower salt concentration. Delves-Broughton (1990)
reported that nisin levels of 6 to 12.5 ug/g controlled non-C. botulinum spoilage
in processed cheese. Dean and Zottola (1996) found that nisin decreased L.
monocytogenes cells to undetectable levels in 3% and 10% fat ice cream stored
at —18°C. Budu-Amoako et al. (1999) found that heating canned lobster in brine
at 60 or 65°C for 5 or 2 min, respectively, in combination with 25 pg/g nisin
reduced L. monocytogenes by 3-5 logs. They proposed that using nisin could
reduce the commercial thermal process for this product (13—18 min at 65.5°C)
with equivalent lethality and reduced drained weight loss.

Nisin has shown some potential for use in selected meat products. For
example, Scannel et al. (1997) found that 2% lactate combined with 12.5 ug/g
nisin was superior to nisin alone at controlling growth of total aerobes, S.
aureus, and S. Kentucky in fresh pork sausage stored at 4°C for 10 days. Nisin
also has been suggested as an adjunct to nitrite in cured meats for the purpose of
preventing the growth of clostridia (Caserio et al., 1979; Holley, 1981).
Although nisin appears to be more effective than nitrites at preventing the
growth of some pathogenic and spoilage microorganisms in cured meats, it is yet
to be shown to prevent C. botulinum growth in cured meats. Since nisin is
effective against most lactic acid bacteria but is inactive against yeasts, there is
potential use for nisin in alcoholic beverages to prevent growth of spoilage lactic
acid bacteria (Ogden et al., 1988, Radler, 1990). Choi and Park (2000) used
nisin at 1001U/ml to inhibit lactobacilli responsible for spoilage of kimchi,
traditional Korean fermented vegetables. Nisin has been evaluated for use as a
component of antimicrobial packaging (Ming et al., 1997; Padgett et al., 1998).
Two limitations for the application of nisin to foods are losses during processing
and during storage (Thomas et al., 2000).

2.4.3 Bacteriocins and culture products

Bacteriocins with potential for use in foods are produced by strains of
Carnobacterium, Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, and
Propionibacterium (Montville et al., 2001; Chikindas and Montville, 2002).
Many of these compounds could potentially be used as food antimicrobials but,
at the present time, few are approved by regulatory agencies to be added to foods
in their purified form. One approach to using these compounds has been to grow
bacteriocin-producing starter cultures in a medium such as whey, non-fat dry
milk or dextrose. The fermentation medium is then pasteurized and spray-dried
which kills the starter culture but retains the active antimicrobial. These products
act as antimicrobial additives but are generally considered toxicologically
acceptable and, depending upon the country, may be listed as ‘cultured whey’ or
‘cultured non-fat dry milk’ on the food label. Examples of such products are
Microgard®, AltaTM, and Perlac™. Alta™ at 0.1-1.0% was shown to decrease
the growth rate of Listeria monocytogenes on vacuum-packaged smoked salmon
stored at 4 or 10°C (Szabo and Cahill, 1999). Degnan et al. (1994) inoculated

©2003 Woodhead Publishing Limited and CRC Press LLC



fresh blue crab (Callinectes sapidus) with a 3 strain mixture of L.
monocytogenes (ca. 5.5log CFU/g) and washed with various fermentation
products (2,000-20,000 arbitrary units [AU]/ml of wash) and stored at 4°C.
Counts of Listeria monocytogenes decreased 0.5-1.0 log with Perlac or
MicroGard and 1.5-2.7 logs with Alta.

2.5 Evaluating the effectiveness of antimicrobials

2.5.1 Methods for determining the in vitro antimicrobial activity of
natural compounds

To apply a naturally occurring antimicrobial to a food requires that one determine
the efficacy of the compound in vitro (i.e., microbiological media) and in a food
product. In an in vitro system, a number of variables or factors concerning the
antimicrobial can be evaluated. It is very important to evaluate the activity of a
potential antimicrobial against multiple strains of pathogen since strain variation
may occur. Another important variable is the initial number of microorganisms in
the system. Since most antimicrobials are bacteriostatic rather than bactericidal,
the higher the initial number, the shorter the shelf life of the product.

The agar diffusion method has probably been the most widely used method
for determination of antimicrobial activity throughout history. In the test,
antimicrobial compound is added to an agar plate on a paper disk or in a well.
The compound diffuses through the agar resulting in a concentration gradient
which is inversely proportional to the distance from the disk or well. Degree of
inhibition, which is indicated by a zone of no growth around the disk or well, is
dependent upon the rate of diffusion of the compound and cell growth (Barry,
1986). Therefore, the antimicrobial evaluated should not be highly hydrophobic,
as the compound will not diffuse and little or no inhibition will be detected.
Results of this test are generally qualitative.

Agar and broth dilution assays are generally used when quantitative data are
desired. In both methods a single statistic, known as the minimum inhibitory
concentration (MIC), is generated. In the dilution assays, a number of containers
are prepared to contain a single concentration of antimicrobial in a
microbiological medium. A test microorganism is exposed to the antimicrobial
and incubated for a specified period, usually at least 24 hr. The MIC is generally
defined as the lowest concentration of an antimicrobial that prevents growth of a
microorganism after the specified incubation period.

These methods provide little information concerning the effect of an
antimicrobial on the growth or death kinetics of a microorganism.
Concentrations of an antimicrobial which are below the MIC may still cause
an increased lag phase, reduced growth rate or even initial lethality followed by
growth. In food products, total inhibition of a pathogen or spoilage
microorganism is not always required. An increased lag phase, especially under
conditions of severe abuse, is often sufficient to protect the consumer.
Therefore, to determine the effect of a compound on the growth (or death)
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kinetics of a microorganism, a method is required that produces an inhibition
curve using a colony count procedure. In clinical microbiology, these inhibition
curves are known as ‘time-kill curves’ (Schoenknecht et al., 1985). This method
is versatile but has some disadvantages including the fact that no single statistic
is produced to compare treatments such as MIC and it is labor intensive and
expensive. Progress made in modeling of the growth kinetics of microorganisms
(Whiting and Buchanan, 2001) has allowed for improved statistical analysis of
growth/inhibition curves in the presence of food antimicrobials.

A second method for determining antimicrobial effectiveness over time is to
measure turbidity increases with a spectrophotometer. A major disadvantage to
this type of analysis is sensitivity of the instrument. Spectrophotometers generally
require log 6.0-7.0 CFU/ml for detection (Piddock, 1990). This may create a
situation in which no growth (i.e., no absorbance increase) is observed when, in
fact, undetectable growth is occurring at levels below log 5.0 CFU/ml. An
erroneous interpretation of ‘lethality’ could result (Parish and Davidson, 1993).

2.5.2 Aspects of determining efficacy of natural antimicrobials in foods
If a compound is to be useful as a natural food antimicrobial, it must function in
a food system. Many researchers have made claims concerning the potential
effectiveness of natural antimicrobials based solely upon data from testing in
microbiological media only to find that a compound is much less effective or
ineffective in a food system. Application testing can be very complex and
include a number of variables including microbial, food-related (intrinsic),
environmental (extrinsic) and process (Gould, 1989).

Because of the variation in characteristics and activities among naturally
occurring compounds, it is somewhat difficult to generalize regarding methods
for applying the compounds. Even among regulatory-approved antimicrobial
compounds, such as benzoic acid or sorbic acid, there are no standard methods
for evaluating activity or application procedures. Applying the antimicrobial to a
food involves either a model food system or the actual food. A great deal of
information can be gained by using model systems that contain a percentage of a
food in a buffer or microbiological medium. These systems demonstrate
potential interferences by food components but allow for easier sampling by the
researcher. The microorganism or microorganisms utilized should be a natural
contaminant (bioburden) or a pathogen of interest and incubation conditions
should reflect use and abuse. Success of application testing may be determined
by increased shelf life or reduction of potential health hazards.

2.6 Key issues in using natural antimicrobials

2.6.1 Activity spectra and application data
Despite major interest in naturally occurring antimicrobials, there is still
research needed on their spectrum of action, especially in food products. Much
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of the early research, particularly on microbially derived antimicrobials focused
on activity in microbiological media only. As has been stated previously, many
compounds are effective in microbiological media but have reduced or no
activity in foods. Therefore, an expanded database on activity of antimicrobials
against foodborne pathogens and spoilage microorganisms in food products is
needed.

2.6.2 Purification

Food additives in general, and preservatives in particular, are regulated in the
United States by the Food and Drug Administration (FDA) and Department of
Agriculture’s Food Safety and Inspection Service (USDA-FSIS). One of the
alleged attractions of naturally occurring antimicrobials is their reduced impact
on the labeling of foods. Consumers are reportedly concerned about the presence
of synthetic chemicals in their foods and would prefer natural compounds. A
potential problem with natural antimicrobials is, if they are highly purified, they
may need to be approved as food additives. This would involve very expensive
and time-consuming toxicological testing. In addition, the compound would
probably have to be listed using a chemical name on a food label. This of course
would defeat the purpose of using a natural compound. For that reason, less
purification may be better. If a product is simply an ‘extract of” a commonly
consumed plant or animal food product, it is much less likely to require complex
regulatory approval for use. This of course is possible only if the product from
which the extract is taken is known to be non-toxic.

2.6.3 Combinations

Likely the best method for determining what type of antimicrobial to use would
be based upon its mechanism of action and/or target in the cell. The exact
mechanisms through which antimicrobials affect microbial growth are complex
and difficult to elucidate. Mechanisms of action of food antimicrobials generally
are classified as reaction with the cell membrane causing permeability changes
or interference with uptake and transport, inactivation of essential enzymes,
interference with genetic mechanisms or inhibition of protein synthesis (Branen,
1993). Unfortunately, few targets even for the regulatory-approved food
antimicrobials such as organic acids, have actually been fully elucidated. If
the mechanism of the compound is known, combinations of antimicrobials with
different mechanisms could be utilized against the microorganisms in the food
product.

2.6.4 Resistance development

Potential food antimicrobials should not contribute to the development of
resistant strains nor alter the environment of the food in such a way that growth
of another pathogen is selected. There has been much interest in the effect of
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environmental stress factors (e.g., heat, cold, starvation, low pH/organic acids)
on developed resistance of microorganisms to subsequent stressors. This
developed resistance is termed tolerance, adaptation, or habituation depending
upon how the microorganism is exposed to the stress and the physiological
conditions that lead to enhanced survival (Foster, 1995; Buchanan and Edelson,
1999). It has been demonstrated that pathogens can develop a tolerance or
adaptation to organic acids following prior exposure to low pH. While this
increased resistance may be a problem in application of organic acids for
controlling pathogens, it has not been demonstrated that this is a problem in
actual food processing systems (Davidson and Harrison, 2002).

2.6.5 Toxicological data and regulatory approval

Perhaps the most important aspect of any compound proposed for use as a food
preservative would be the toxicological characteristics. Because they occur in
nature, it is often thought that naturally occurring antimicrobials are less toxic
than synthetic compounds. Obviously, this is not always true. A naturally
occurring antimicrobial must be shown to be non-toxic either by animal testing
or by its continuous consumption as a food over a long period. The latter may be
problematic even for some common potential natural antimicrobials such as
spice extracts. This is because, while spices have been consumed for centuries,
they are not normally consumed in the concentrations necessary to achieve
antimicrobial activity. In addition to lack of toxicity, naturally occurring
compounds must be able to be metabolized and excreted so as not to lead to
residue build-up (Branen, 1993). In addition, they should be non-allergenic
(Harlander, 1993). Food antimicrobials should not bind nor destroy important
nutrients in a food product.

2.6.6 Cost

Perhaps the greatest roadblock to the use of naturally occurring antimicrobials
may be cost. For example, the only antimicrobial enzymes produced at a cost to
be useful in food preservation are lysozyme and glucose oxidase (Fuglsang et
al., 1995). There are a number of potential costs associated with natural
antimicrobials including cost of the source material, extraction and purification
costs and packaging. A potential antimicrobial must pay for itself by extending
shelf life and/or minimizing chances for foodborne illness. Depending upon the
perishability of a food product, even an additional 2-3 days of shelf life can
significantly offset the cost of an antimicrobial (Branen, 1993).

2.6.7 Activity validation methods

At the present time, there are few standardized methods for validation of the
activity of regulatory-approved food antimicrobials. While, in the US, there are
methods for the determination of the activity of lysozyme (U.S. Code of Federal
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Regulations, 21CFR 184.1550) and nisin (U.S. Code of Federal Regulations,
21CFR 184.1538), there are no other activity assays specified or required for
food antimicrobials. If natural antimicrobials are to be used exclusively as
inhibitors of pathogens in food products, assays need to be developed that
evaluate the activity of these compounds against the pathogen they are designed
to kill. The reason for these assays is that various conditions of process or
storage could reduce the effectiveness of the compound. For example, it is
known that peptides, such as nisin, are susceptible to inactivation by enzymes in
foods. Therefore, just as thermal processes need validation, so should there be
validation for the activity of food antimicrobials.

2.6.8 Sensory effects

Another major factor that needs to be addressed prior to applying naturally
occurring antimicrobials is their potential impact on the sensory characteristics
of a food. Many naturally occurring antimicrobials must be used at high
concentrations to achieve antimicrobial activity against microorganisms.
Obviously, compounds that negatively impact flavor and odor or contribute
inappropriate flavors and odors would be unacceptable. For example, many
spice extracts have antimicrobial activity but, at the concentration required for
antimicrobial activity, would cause a food to be inedible to most consumers. In
addition to adverse effects on flavor, odor or texture, it would be unacceptable
for a food antimicrobial to mask spoilage as this could protect consumers from
ingesting foodborne pathogens.

2.6.9 Summary

To summarize, an ideal naturally occurring antimicrobial would be effective
enough to be added as a whole food or as an edible component (e.g., a herb or
spice). Few, if any, antimicrobials are present in foods at concentrations great
enough to be antimicrobials without purification or concentration. Often, even if
purification of the antimicrobials is possible, adding them to another food may
lead to undesirable sensory changes. The ultimate challenge is to find a naturally
occurring antimicrobial which can be added to a ‘microbiologically sensitive’
food product in a non-purified form from another non-sensitive food. The non-
purified food would have to contain an antimicrobial which is completely non-
toxic and is highly effective in controlling the growth of microorganisms. This
may well be impossible. Beuchat and Golden (1989) may have summarized it
best when they said that ‘the challenge is to isolate, purify, stabilize, and
incorporate natural antimicrobials into foods without adversely affecting
sensory, nutritional, and safety characteristics ...” and ‘... without increased
costs for formulation, processing or marketing.’
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2.7 Future trends

The future of research in the area of food antimicrobials will probably be on two
fronts. First, is the expansion of information on the antimicrobial spectrum of
natural antimicrobials. This research will be more focused on the appropriate use
of natural antimicrobials or utilization of compounds in situations that they are
compatible. For example, certain compounds, such as thymol, carvacrol, and
AIT, are not compatible with certain foods. Appropriate or compatible use
would involve using these compounds in foods in which they add to the positive
sensory characteristics of the product in addition to improving food safety or
increasing shelf life.

A second major area of research involves use of natural antimicrobials in
combinations with each other and with other traditional food antimicrobials or
processing methods. To more effectively apply natural antimicrobials so that
synergistic activity is possible will require knowledge of the mechanisms of
action of the compounds. To attain synergistic activity with antimicrobial
combinations requires that the components have different mechanisms. In
addition, natural antimicrobials will be increasingly looked upon as adjuncts in
hurdle technology and used with milder non-sterilizing non-thermal processing
methods such as high hydrostatic pressure or pulsed electric fields (Smid and
Gorris, 1999).
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3

Natural antioxidants

J. Pokorny, Prague Institute of Chemical Technology, Czech
Republic

3.1 Introduction

Foods containing fats and other lipids, terpenes and branched hydrocarbons are
not stable on long storage or intensive heating. Unsaturated, and particularly,
polyunsaturated fatty acids bound in lipids are oxidized following different
mechanisms with formation of free radicals, which are further converted into
hydroperoxides. Hydroperoxides are odourless and tasteless, but they
decompose with formation of volatile compounds, such as alkanals, alk-2-
enals, alka-2,4-dienals, different ketones, alcohols and hydrocarbons. These
products give rise to specific objectionable off-flavours, called rancid flavour
notes. The sensory value, and thus the food acceptability, is substantially
deteriorated by rancidification. The rancidification can be prevented by different
methods, such as by using fat materials poor in polyenoic (polyunsaturated) fatty
acids, by protecting food products against the access of oxygen or, most often,
by adding inhibitors of oxidation. The most important inhibitors are
antioxidants, which are able to inactivate free radicals formed during the
autoxidation.

Most antioxidants are phenolic substances, more rarely nitrogen heterocycles.
The most active antioxidants contain ortho or para disubstituted hydroxyl
groups. In case of synthetic substances, para disubstituted derivatives are
preferred because of lower toxicity, but among natural antioxidants the ortho
disubstitution prevails. In the food industry, synthetic antioxidants are mostly
used as they are pure, cheap, safe, and readily available. However, modern
consumers are afraid of any synthetic chemicals. They feel natural antioxidants
are safer and more acceptable to the human body. Therefore food producers try
to add natural antioxidants when possible.
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3.2 Classifying natural antioxidants

Natural antioxidants occur mainly in plants but also in fungi and
microorganisms and to lesser extent in animal tissues. They are mostly
disubstituted phenolic derivatives, most often 1,2-dihydroxybenzene, more
rarely 1,4-dihydroxybenzene derivatives. A hydroxyl group or both can be
replaced with a methoxy, ester or another active group. However, cholesteryl
esters of ferulic or caffeic acids are less active than the respective free acids
(Marinova et al., 1998). Phenolic acids are the most widely occurring
antioxidants in higher plants, especially in those used as food. They belong to
derivatives of either benzoic acid or cinnamic acid. Gallic acid (3.4,5-
trihydroxy-benzoic acid) is a typical example of the benzoic acid group, while
caffeic acid (3,4-dihydroxy-1-acryloyl-benzoic acid) is the most important
derivative of the cinnamic acid series (Fig. 3.1). Caffeic acid is frequently
esterified with quinoic acids, forming chlorogenic acid isomers.

Another important class of antioxidants are flavonoids. They consist of 3
cycles: A = an aromatic ring, containing one or several substituents; cycle A is
condensed with cycle B — a heterocyclic group containing oxygen; the third
aromatic cycle C is bound to cycle B via a C-C bond, and is substituted usually
with 2 or 3 hydroxyl goups (Fig. 3.2). The phenolic hydroxyls can be substituted
with gallic acid in cycle C, while the hydroxylic groups in cycle A are often
substituted with a glycosyl group, forming glycosides. Several structurally
related classes of compounds are present in plant food materials, such as

COOH CH=CH-COOH
HO OH OH

OH OH

Gallic acid Caffeic acid

Fig. 3.1 Typical representatives of antioxidants of the benzoic and cinnamic acid series.

HO

OH O

Fig. 3.2 Quercetine as an example of flavonoids.
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Fig. 3.3 «a-Tocopherol (R = phytol side chain).

anthocynanins or their polymers. The antioxidant activity is related to the
chemical structure (Fig. 3.2).

Tocopherols and the closely related tocotrienols are the most widely
occurring plant antioxidants as they have been detected, at least in minute
traces, in all plant materials, and at least in small amounts, in all animal food
products. They are derivatives of chroman, with a diterpenic phytol side chain
(Fig. 3.3). The antioxidant activity resides in the phenolic group, located in the
p-position to the C-O bond in the adjacent ring. There exist four tocopherols,
differing in their degree of substitution on the aromatic ring. The fully
substituted d-a-tocopherol, containing three methyl groups on the aromatic ring,
is the most active antioxidant in vivo, but it is less active in vitro, i.e. in bulk oils.
The double methyl substituted - or S-tocopherols are more active antioxidants
in fats and oils. The single methyl substituted é-tocopherol has the highest
antioxidant activity in fats and oils. Synergistic effects exist between - and -
tocopherols; the activity increases only to a certain maximum, which depends on
the tocopherol structure (Wagner and Elmadfa, 2000).

Antioxidant activities of tocotrienols (containing three double bonds in the
side chain) are similar to those of the respective tocopherols. The ratios of
different tocopherols depend on the plant source more than on the factors of
plant cultivation. The tocopherol content decreases during oil refining by about
30% (Gogolewski ef al., 2000), and their ratios also change.

In addition to phenolic antioxidants, most plants also contain other types of
oxidation inhibitors. Synergists have no antioxidant activity of their own, but
they can enhance the antioxidant activity of phenolic antioxidants. Polyvalent
organic acids or hydroxy acids, such as citric or tartaric acids, phospholipids and
amino acids belong to this group of compounds. Transient valency metals are
powerful catalysts of lipid oxidation, therefore compounds able to bind metals
into inactive complexes (chelating substances) can reduce the rate of oxidation.
Among metal chelates, phytates (salts of phytic — inositolhexaphosphoric acid)
are widely distributed in many plants.

3.2.1 Prooxidants in lipid systems
Contrary to antioxidants, prooxidants decrease the stability of food lipids on
storage. The most important prooxidants are heavy metals of transient valency,
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especially copper, manganese and iron ions or complexes. They catalyze the
decomposition of lipid hydroperoxides into free radicals, which initiate further
oxidation of unsaturated fatty acid derivatives. Another type of prooxidants are
photosensitizers. Green parts of plant material always contain chlorophyll
pigments, which are photosensitizers in presence of light, catalyzing the
oxidation of polyunsaturated lipids by converting the triplet oxygen into
substantially more reactive singlet oxygen. The presence of carotenoids can
transform the singlet oxygen back into its less reactive triplet form. Stability
against oxidation is thus much improved. Carotenes and different carotenoids
have thus an antioxidative activity, at least in the presence of light.

3.3 Antioxidants from oilseeds, cereals and grain legumes

Most oilseeds contain tocopherols, which are extracted from seeds with
triacylglycerols so they are present in crude oil during oil processing. About a
third of the amount originally present is lost during oil refining, mainly
deodorization, but synthetic a-tocopherol is sometimes added to refined oils,
usually bound as acetate as it is more resistant against oxidation than tocopherol.
Corn, soybean and rapeseed oils are particularly rich in ~-tocopherol,
contributing to relatively good oxidative stability of those oils.

Olive oil is very stable against oxidation, not only because of low linoleic
acid content, but also because of a group of natural antioxidants, derived from
hydroxytyrosol. Oleuropein aglycone belongs to this group of antioxidants. The
oxygen radical absorbance capacity of extra-virgin olive oils is related to the
content of total phenolics (Ninfali et al., 2001). The same antioxidants were
detected in olive leaf and olive fruit extracts.

Another interesting group of phenolic antioxidants is present in sesame seed.
They belong to lignans, which are decomposed during roasting of sesame seeds,
and some decomposition products are extracted from seeds into oil during
oilseed processing, such as sesamol, possessing substantial antioxidant activity
even in polyenoic edible oils (Fukuda et al., 1988).

Traditional cottonseed contained gossypol and related pigments, imparting
high stability to cottonseed oil. As gossypol is toxic both for humans and
animals, new glandless varieties free of gossypol are now produced, but even the
glandless cottonseed oil contains different phenolic components of antioxidant
activity. Evening primrose seeds, used for the small-scale production of some
dietetic oils, contain antioxidants active even in polyunsaturated edible oils,
which are otherwise difficult to stabilize (Niklova et al., 2001).

After removal of oil from oilseeds, most phenolic antioxidants still remain in
extracted oilseed meal, but their use as a source of natural antioxidants is limited
to oilseed meals as phenolic antioxidants are not tranferred into edible oils
during extraction. They are sometimes used as human food, such as soybeans
(Esaki et al., 1990) or tempeli (Murata, 1998). Miso has a similar effect
(Santiago et al., 1992). Isoflavones and their glycosides are efficient
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antioxidants in deoiled soybean meal. Similarly, peanut, sunflower, almond and
mustard oilseed meals could be used as sources of antioxidants. If seeds are
dehulled before processing, hulls can be used as rich sources of phenolic
substances, e.g., rapeseed or canola hulls are rich in tannins — about 128—
296 mg/g of sinapic acid equivalents (Amarowicz et al., 2000).

3.3.1 Antioxidants from cereals and grain legumes

Cereals belong to the most voluminous components of the diet. They contain
several classes of phenolic compounds, possessing antioxidant activity
(Zielinski, 2002). The relevant phenolic compounds are mainly soluble in
water or in polar organic solvents, such as ethanol, but some phenolics are oil
soluble, such as tocotrienols or phenolic acids bound to diacylglycerols.
Buckwheat and oat flours (Xing and White, 1997) are the most active source of
antioxidants and they were proposed for the stabilization of food before the
Second World War. Most phenolics are concentrated in hulls and in bran. Rice
bran is commercially used for the production of oil as it contains oryzanol and
related phenolic antioxidants. Cereal flours contain both reducing sugars and
free amino acids, both precursors of Maillard reactions. An addition of D-
glucose enhances the protective effect on lipids in extruded products (Yokata et
al., 1987). During heating they interact with the formation of brown
macromolecular products, called melanoidins. They possess moderate
antioxidant activities, which is important in baked or roasted products (Elizalde
et al., 1991). The activity is partially due to their metal chelating activity, but the
presence of reductones and interactions of free radicals with imines — the most
important intermediary products of Maillard reactions — and other functional
groups play their role here, too.

Grain legumes are far less important food components than cereals. The
content of phenolic substances is relatively low, about of the same order as in
cereals but nevertheless, they may stabilize foods if added in substantial
amounts as an ingredient. Legume hulls are particularly rich in phenolic
substances, such as flavanols, but they have a bitter taste, which is objectionable
for most consumers. Other phenolic substances, such as tannins or lignins, are
mostly insoluble, but some decomposition products are partially soluble in oil,
therefore they are sometimes efficient in stabilizing the lipid fractions in foods
or meals. They are also active in the inhibition of lipoxygenases.

3.4 Antioxidants from fruits, vegetables, herbs and spices

All fruits and vegetables contain antioxidants; their high consumption, and
therefore, high intake of antioxidants, are the main advantages of the
Mediterranian diet (Visioli and Galli, 2001). The most important group of
active antioxidants in fruits and vegetables are various flavones, anthocyanins
and related compounds (Zhang, 1999). Some compounds of these groups are
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able to increase vitamin C activity, protecting it against oxidative degradation.
They are called bioflavonoids. In red wine and deep-red coloured fruit juices,
various anthocyanins and their polymers are present, which are soluble in the
aqueous phase, and possess moderate antioxidant activity. In addition to these
compounds, various terpenic derivatives could act as potent inhibitors of lipid
oxidation (see more in the next section). Another group of active compounds are
carotenoids (Stahl and Sies, 1999), e.g., lycopene present in tomatoes. They
possess antioxidant activities as mentioned in section 3.3.1.

The best investigated fruit components active as antioxidants are those
isolated from citrus fruits. Their activity is stronger in aqueous emulsions
because of their prevailing hydrophilic character. For this reason, ethanolic or
aqueous extracts containing mostly flavones and their glycosides — i.e.,
hydrophilic substances — are more active than hexane or diethyl ether extracts.
They impart higher inhibition activities to emulsions and other polar food
systems, while hexane or ethyl acetate extracts are more active in bulk oils. The
most active antioxidants from fruits and vegetables are extracts or materials
containing pyrocatechol derivatives. Onion and garlic also contain efficient
inhibitors, mainly based on the presence of thiol or sulphide groups. Potent
inhibitors can be obtained from plant sources other than food products but in
such cases they should be tested for their safety before application, even if they
have been used in some countries as a drug for a long time.

3.4.1 Herbs and spices as sources of antioxidants

Herbs are stems or leaves from various plants, used for the preparation of
infusions, extracts, dressings, soups or sauces. Many species of this class of food
ingredients are active antioxidants, mainly because of the content of phenolic
compounds. The most important representatives of this group are tea leaves
obtained from both green or fermented tea (Camellia sinensis L. or Camellia
assamica L.) or dust left after their preparation. Green tea is particularly rich in
catechins and related compounds, usually more than 20% (Yamamoto et al.,
1997). Phenolics obtained from tea contain not only catechins, but also
epicatechin, gallocatechin and the respective gallates. They were active for the
protection of meat lipids against oxidation (Shahidi and Alexander, 1998).
Extracts from fermented (black) tea leaves are less active antioxidants because a
substantial part of the catechin has been oxidized during the fermentation and
converted into tea pigments, especially theaflavins and thearubigins, which are
formed from the intermediary quinones by dimerization.

Wastes left over after the preparation of commercial tea infusions or after the
production of instant teas, are used for the subsequent extraction of antioxidants,
or may be used directly as food ingredients. The antioxidant activity may be
ranked in descending order as follows: epigallocatechin gallate >
epigallocatechin > epicatechin gallate > epicatechin > theaflavins > therubigins.
Leaves used for the preparation of herbal teas in Central European infusions
are less efficient. Various herbs used in China, Japan, Korea and other East
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Asian countries in folk medicine contain potent antioxidants but they have been
generally not sufficiently tested for their safety. Also gingko leaves, containing
strong antioxidants and used in East-Asian medicine, have not been sufficiently
tested for safety, and should be thoroughly investigated before they are allowed
for food use.

The antioxidant activity of spices has been known for 50 years (Chipault ez al.,
1956). Spices from other parts of plants than leaves are used for conditioning
meats and bakery products; some among them are efficient inhibitors of
oxidation, such as savory, oregano, spearmint, lavender, nutmeg, allspice, etc.
The most active substances are produced from rosemary — Rosmarinus officinalis
L. (Chang et al., 1978), which is the only commercially available antioxidant
from spices, and from sage (Salvia officinalis L.). Both of them contain carnosol
and carnosic acid as active substituents (Cuvelier et al., 1996; Richheimer et al.,
1996). Herbs and leaves efficiently stabilize French fries (Korczak, 1992). Not
only non-volatile resins from spices, but also volatile essential oils from different
spices are active as antioxidants. After their removal, the remaining non-volatile
fraction (a resin) has mainly lower antioxidant activity than the original material.
Gingseng and sweetgrass, possessing antioxidant activities, are used as spices not
in food, but in alcoholic beverages.

The composition of spices is well known, and most active substances have
been identified. However, it is not recommended to use pure components as food
additives (even if they have been isolated from materials applied in the food
industry). The application of pure natural substances is subject to legal
restrictions, and many among them could be found toxic under strict safety
checks. Some spices change the flavour of food products, if added for their
stabilization against oxidation, but the deodorized materials could be added
without affecting the flavour. The antioxidant activity of spices or spice extracts
is often combined with antimicrobial activity.

3.5 Using natural antioxidants in food

The main guideline is that natural antioxidants are preferred to synthetic
antioxidants only insofar as the consumers prefer them, and people feel that
humans became adapted to them over the many generations they were
consumed. Only food components, and not all natural substances should be
accepted for use in foods. Material Generally Regarded As Safe (GRAS) can be
added to foods without limitations. The best application of antioxidants is the
direct addition of the respective ingredients, found as active antioxidants, to food
without any previous fractionation or concentration; herbs and spices belong to
this group. Some simple fractionation could be used, e.g., extraction of the oil
fraction and utilization of the extracted meal, or distillation of the volatile
essential oils, and the use of the nonvolatile residue.

The application of extracts obtained with acetone, methanol and other
organic solvents, have to be avoided, as the extracts are rather expensive, and
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high concentrations of active substances could become a health risk. The use of
supercritical carbon dioxide for extraction of antioxidants is a very safe process.
It may be expensive to use, but there should be no problems with residues or by-
products. Pure substances obtained from natural materials may be slightly toxic.
Their addition in high amounts, in order to achieve good stability against
oxidation, could easily exceed safe limits in foods. Therefore, they should be
subject to similar safety tests as synthetic antioxidants. Antioxidant activity
depends on the food composition, and antioxidants active in fats and oils could
become less active in emulsions, and vice versa. Different nonlipidic food
components also affect the antioxidant activity therefore the test for activity
should differ as little as possible from storage conditions, and special tests
should be used for frying oils or other lipid foods heated to high temperatures.

3.5.1 Applications for the stabilization of lard and meat products

Animal fats contain no natural antioxidants or only traces, therefore the
application of antioxidants is very useful. Fortunately, the content of oxylabile
(sensitive of oxidation) polyunsaturated fatty acids is relatively low, at least in
fats of land mammals, so that even small amounts of antioxidants are very
efficient. Butter is among the fats very sensitive to off-flavours. Even when the
content of polyunsaturated fatty acids does not exceed 4-8%, their oxidation
would deteriorate the flavour. Tocopherols may be added to cream before
churning or may even be added to the feed to enrich milk fat with tocopherols.
Other efficient antioxidants are spice extracts, especially rosemary oleoresin or
ethanolic extract of rosemary leaves, Even essential oils from thyme, cumin and
other spices act as preservatives against both oxidation and microorganisms
(Farag et al. 1988). Maillard products, which are often naturally present in foods
containing butter, can improve oxidative stability under certain circumstances.

Pork lard is very unstable against oxidation as unsaturated fatty acids are
bound at 1- or 3-positions of the glycerol residue. Its bland flavour may be easily
deteriorated even by traces of rancidity. The stabilization of lard by natural
antioxidants was reported before the Second World War. In the postwar period
numerous papers were published on the subject and only a few examples will be
given. Saito et al. (1976) tested 27 ground spices in lard, and observed very good
antioxidant activities in the cases of sage, rosemary and mace. Methanol extracts
from spices synergistically increased the effect of citric acid or ascorbyl
palmitate. Flavonoids act as efficient antioxidants in lard, which may explain the
effect of herbs and leave spices (Yanishlieva and Marinova, 1996).

The stabilization of meat products is similar to that of lard. Only a few
examples of application will be given here. Tocopherols have a pronounced
effect on the stability of beef patties stored at 4°C, if they have been added at the
concentration of 200 mg/kg or more (Lee and Lillard, 1997). The effect of spices
in ground pork has been known for several decades. The application of ground
spices would be objectionable in lard because of atypical appearance and flavour
notes but they may be added to meat products with success (Shahidi et al.,

©2003 Woodhead Publishing Limited and CRC Press LLC



1995). They are active in cooked meat products and even in raw. The most
widely used natural antioxidant is ground rosemary leaves or rosemary
oleoresin. Only a few examples suffice. Rosemary antioxidant was found to
be active during storage of cooked minced pork meat or in frozen pork sausage
(Ho et al., 1995). Restructured meat is very sensitive to oxidation as it produces
off-flavours. Rosemary oleoresin was found to be active in restructured raw or
cooked pork steaks or restructured chicken nuggets. Tripolyphosphate was
added in both cases as a metal chelating agent. Green tea catechins were also
found to be efficient in stabilizing meat lipids,

Smoke is traditionally used as a preservative for meat products. Smoke
preparations from ash and beech wood are rich in phenolics so that they may
prolong the stability of lard or pork meat, which is important in the production of
smoked meat products. Sodium nitrite, added in curing preparations, inhibits the
oxidation of pork meat, but its activity decreases with increasing cooking time as
it reacts with other meat components. The antioxidant activity was higher in
cooked ground pork and beef treated with nitrite, during cold storage, compared
to untreated meat (Zubillaga and Marker, 1987). Maillard products also protect
sausages against oxidative degradation during frozen storage (Lingnert and
Lundgren, 1980) and in cookies (Lingnert, 1980). The antioxidant activity of soy
sauce in ground pork fat patties is probably due to free amino acids present in
SOy sauce.

3.5.2 Application of natural antioxidants for the stabilization of fish and
fish oil

Fish oils are very sensitive to oxidation as they contain fatty acids with four to
six double bonds, therefore it is rather difficult to stabilize them against
rancidification. The most common natural antioxidants are tocopherols. At low
concentrations (about 100 mg/kg), a-tocopherol is more active than ~- and 6-
tocopherols while at high concentrations (about 1000 mg/kg) it is the reverse,
and 6- and ~y-tocopherols are more active than a-tocopherol. The same could be
said in the case of vegetable oils (see below).

Lecithin and ascorbyl palmitate are synergists in fish oils enriched with
tocopherols. Both choline and ethanolamine bound in phospholipids inhibit the
accumulation of hydroperoxides in sardine oil. Different flavonoids, especially
quercetin, stabilize fish oils against rancidification, shown as synergism with a-
tocopherol under conditions of the Schaal Oven Test at 60°C and in glass bottles
at 2.5°C. The most efficient derivative was 5,3',4'-trihydroxy-7-methyl-(O)-
flavanone. Flavonoids, such as myricetin, quercetin and morin, were found to be
more active than synthetic antioxidants in seal blubber and menhaden oils.
Extracts from herbs, such as rosemary and oregano, were found to be very active
in mackerel oil (Tsimidou et al., 1995).

The stabilization of fish muscle against rancidification is still more important
than the stabilization of oils as unpleasant off-flavours are rapidly produced by
interaction of fish lipid oxidation products with proteins. Viscera lipids are more
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susceptible to oxidation than muscle or skin lipids (Ohshima et al., 1993). The
chloroform-methanol extracts of sardine meal possessed antioxidant activity,
mainly due to phospholipids, particularly phosphatidylcholine. Phosphatidyl-
ethanolamine showed synergistic activity with a-tocopherol. Metal chelating
agents, such as sodium phosphate, glutamate or citric acid actively protected
refrigerated herring against flavour deterioration. Rosemary extract was also
efficient as a synergist in stabilizing frozen-crushed fish meat against
rancidification. Similar activity was observed in dried sardine (Wada and Fang,
1994). Rosemary oleoresin stabilized lipids of rainbow trout during refrigeration
at 4°C or frozen storage (at —20°C) for several months (Akhtar et al., 1998).
Other ground spices have antioxidant effects in sardine muscle, such as garlic,
basil, oregano, parsley, rosemary, sage and thyme, at both 40°C and at 0°C.
The addition of ground spices is more acceptable than that of plant extracts as
the additives are cheaper and are not objectionable from the standpoint of
safety.

3.5.3 Applications for the stabilization of vegetable oils and plant foods
Vegetable oils are mainly rather polyunsaturated so that they are less stable
against oxidation than animal fats but they usually contain natural antioxidants,
in most cases tocopherols, almost in optimum concentrations. At low levels (up
to 50 mg/kg) a-tocopherol was found more active than y-tocopherol, but at high
levels (more than 100 mg/kg), on the contrary, «y-tocopherol was found more
active than a-tocopherol, when tested at 40°C in the dark (Lampi ef al., 1999).
Even when considerable losses (higher than 30%) of tocopherols occur during
crude oil refining (Gogolewski et al., 2000), stability against oxidation is not
much affected by refining. A synergism was observed between - and 6-
tocopherols (Wagner and Elmadfa, 2000), but the contents of the latter are very
low compared to the former. Tocopherols present in frying oils stabilize fried
potatoes (Marquez Ruiz ef al., 1999).

Carotenoids (see 3.2.1), particularly (8-apo-8'-carotenoic acid, were reported
as synergists of tocopherols in sunflower oil both at 4 and 100°C (Yanishlieva et
al., 2001). Carotene was found efficient only at very high concentrations of
500 mg/kg, which do not occur in refined oils but may be extracted from other
food components.

Phospholipids are natural constituents of crude edible oils, but they are
almost completely removed in the course of their refining in the stage of
degumming. However, they may be present in mixtures of oils with other food
components. Phosphatidylethanolamine is active as a synergist of tocopherols in
soybean oil while phosphatidylcholine was less efficient, and phos-
phatidylinositol completely inefficient. They were tested, however, at much
higher concentrations than are likely to occur in refined edible oils. Olive oil
contains other antioxidants in addition to tocopherols (mostly hydroxytyrosol
derivatives) which contribute to its resistance against oxidation (Salvador et al.,
1999). Antioxidants extracted from olive leaves and green olive fruits exhibited
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moderate antioxidant activities in olive and sunflower oils at 30 and 80°C
(Hartzallah and Kiritsakis, 1999).

The effect of many other natural antioxidants in edible oils was recently
reviewed (Yanishlieva et al., 2001). The most active are extracts from rosemary
leaves as they possess about the same activity as synthetic phenolic antioxidants
(Gordon and Kourimska, 1995a, b). They are active even in less polyunsaturated
oils, such as palmolein, showing synergism with sage extract and citric acid.
They were found active in extruded cereal products on storage (Berset et al.,
1989) and in edible oils under conditions of both the Schaal Oven Test or during
deep frying (Réblova et al., 1999). Many other spice extracts were found
moderately active at temperatures up to 100°C and in emulsions, especially
allspice extracts. Evening primrose oil is now used as a dietetic oil, but the seed
also contains active phenolic substances applicable as antioxidants (Niklova et
al., 2001).

3.5.4 Applications of natural antioxidants for the stabilization of essential
oils and cosmetics against oxidation

Essential oils are not lipids because they do not contain bound fatty acids, but
they are as easily oxidized as lipids are and their oxidation proceeds along
similar lines. Many essential oils contain components resistant to oxidation or
even possessing antioxidant properties, but other essential oils are very sensitive
to oxidation, especially citrus essential oils. During their oxidation, citrus odour
notes disappear, and intensities of woody, acidic and heavy odour notes develop
(Pokorny et al., 1998). Limonene was found to be the most sensitive compound
and herbal oleoresins were efficient in its stabilization (Lee and Widmer, 1994).
During the oxidation of bergamot oil at 40-60°C, sensory acceptability
decreased but rosemary extracts inhibited oxidation and minimized the odour
changes (Pudil ef al., 1998). Similar activity was also observed in Citrus hystrix
essential oil, where the rosemary extracts were also found to be efficient.
Methanolic extracts of herbs and spices were active in other applications in
cosmetics (Betes and Armengol, 1995). Rosemary extracts could be
incorporated into liposomes to stabilize different cosmetics and pharmaceuticals
(Nguyen and Ribier, 1992).

3.6 Improving antioxidant functionality

3.6.1 Use of mixtures of inhibitors

The application of high concentrations of an antioxidant is limited for several
reasons. Antioxidant activity generally decreases with increasing concentration
of the antioxidant so that the optimum concentration should not be exceeded.
The maximum concentration is most often regulated by legislation from safety
concerns, by the effect on sensory properties or by the price therefore other ways
are sought to improve stability against oxidation.
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The application of mixtures of antioxidants is advantageous in the case of
synthetic antioxidants as it allows some countries to increase the addition of a
mixture of antioxidants above the 0.01 or 0.02% permitted for a single
antioxidant. Activity is, however, raised only moderately, as all antioxidants
compete for the same free radicals. The synergism between a-tocopherol with
rosemary extracts was observed in systems containing ferrous ions and
hemoprotein (Fang and Wada, 1993). Synergism also exists between rosemary
and sage extracts, even when the antioxidant composition is rather similar,
especially in the presence of citric acid.

3.6.2 Application of mixture consisting of antioxidants and synergists

A more efficient solution is to add mixtures of antioxidants and synergists.
Synergists have no antioxidant activity of their own in the absence of phenolic
antioxidants but they increase the activity of phenolic antioxidants if they are
present. Polyvalent organic acids (such as succinic acid), hydroxy acids (such as
citric or tartaric acids), amino acids, peptides (Park et al., 2001) or phospholipids
belong to this group (see also 3.3). The synergism is based on various
mechanisms, and the same synergist may act following several mechanisms.
They may convert the oxidized compounds, such as tocopheryl quinones, back
to the respective original antioxidants, such as tocopherols.

The main sources of free radicals in oxidizing lipids are hydroperoxide
decomposition products — free R-O* and R-OO* radicals. The decomposition is
efficiently catalyzed by transient valency heavy metal ions or complexes, such
as copper, iron, cobalt or manganese. Therefore, metal chelating agents, such as
citric, tartaric, malic or ascorbic acids, phosphoric acid or phosphates, including
phytic acid, ethylene diamino tetraacetate (EDTA) belong to this class of
synergists. They are also often common food components. Ascorbyl palmitate
acted as a synergist of tocopherols of potato chips in peanut oil (Satyanarayana
et al., 2000). On the other hand, various substances stabilize hydroperoxides
against decomposition, thus reducing the formation of free radicals, e.g.,
tocopherols stabilize methyl linoleate hydroperoxides (Mékinen et al., 2001) and
even fish oil hydroperoxides. However, ascorbic acid and ascorbyl palmitate
have an only minor effect from this standpoint.

Synergistic activity depends on storage conditions, ratio of antioxidants and
synergists, and on other factors. The most important mechanism of synergistic
activity may depend on the concentration. Most food materials contain several
different synergists, including chelating agents, so that the stability of foods is
sometimes higher than the stability expected from experiments based on simple
models, e.g., in bulk fats and oils.

3.6.3 Other ways of improving antioxidant functionality
During food storage, oxygen penetrates into food material by diffusion from air
and therefore food lipids are oxidized from the surface. In some cases it is
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sufficient to apply antioxidants, especially spices, only on the surface. The
process is particularly useful in the case of oxylabile (sensitive to oxidation)
material, such as fish muscle. Food may be packaged, e.g. vacuum packed in
plastic materials with a low or very low Oxygen Transmission Rate (O-TR) thus
reducing or inhibiting oxygen diffusion from the air into the package. Food may
also be packaged in an active packaging where antioxidants are incorporated in
the packaging material with a controlled release of antioxidants to the surface of
the food during the storage period.

During storage, free radicals are slowly produced in food even at low temp-
eratures and react with antioxidants, which are thus gradually consumed. The
antioxidant functionality can be improved by reduction of the rate of free radical
production. The safest way is to use stable lipids in the recipe. Instead of
traditional edible oils rich in oxylabile polyunsaturated fatty acids, new modified
high-oleic acid oils may be used, such as modified sunflower, soybean, peanut or
rapeseed oils. They are very resistant against oxidation even in the absence of
antioxidants because of their low polyunsaturated acid content. The stability is
good not only on storage but also during deep frying. Another method for the
elimination of prooxidants (see 3.2.1) from food is by modifying the recipe. The
most active prooxidants are haem compounds, such as muscle myoglobin
therefore dry meat is often substituted by meat flavour substances, such as sodium
glutamate, in dry soups. The presence of salt increases the oxidation rate of meat
lipids therefore salt may be added in the encapsulated form. The protecting layer is
dissolved and salt released only during meat cooking so that the contact of salt
with meat lipids is only short.

3.7 Combining antioxidants with other preservation
techniques

The amount of antioxidants necessary for efficient stabilization may be reduced
if food preservation by means of antioxidants is combined with another
preservation technique. Cold storage is a typical example as the rate of free
radical formation and thus also of antioxidant destruction is much lower under
refrigeration. Refined rapeseed oil containing about 500 mg of tocopherols per
kg is stable only for 2—4 weeks at 40°C, when the concentration of tocopherols
approaches zero. If the same oil is stored at 10°C, no perceptible deterioration of
sensory quality was observed even after 15 months of storage. On the contrary,
frozen storage is not always preferable in foods containing water, such as meat
or fish, as water crystallizes out of the hydrated protein layer protecting lipids
against access of oxygen, and air has then free access to lipids. Natural
antioxidants present are then rapidly consumed in spite of low temperature.
Another factor catalyzing the formation of free radicals and of the reactive
singlet oxygen is sunlight, especially in the presence of photosensibilizing
pigments. The packaging in protecting materials, such as amber glass or
multilayer plastic packaging (depending on O-TR) protect antioxidants against
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oxidative damage. Autoxidation does not proceed in the absence of air so that
the removal of air or its replacement with inert gas is an excellent additional
method for food preserved with antioxidants; it would save at least 50% of
antioxidants. Packaging in material impermeable to oxygen is another
alternative, preferably in sealed metallic cans or in specially designed multilayer
plastics (with low or very low O-TR).

Fresh foods of both animal and plant origin contain lipoxygenases and other
enzymes catalyzing oxidation and decomposition of hydroperoxides formed as
primary reaction products. These precursors can then destroy antioxidants.
Antioxidant stability may be enhanced by rapid heating in hot water or by steam,
under conditions of blanching vegetables. Foods rich in natural phenolic
antioxidants, such as potatoes, apples or bananas, usually contain active
enzymes, especially polyphenol oxidases, able to oxidize antioxidants into the
respective quinones. Quinones polymerize or are decomposed by reaction with
other food components, mainly amine and sulphur groups. The antioxidant
activity is thus substantially reduced, and brown discolouration appears. Tea
fermentation is a typical example, as the content of catechin is reduced to a half
or a third by enzymic fermentation, and the dimeric tea pigments — theaflavin
and thearubigin — have only low activities. Polyphenol oxidases can be rapidly
inactivated by steam or hot water, at the same time as lipoxygenases.

3.8 Future trends

The trend to substitute synthetic antioxidants with natural antioxidants will
continue in future in spite of its irrationality, as it is based on consumers’
emotions. There will persist objections against antioxidants generally so that
even the addition of natural antioxidants would be avoided. Essentially, they are
slightly more dangerous for health than synthetic antioxidants so that such a
trend (to avoid antioxidants) is correct. Natural antioxidants from foods
consumed for thousands of years are considered as less dangerous than
antioxidants from different herbs used only in medicine, especially herbs from
the Far East, where the health risks are checked inadequately.

Food components with high antioxidant content, such as herbs and spices,
will be preferred to extracts and pure natural antioxidants as the latter are served
in higher concentrations than the body is familiar with. Food additives rich in
natural antioxidants will be available on the market, obtained by conventional
breeding or by genetic manipulations. The necessity to add natural antioxidants
to foods will be eliminated, at least partially, by the use of recipes applying more
oxidation-stable components, requiring no addition of antioxidants. For those
cases when antioxidants would remain necessary, the requirements would be
optimized, and their total content in foods minimized by their use in mixtures
with synergists. Suitable packaging could prevent the diffusion of oxygen, and
thus to save further addition of antioxidants.
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4

Antimicrobial enzymes
A. S. Meyer, Technical University of Denmark

4.1 Introduction

This chapter focuses on the antibacterial action mechanisms and bacteriocidal
effects of enzymes that have been investigated as possible preservative agents in
different foods and beverages. Various enzyme preparations have been added
routinely for decades — or even longer — in food processing. Important examples
include addition of rennet in cheese making, amylases in bread baking, and
pectinases in fruit juice production. Obviously, the purpose of these conventional
enzyme additions is to promote specific transformations of crucial technological
significance, e.g., to accelerate the clotting of milk during cheese manufacture or
to improve the baking performance of flour in bread making. At present, the
applications of enzymes in food processing constantly expand and today the
addition of exogenous enzymes is employed in a very large number of different
food and beverage processes and several new applications of enzymes in food
ingredient manufacture and food processing are projected for the future (Godfrey,
2003). Nevertheless, only relatively few types of enzymes have been investigated
for their antimicrobial activities as food preservative agents and only a couple of
enzymes are currently employed as preservative agents in foods.

The most studied enzymatic preservative agents include hen egg white
lysozyme and other lytic enzymes, glucose oxidase, and different carbohydrate
hydrolysing enzymes. In addition, the boosting of naturally occurring
lactoperoxidase in milk has been intensively examined. In section 4.2 the mode
of antimicrobial action of lysozyme and various other lytic enzyme systems will
be reviewed with particular emphasis on their action mechanisms and efficacy
when evaluated in genuine food products. The activity mechanisms and
antibacterial efficacies of the lactoperoxidase and glucose oxidase systems are
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then discussed in sections 4.3 and 4.4, respectively. In section 4.4.2 the focus is
directed towards a number of other enzyme activities that have been explored
for their antimicrobial effects. Section 4.5 summarises the reported combined
effects of enzymatic and physicochemical factors and reviews novel techniques
for improved antimicrobial potency of enzymes, with particular focus on
lysozyme. Section 4.6 presents a brief introduction to the legislation on use of
enzymes in foods, and gives a view on the future needs, trends and challenges in
the practical exploitation of enzyme-based food preservation systems. Finally
section 4.7 gives suggestions for further reading.

4.1.1 The use and effect of enzymes as antibacterial agents

Enzymes may exert antibacterial activity by a number of different mechanisms
(Table 4.1). Lysozymes and other antimicrobial, lytic enzymes mainly elicit
their antibacterial activity by inducing bacteriolysis via catalytic cleavage of
cell-surface polymers or cell-wall junctions. As will be discussed later in this
chapter, lysozyme may also work bacteriocidally by mechanisms that are
independent of its catalytic activity. Lactoperoxidase, and other peroxidase
systems, work antimicrobially via oxidative catalysis that releases or produces
toxic or inactivating products given that the right substrates are present. In
contrast, the antibacterial effect of glucose oxidase is categorised as an oxidative
catalysis mechanism that both removes essential substrates (e.g., oxygen) and
produces antibacterial products. However, as will be more apparent later, when
the mechanisms of each of these enzyme systems is discussed in more detail,
these categorisations may be too narrow to describe fully the antibacterial

Table 4.1 Proposed antimicrobial enzyme mechanisms and enzymes with known
antibacterial effects

Type of mechanism Enzyme type Enzyme source  Effect

Catalytic cleavage of Lysozyme Hen egg white  Bacteriolysis
peptidoglycan or cell wall (Gram" organisms)'
junctions

Channel formation and Lysozyme as a  Hen egg white  Increased membrane
membrane destabilisation cationic peptide permeability
Oxidative catalysis releasing Lactoperoxidase Cow’s milk Growth inhibition
or producing toxic or Glucose oxidase 4. niger Growth inhibition
inactivating products

Oxidative catalysis removing Glucose oxidase A. niger Growth inhibition
essential substrates or

nutrients

Enzyme catalysed Hydrolases Several different Biofilm degradation
degradation of extracellular

polysaccharides

! Gram positive organisms are more susceptible to enzyme catalysed peptidoglycan degradation.
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mechanisms of the enzyme systems. Lastly, a number of hydrolases, in effect
mixed carbohydrate hydrolysing activities, can induce accelerated
depolymerisation of bacterial polysaccharides and hence exert antibacterial
action by causing partial degradation of bacterial biofilms (Table 4.1).

The efficacy of different enzyme systems depends strongly on the
physicochemical conditions, i.e., the microenvironment in the system.
Furthermore, the response of different enzymatic principles to the intrinsic
resistance factors of different bacteria also vary markedly. As highlighted in the
following sections, the antibacterial efficacy of these different types of action
mechanisms therefore differ markedly in different food systems. Hence, in
analogy to other food preservatives, the applicability of different enzyme
systems as preservative agents in different foods and against different types of
bacteria vary significantly in different systems.

4.2 Lysozymes and other lytic enzyme systems

Lysozymes are 1,4-3-N-acetylmuramidases (EC 3.2.1.17), which catalyse the
degradation of bacterial cell wall peptidoglycan by catalysing the hydrolysis of the
(B-1,4-glycosidic bonds between N-acetylmuramic acid (NAM) C1 and the N-
acetylglucosamine (NAG) C4 of peptidoglycan (Jollés and Jollés, 1984). Different
types of lysozymes are present in tears, mammalian milk, insects, and avian eggs.
Lysozyme activities can also be found in a number of other natural sources
including in, e.g., vira, where notably the lysozyme activity produced by the T4
bacteriophage has been intensively studied (Tranter, 1994). Today, hen egg white
is the major source of the enzyme for commercial extraction, where the enzyme
product is a byproduct of egg albumen manufacture (Wigley, 1996). Purification
protocols for hen egg white lysozyme were reported as long ago as 1945-46 and
the complete sequence of the 129 amino acid residues in the egg white enzyme’s
single polypeptide chain, which is ¢ type lysozyme, was published about 40 years
ago (Jollés et al., 1963). Furthermore, lysozyme was the first enzyme ever to have
its structure solved by protein chrystallography (Jollés and Jollés, 1984). A
comprehensive account of the structural traits and the catalytic mechanism of the
hen egg white lysozyme have been given by Tranter (1994).

The primary antibacterial mechanism of lysozyme is presumably based on
the muramidase catalysed cleavage of glycosidic bonds in peptidoglycan, but as
discussed below, lysozyme may also work by other mechanisms as inactivated
lysozyme also exerts antibacterial effects. The biosynthesis and the dynamics of
the cell wall peptidoglycan are a requirement for bacterial growth, and, as is
known, the inhibition of peptidoglycan biosynthesis is the mechanism of action
of several antibacterial agents including the [-lactam penicillins and the
vancomycin group of glycopeptides (Bugg, 1999). The lysozyme catalysed
cleavage of the peptidoglycan polysaccharide results in a punctured cell wall
which eventually leads to lysis of the bacterial cell membrane and consequently
cell death or, at least, growth inhibition. This mode of action is assumed to
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explain the efficacy of lysozyme addition to cheese milk in preventing
outgrowth from spores of CI. tyrobutyricum and in turn prevent ‘late blowing’ in
cheeses (Wasserfall and Teuber, 1979). Likewise, it is the mechanism proposed
to account for the inhibitory action of hen egg white lysozyme on undesirable
lactic acid bacteria in wine (Gao et al., 2002; Gerbaux et al., 1997). As
expounded further below, enzyme catalysed peptidoglycan hydrolysis leading to
bacteriolysis has also been evoked as the mechanism explaining the antibacterial
activity of lysozyme on several other spoilage and pathogenic bacteria in food
systems (Fuglsang et al., 1995, Hughey et al., 1989; Proctor and Cunningham,
1988). Accordingly, the sensitivity of bacterial cells to lysozyme activity is
determined by their cell-wall structure, and notably by the accessibility,
thickness and composition of their peptidoglycan.

Both Gram-positive and Gram-negative bacteria contain peptidoglycan in the
cell wall. As is well known, the peptidoglycan layer of Gram-positive bacteria is
generally much thicker than that of Gram-negative organisms. In Gram-positive
cells the peptidoglycan may thus constitute ~50% of the dry weight of the cell
wall (Schleifer and Kandler, 1972). Even though the peptidoglycan layer is
thinner in Gram-negatives, their peptidoglycan is less accessible as it is
sandwiched between the cytoplasmic membrane and an outer membrane
composed of lipopolysaccharides, phospholipids, and protein (ratio
approximately 1:1:1) (Proctor and Cunningham, 1988). The presence in
Gram-negative cells of this outer membrane offers Gram-negative bacteria an
effective barrier to lysozyme action. In turn, this barrier renders Gram-negative
bacteria intrinsically more resistant than Gram-positive organisms to lysozyme
attack and bacteriolysis (Proctor and Cunningham, 1988). In other words, the
difference in the cell wall layer structures explains why lysozyme is especially
active against Gram-positive organisms including clostridia, listeria,
staphylococci, bacilli, and lactic acid bacteria. Perturbation of the outer
membrane of Gram-negative bacteria by chemical or physical means may render
Gram-negative organisms more susceptible to peptidoglycan degrading
enzymes, however (Proctor and Cunningham, 1988).

In Gram-positive bacteria teichoic and lipoteichoic acids intertwine the
peptidoglycan and thus confer differences in the detailed peptidoglycan
composition in different bacteria. Differences in lipoteichoic acids also affect
the potential of bacteria to induce inflammation; with Staphylococcus aureus it
has been shown that copresence of lipoteichoic acid and peptidoglycan can induce
a vigorous, synergistic inflammatory response in rats (de Kimpe et al., 1995). On
the other hand, teichoic acid, being negatively charged, may be envisaged to be
able to bind lysozyme and thus prevent its motion and in turn diminish its
hydrolytic action on the peptidoglycan (Proctor and Cunningham, 1988).

Although the action of lysozyme may be dampened if bound to teichoic acids,
the main differences in the sensitivity of different Gram-positive bacteria to
lysozyme appear to be caused by variations in the short peptide bridges in the
peptidoglycan (Jollés and Jollés, 1984; Proctor and Cunningham, 1988). Data
obtained with different types of lysozyme on S. aureus (Wecke et al., 1982) as well
as with the cell wall lysis system of Clostridium perfringens bacteriophage 3626
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on different clostridia and other bacteria (Zimmer ef al., 2002) suggest that Gram-
positive bacteria having highly substituted peptidoglycan may be more resistant to
enzymatic hydrolysis of peptidoglycan than those having less substituted peptido-
glycan. At present, however, only little is known about the cellular consequences of
differences in the cross linking peptide sidechains as knowledge on the specificities
of the peptidases which can catalyse the hydrolysis of these peptidoglycan peptide
side chains is sparse (Harding et al., 2002). The variations among different bacteria
in the interpeptide bridge that connects the pentapeptide bridges in peptidoglycan
may also be thought to confer variation in the overall peptidoglycan robustness to
hydrolytic enzymes attack. It has long been known that very significant differences
in the peptidoglycan structure of Gram-positive organisms occur from variations in
the interpeptide bridge between the pentapeptide branches in peptidoglycan
(Schleifer and Kandler, 1972). Although lysozyme does not exert any peptidolytic
or proteolytic activity, it can be speculated that the physical accessibility and
flexibility of the NAG-NAM (-1,4-glycosidic bonds which constitute the lysozyme
substrate, may be influenced from differences in the interpeptide bridges. However,
it is presently unknown if interpeptide variations influence the sensitivity of bacteria
to lysozyme or other enzyme induced bacteriolysis.

4.2.1 Non-enzymic action of lysozyme

Surprisingly, partially heat-denatured lysozyme exerts antibacterial activity on a
number of microorganisms (Ibrahim et al., 1996a and b). The antimicrobial
activity of such thermally inactivated lysozyme extends to Gram-negative
organisms and appears independent of the lysozyme muramidase activity
(Ibrahim et al., 1996a). Two mechanisms have been proposed for this non-
enzymic action of lysozyme. The first is that lysozyme acts as a cationic protein
that induces cell lysis via puncturing of the cell membrane through a protein-
phospholipid interaction mechanism (Ibrahim et al., 1996a and b; Pellegrini et
al., 1992). The second mechanism is that the lysozyme protein may activate so-
called autolysin enzymes in the bacterial cell wall that in turn induce cell lysis
(Ibrahim et al., 1996a). Autolysins include N-acetylmuramoyl-L-alanine
amidase enzymes that catalyse the cleavage of the amide bonds between the
N-acetylmuramic acid lactyl side chain and the amino acid residue at position 1
of the pentapeptide sidechain, i.e., the bond that links the short peptides to the
NAG-NAM backbone in peptidoglycan (Bierbaum and Sahl, 1987; Harding et
al., 2002). The peptidase induced hydrolysis of the peptidoglycan peptide
sidechains have long been suspected to promote lysis of undesirable Gram-
positive organisms, and the influence of cationic peptides on the activity of N-
acetylmuramoyl-L-alanine amidase was studied 15 years ago (Bierbaum and
Sahl, 1987). Amidase enzyme activities are found among bacteriolytic enzymes
in bacteriophages; the bacteriophage T7 lysozyme, for example, is actually a
bifunctional protein incorporating such an amidase activity (Cheng ef al., 1994).
Furthermore, the ply genes encoding N-acetylmuramoyl-L-alanine amidase were
recently identified in the Bacillus cereus bacteriophages 12826 and TP21
(Loessner et al., 1997). Despite this, detailed knowledge on the molecular
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enzymology and practical implications of the action of the peptide sidechain
hydrolases in medicine and food science is still limited as substrate analogues
for their assay have only recently been synthesised (Harding et al., 2002). Even
though the antimicrobial actions of denatured lysozyme are well described
(Ibrahim et al., 1996a and b; Pellegrini et al., 1992) and even though very recent
data demonstrate that partial denaturation of lysozyme may enhance its activity
against Listeria monocytogenes (Pszczola, 2002), the significance of these non-
enzymic antibacterial effects of lysozyme in the applications where active
lysozyme is added in food processes is unknown.

It has been speculated for some time, that chemical modification of lysozyme
by covalent attachment of fatty acids might facilitate the penetration of
lysozyme through the outer membrane of Gram-negative organisms. Recently, it
was proven, that such lipophilisation of hen egg white lysozyme with caproic
acid (C6:0), capric acid (C10:0), or myristic acid (C14:0) enhance the
bacteriocidal activity of lysozyme against Escherichia coli K-12 in a phosphate
buffered test medium (Liu et al, 2000). Furthermore, chemical reduction of
disulphide bonds in hen egg white lysozyme by reaction with either cysteine or
glutathione, has been demonstrated recently to increase the antimicrobial
activity of lysozyme against Salmonella enteritidis in a phosphate buffer test
system (pH 7.2, 30°C) (Touch et al., 2003). Evaluation of the leakage of
liposomes obtained after contact with the chemically reduced lysozymes
indicated that the bacteriocidal action was mainly attributable to the
hydrophobic and cationic properties of the modified lysozymes rather than to
the lysozymes’ muramidase activity (Touch et al., 2003).

4.2.2. Effects of lysozyme in real food product trials
The presence of egg white lysozyme inhibits the outgrowth of C. tyrobutyricum
in ripened, yellow cheeses such as Edam or Gouda (Bester and Lombard, 1990;
Wasserfall and Teuber, 1979). When the lysozyme is added just before the
addition of rennet in cheese making, lysozyme both kills resting vegetative C.
tyrobutyricum cells, delaying the outgrowth of spore cells into vegetative cells,
and retards proliferating vegetative cells (Wasserfall and Teuber, 1979). As
discussed in more detail in section 4.6. this effect uniquely permits the use of
hen egg white lysozyme as a food additive in cheese in the European Union, E-
number 1105 (Directive 95/2/EC). In Gouda cheese lysozyme supplementation
has also been suggested as a safeguard against growth of L. monocytogenes
(Bester and Lombard, 1990). In general, the available data are very difficult to
evaluate and compare, as the experimental details vary markedly among
different reports and notably because the addition levels of lysozyme are
reported as amounts, e.g., mg/kg, rather than in activity units. Thorough
quantitative studies and descriptions of the antibacterial efficacies of lysozyme
on undesirable bacterial growth in cheese and in other foods are very sparse.
In wines, addition of lysozyme, with dose given as ~250mg/L, inhibits
growth of Leuconostoc oenos, and lysozyme supplementation can consequently
control the onset of malolactic fermentation and stabilise the wine after
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completion of the malolactic conversion (Gerbaux et al., 1997, Pitotti et al.,
1991). This successful effect of lysozyme has been highlighted as a possible
substitute for sulphite use in wines (Pitotti et al., 1991). A recent report has
demonstrated that addition of 125 or 250 mg/L of hen egg white lysozyme
during alcoholic fermentation in wine inhibits the proliferation of Lactobacillus
kunkeei, L. brevis, Pediococcus parvulus, and P. damnosus, that are known as
lactic acid spoilage bacteria in wines (Gao et al., 2002).

Various Japanese reports and patents from the early 1970s have also claimed
preservative effects of lysozyme in several different foods and beverages
including sake, fresh vegetables, fish, tofu bean curd, seafoods, and various meat
products; an account and discussion of these reported data are given in Proctor
and Cunningham (1988). Hughey et al. (1989) reported that sprinkling with hen
egg white lysozyme (at a dose of 100 mg/kg) retarded, but did not completely
inhibit, growth of inoculated populations of L. monocytogenes Scott A in
shredded lettuce, shredded cabbage, fresh corn, green beans, and shredded
carrots during storage at 5°C, while control incubations without lysozyme
supported growth of L. monocytogenes.

Akashi and Oono (1972) reported lysozyme to exert a weakly preservative
effect in lightly salted fish, when lysozyme was employed as a dipping treatment
in 1% gelatin—0.05% lysozyme solution, but treatment with sorbic acid
consistently resulted in a better preservative effect than lysozyme in these fish
products (Akashi and Oono, 1972). Later reports have confirmed that lysozyme
exerts only weak antibacterial potency in animal products such as pork sausage
(bratwurst) and Camembert cheese (Hughey ef al., 1989). In Camembert cheese
lysozyme by itself or together with EDTA reduced an inoculated L.
monocytogenes population by ten-fold during the first 3—4 weeks of the
ripening period, but the effect of lysozyme decreased with longer storage, where
L. monocytogenes was found to grow unhindered in the artificially inoculated,
lysozyme-containing cheeses (Hughey et al., 1989). A lysozyme dip treatment
(3mg/mL) of cod fillets spiked with L. monocytogenes resulted in retarded
growth of listeria during storage at 20°C for 3 days or at 5°C for 17 days, but did
not exert a completely inhibitory effect (Wang and Shelef, 1992). However, the
lysozyme dip treatments suppressed growth of L. monocytogenes more
effectively when combined with EDTA (5-25 mM) (Wang and Shelef, 1992).

In whole milk, L. monocytogenes is resistant to added hen egg white
lysozyme — which has been shown with different strains of L. monocytogenes —
however, if heat treated, at 62°C for 15 seconds, the L. monocytogenes cells
become more sensitive to lysozyme, albeit not enough to achieve total growth
inhibition from added lysozyme in milk (Carminati and Carini, 1989; Kihm et
al., 1994). In an anaerobic meat medium, representing a vacuum-packed
product, lysozyme (2,400 Units/ml equivalent to ~50 ug lysozyme/mL) has
been shown to prevent growth and toxin production of heat-treated Clostridium
botulinum spores for up to three months provided that the storage temperature
was below 8°C (Fernandez and Peck, 1999). A study of the available data
therefore confirms that the antibacterial activity of neat hen egg white lysozyme
is efficient only against a limited number of bacteria, notably Gram-positive
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organisms, and that the bacteriocidal effect is sufficiently potent in real food
products only under particular conditions. Despite its long application as a food
preservative in specific products very little is known on the quantitative aspects
of enzyme dosage versus bacterial growth inhibition in real food systems. The
boosting of lysozyme potency by co-addition of other substances or by
manipulations of physicochemical parameters is discussed in section 4.5.

4.2.3 Other lytic enzymes

Apart from lysozyme, two other types of hydrolytic enzymes may work bacterio-
lytically. Firstly, as already covered above, the N-acetylmuramoyl-L-alanine
amidases catalyse cleavage of the junction between the peptidoglycan poly-
saccharide backbone and the peptide crosslinks; additionally certain endopep-
tidases are known to catalyse the hydrolysis of the peptide sidechains. Knowledge
is lacking on enzymatic cleavage of the interpeptide bridges in peptidoglycan,
however. Streptomyces spp. express an array of cell wall degrading activities that
appear to comprise N-acetylmuramoyl-L-alanine amidase activity and/or
endopeptidases that presumably act in cooperation to lyse sensitive organisms
(Hayashi et al., 1981; Bronneke and Fiedler, 1994). Notably, the so-called
mutanolysin from Streptomyces globisporus, presumably comprised of L-alanine
amidase and N-acetylmuramoyl-L-alanine amidase, exerts bacteriolytic activity on
a number of bacteria in model systems and addition of bacterial cell walls to the
Streptomyces globisporus growth medium has been shown to stimulate the
production of the bacteriolytic activities (Bronneke and Fiedler, 1994). Recently,
Streptococcus milleri was demonstrated to produce an endopeptidase, ‘millericin
B’, which was shown to cleave the last residue in the interpeptide crosslink of
peptidoglycan of susceptible strains, and that displayed bacteriolytic activity
against several Gram-positive bacteria, except for Bacillus subtilis (Beukes et al.,
2000). Clearly, these more recent data confirm that hydrolytic enzyme activities
other than lysozyme may show promise as preservative agents in foods. However,
much more research remains to be done before any firm conclusions can be drawn
regarding safety and efficacy of these enzyme systems in genuine food products.

4.3 Lactoperoxidase

As the name ‘lacto’ implies, the enzyme lactoperoxidase (EC 1.11.1.7) occurs in
milk, where it contributes to milk’s natural, antibacterial defence system by
catalysing the net formation of hypothiocyanite (OSCN™) via oxidation of
thiocyanate (SCN™) by hydrogen peroxide (H,O,) — see reaction, below.
Lactoperoxidase activity has also been detected in other animal secreta, e.g., in
saliva, tears, and nasal fluid (Ekstrand, 1994). Since the presence of
lactoperoxidase in milk can be exploited for milk preservation, the milk
lactoperoxidase system has been intensively studied and several reviews exist
(see e.g., Daeschel and Penner, 1992; Ekstrand, 1994). The antibacterial reaction
occurs by direct lactoperoxidase catalysed oxidation of SCN™ to thiocyanogen
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(SCN), that in turn hydrolyses spontaneously to hypothiocyanite (OSCN™) as
schematised below. At low pH the hypothiocyanous acid, HOSCN, is produced.
Lactoperoxidase may also catalyse the direct oxidation of SCN™ to OSCN™ or
HOSCN (Daeschel and Penner, 1992):

Lactoperoxidase: 2 SCN™ + H,0, + 2 H* — (SCN), + 2 H,O
(SCN), + Hy0 — OSCN™ + SCN™ + 2 H

Net reaction: SCN™ + H,0, — OSCN™ + H,0O

Although the thiocyanate concentration in milk varies depending on the feed,
SCN™ is ususally naturally present in cow’s milk in sufficient concentrations to
enter as the principal electron donor in the enzymatic reaction (Bjorck ef al.,
1979). H,0, is generated by catalase negative lactic acid bacteria, and may
therefore also be naturally present in milk (Ekstrand, 1994), but, as discussed
below, the antibacterial effect of the lactoperoxidase system in milk can be
enhanced by co-addition or individual addition of one of the substrates SCN™
and H,O,. The antibacterial effect is presumably caused by OSCN™, which
oxidises protein sulthydryl groups to disulphides, e.g., of accessible cysteine
groups in bacterial proteins. This oxidising effect is assumed to result in
inactivation of vital bacterial enzyme systems, notably of enzymes having
cysteine residues in their active sites, leading to inhibition of bacterial metabolic
functions and consequently cell death (Daeschel and Penner, 1992). The
antimicrobial potency of OSCN™ is higher than that of H,O,. However,
proteinaceous systems rich in oxidisable protein groups will scavenge the
activity of the lactoperoxidase system (Fuglsang et al., 1995).

At pH values below 5 the HOSCN may exert an inhibitory effect against
microorganisms by entering cells as the undissociated acid. In the cytoplasm of the
microbial cell, the equilibrium will favour the undissociated acid, and — in analogy
to the mechanism behind the the ability of organic acids to inhibit microbial growth
— this generation of protons inside the cells is then assumed to be responsible for the
antibacterial activity of lactoperoxidase at low pH (Ekstrand, 1994). Furthermore,
the bovine milk lactoperoxidase has an apparent activity maximum at pH 5, and
this combined with the relatively elevated concentrations of HOSCN at this pH
value are in accordance with practical experience that the lactoperoxidase system
works optimally at ~ pH 5 (Ekstrand, 1994; Fuglsang et al., 1995).

4.3.1 Effects of the lactoperoxidase system in food products

The most widely studied effects of the lactoperoxidase system have been carried
out in bovine milk, and in various dairy products. The lactoperoxidase system has
been demonstrated to work efficiently to preserve raw milk without refrigeration.
The strategy, involving addition of low levels of H,O,, was advanced as a
method for temporary preservation of raw milk in developing countries (Bjorck
et al., 1979). Later, co-addition of equimolar concentrations of 0.25 mM SCN™
and H,0, to milk, was found to maximise the activation of the lactoperoxidase
system in preservation of unrefrigerated fresh milk (Wang et al., 1987). Other
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studies have indicated that use of 0.4 mM H,O, and extra lactoperoxidase or
addition of both lactoperoxidase (370 Enzyme Units/L), KSCN (0.3 mM), and
H,0, (0.3 mM) are required for optimal mobilisation of the lactoperoxidase
system in milk (Siragusa and Johnson, 1989). However, in the latter case, the co-
addition only delayed, but did not prevent the growth of, L. monocytogenes in
milk stored at 20°C (Siragusa and Johnson, 1989). The keeping quality of milk is
known to be better for milk pasteurised at 72°C for 15 seconds than at 80°C for 15
seconds, which has been attributed to the heat shocking of spores at the higher
temperature. However, since pasteurisation of milk at 80°C (15 seconds)
completely inactivates bovine lactoperoxidase, while the residual lactoperoxidase
is ~70% in low-pasteurised milk (72°C, 15 seconds), it has been proposed that
the lactoperoxidase system has a role in the shelf-life quality of pasteurised milk,
and therefore that pasteurisation at a temperature of 72°C may be a critical factor
determining this effect (Barrett et al., 1999).

Addition of glucose with glucose oxidase to produce H,O, (see enzymatic
reaction in section 4.4) was used to boost the lactoperoxidase system to delay the
onset of growth of Salmonella typhimurium in infant formula milk (Earnshaw et
al., 1990). Similarly, in cottage cheese inoculated with Pseudomonas fragi, P.
Sfluorescens, E. coli, and S. typhimurium, the addition of glucose and glucose
oxidase activated the lactoperoxidase system to kill these organisms that were not
detected in the cottage cheese during a 21-day storage period (Earnshaw et al.,
1989). Equimolar addition of 25 mM KSCN and H,O, as substrates for
lactoperoxidase in pasteurised ewe’s milk resulted in total inhibition of Aeromonas
hydrophila, inoculated at 10? cfu/mL, and reduced the level of psychrotrophs by
more than 6 log cfu/g during 48 hours of refrigerated storage of fresh Spanish
Villalon cheese (Santos et al, 1995). Other studies have shown that the
lactoperoxidase system is not suitable to safeguard the preservation of cheese as
activation of the naturally occurring lactoperoxidase in the cheese milk can result
in decreased acidity production and prolonged coagulation time of the cheese as a
result of inhibition of the lactic acid starter bacteria (Valdez et al., 1988).

An exogenous lactoperoxidase system treatment, comprising bovine lacto-
peroxidase (1 pg/mL), KSCN (5.9 mM), H,0, (2.5mM) exerted antibacterial
activity on S. typhimurium and psychrotrophic bacteria on Salmonella inoculated
chicken legs in response to the time and temperature extension of the treatment
(Wolfson et al., 1994). Maximum growth reduction achieved was a five-fold
reduction — but not complete inhibition — of S. #yphimurium cfu/g; this was
achieved with 15 min. immersion of chicken legs into a 60°C water bath
containing the lactoperoxidase system, which is thermostable at this temperature
(Wolfson et al., 1994). Compared to lysozyme, the antibacterial spectrum is thus
much wider for the lactoperoxidase system because of the lower specificity of the
antibacterial mechanism. However, the antibacterial activity of the
lactoperoxidase system, especially against Gram-positive organisms, appears
strongly dependent on the relative amounts of available substrate, the pH, the
medium, and also on the growth phase of the target organisms (Fuglsang et al.,
1995). Streptococci appear to be relatively resistant to the antibacterial activity of
the lactoperoxidase system compared to other bacteria, and it has been suggested

©2003 Woodhead Publishing Limited and CRC Press LLC



that Streptococcus spp. may be able to reduce the oxidation products or repair the
damage (Reiter and Harnulv, 1984). As will be discussed in section 4.5 the
bacteriocidal activity of the lactoperoxidase system can be enhanced by
combinatory strategies. In analogy to the comments given for the effects of
lysozyme in food products (section 4.2.2) some more general, quantitative
approaches to assess and model the antibacterial efficacy of lactoperoxidase are
scarce. At present, it is therefore difficult to predict firmly how efficient the
lactoperoxidase system is on specific types of bacteria in dairy foods.

4.4 Glucose oxidase and other enzyme systems

Glucose oxidase (EC 1.1.3.4) catalyses the oxidation of 3-D-glucose by O,
producing 6-D-gluconolactone and H,0,. Since 6-D-gluconolactone hydrolyses
spontaneously to D-gluconic acid (or rather, D-gluconate + H"), the net reaction
catalysed becomes:

0O, + C¢H1206 + HHO — H,0, + CcH1,07

Glucose oxidase is produced by fungi of the genera Penicillium and Aspergillus.
Aspergillus niger strain NRRL 3 (ATCC 9029) is traditionally the most common
source for the commercial production of glucose oxidase as the enzyme is a side-
product of gluconic acid production by A. niger (Crueger and Crueger, 1990).
Glucose oxidase has been employed industrially, notably in the US, since the early
1950s for removal of glucose in eggs prior to spray drying to prevent Maillard
browning reactions (Szalkucki, 1993). Furthermore, in conjunction with catalase,
glucose oxidase has been used as a flavour-protecting measure in citrus juices via
removal of oxygen, but not as a bacteriocidal agent on a commercial scale
(Szalkucki, 1993). The potential antibacterial effect of glucose oxidase action has
nevertheless received steady research attention. The observed antibacterial action
has been widely suggested to be primarily based on the production of H,O,
(Fuglsang et al., 1995). However, since catalase catalyses the disproportionation of
H,0, to water and oxygen, the antibacterial activity of glucose oxidase
preparations should hence be strongly dependent on the (non)presence of catalase
as side activity. Catalase is usually present as an impurity in commercial glucose
oxidase preparations, as the coupled removal of H,O, is often a prerequisite in non-
antibacterial food processing applications of glucose oxidase (Szalkucki, 1993).
Since catalase is one of the fastest enzymes known with a hydrogen peroxide
rate constant close to 107 seconds ™! mole !, even low levels of catalase can retard
the generation of H,O, by glucose oxidase preparations. Likewise, in case H,O,
was the main antibacteriocidal effect, the susceptibility of various microorganisms
to inhibition by glucose oxidase should depend on their ability to produce catalase
(Fuglsang et al., 1995). However, an evaluation of the data obtained in various
systems with commercial glucose oxidase preparations does not confirm these
hypotheses. Rather, the data suggest, that especially the decrease in pH caused by
the gluconate generation, perhaps coupled with the micro-anaerobic environment
generated by the catalysed oxygen removal that may retard obligate aerobes, are
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more important to the antibacterial activity of glucose oxidase than H,O,
production (Dobbenie et al., 1995; Dondero et al., 1993). Again, some more
thorough quantitative evaluations of the enzyme kinetics versus the antibacterial
effects of glucose oxidase with or without catalase would improve our under-
standing of the mechanisms involved, and presumably allow a more focused
approach to employing glucose oxidase as an antibacterial enzyme system.

4.4.1 Antibacterial efficiency of glucose oxidase in model systems and real
foods

Addition of glucose and a commercial enzyme preparation containing glucose
oxidase as well as catalase was shown to suppress significantly the growth of
Pseudomonas fragi, a common fish spoilage organism, in both nutrient broth
and in a fish extract medium inoculated at ambient temperature (26°C) (Yoo and
Rand, 1995). Dosage of more than 2.0 Enzyme Units/mL of the glucose oxidase
preparation with 16 mg/mL glucose in the fish extract medium lowered the pH to
approximately pH 4 due to gluconic acid production (Yoo and Rand, 1995).
Similarly, the growth of Pseudomonas fluorescens on shrimp kept in a glucose
oxidase-glucose solution has been reported to be inhibited (Kantt ez al., 1993).
In both of the cited studies the glucose oxidase was a commercial preparation
containing catalase activity (Kantt et al., 1993; Yoo and Rand, 1995).

In experiments with liquid whole egg, co-addition of 5 Enzyme Units/mL
glucose oxidase and 5mg/mL glucose killed Salmonella enteritidis,
Micrococcus luteus, and Bacillus cereus inoculated at 10° cfu/mL after five
days of storage of the eggs at 7°C (Dobbenie et al., 1995). The addition also
exerted a weak bacteriostatic effect on Pseudomonas fluorescens (Dobbenie et
al., 1995); in that study the glucose oxidase preparation was also a commercial
preparation from A. niger and the preparation was stated to contain a maximum
of 1% catalase impurity but a statement of the exact catalase activity content was
lacking, however (Dobbenie et al., 1995). If the antibacterial mechanism of
glucose oxidase is based on H,O, production, the observed antibacterial
efficiency of the glucose oxidase preparations containing catalase are surprising
considering that the catalase removes the H,O,. The available data therefore
support the proposition that the lowering of pH achieved from gluconate
production may in fact be the main antibacterial principle of the glucose oxidase
in these tests. The preservative potential of glucose oxidase has also been tested
on poultry products, legs and chicken breasts, but in these products no
convincing antibacterial effects of the glucose oxidase treatments were found
(Frels et al., 1984; Jeong et al., 1992).

4.4.2 Other enzyme systems

Extracellular polysaccharides of bacteria are composed of a number of different
homo- and heteropolysaccharides that are of prime importance in the attachment
of bacteria to surfaces and in the formation of bacterial biofilms. Enzyme
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catalysed removal of biofilms has been studied very little and only a few reports
are available. A distinction can be made between the enzymatic release of
microorganisms from biofilms and the bacteriocidal activity of different
enzymes (Brisou, 1995). Due to the heterogeneity of the extracellular
polysaccharides, an enzyme cocktail comprising several different enzyme
activities appears necessary for sufficient removal and killing of bacterial
biofilms. Glucose oxidase combined with lactoperoxidase was shown to exert
bacteriocidal activity on a mixture of Gram-positive and Gram-negative biofilm
bacteria, but did not release the biofilm from the model surfaces (Johansen et al.,
1997). In contrast, a multicomponent polysaccharide hydrolysing enzyme
preparation (comprising pectinase, arabinase, cellulase, (-glucanase, and
xylanase activities) released bacterial biofilm from steel and polypropylene
model surfaces but did not kill the bacteria in the biofilm. The combination of
the oxidoreductases and the polysaccharide hydrolysing enzyme preparation,
caused both removal and a bacteriocidal effect on the biofilms (Johansen ef al.,
1997). At present, the identity of the polysaccharide hydrolysing enzymes that
are most important for the enzymatic degradation of biofilms is largely
unknown.

4.5 Combining antimicrobial enzymes with other
preservation techniques

The concept of combining several factors to enhance microbiological safety of
foods was advanced by Leistner several years ago (Leistner and Gorris, 1995).
The strategy of designing a series of hurdles — or rather to combine several
factors to obtain synergistic effects — has also proved fruitful in improving the
efficiency of enzymes as antibacterial food preservatives. In this section,
particular focus will be directed towards the efforts aimed at improving the
antibacterial potency of lysozyme; data on boosting the activity of
lactoperoxidase will also be briefly summarised.

4.5.1 Factors that improve the efficiency of lysozyme

Apart from the effects of neat lysozyme on CI. tyrobutyricum in cheese and on
undesirable lactic acid bacteria in wines, as discussed above, it has generally
been found that the antibacterial efficacy of lysozyme requires enhancement. In
accordance with the notion that peptidoglycan is more accessible to lysozyme
catalysed degradation in Gram-positive bacteria, the reported food applications
all concern activity of lysozyme against Gram-positive bacteria. Since the
antibacterial activity of lysozyme thus mainly targets a narrow bacterial
spectrum, native lysozyme works efficiently only in products where spoilage is
due to a few, specific, Gram-positive organisms or in cases where extra
safeguards are required to control specific Gram-positive pathogens such as,
e.g., L. monocytogenes or CI. botulinum. In contrast, the oxidoreductase systems,
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including the lactoperoxidase and glucose oxidase enzyme systems, require
availability of specific substrates for the generation of antibacterial reaction
products.

The combination of lysozyme with other substances notably with EDTA,
glycine, salt (NaCl), or other preservatives such as sorbate or ethanol have shown
promise (Proctor and Cunningham, 1988). Use of lysozyme together with other
antimicrobial enzymes or in combination with physico-chemical stressing of the
cells, such as decreased pH and temperature, also enhance the bacteriocidal effects
of lysozyme (Johansen et al., 1994; Proctor and Cunningham, 1988). Several
approaches have been attempted in order to render hen egg white lysozyme more
active against Gram-negative bacteria. EDTA addition, in particular, has been
claimed — and widely investigated — to increase the permeability of the outer
membrane, and thereby increase the accessibility of lysozyme to the peptido-
glycan of Gram-negative organisms (Proctor and Cunningham, 1988). The exact
mechanism by which EDTA may destabilise the outer lipopolysaccharide layer
and perturb the membrane has not been fully clarified, however.

With respect to efficacy in food products, the co-addition of EDTA (0.02%
by weight) with lysozyme (50 pug/mL) was shown to significantly inhibit growth
of shrimp microflora in model systems comprising 2% by weight of shrimp
homogenate (Chander and Lewis, 1980). Apparently EDTA did not induce
bacteriocidal effects, but only inhibited the multiplication of the bacterial flora
(Chander and Lewis, 1980). Combination of lysozyme with EDTA also
improved the antibacterial activity of lysozyme on inoculated populations of L.
monocytogenes Scott A in freshly prepared vegetable products stored at 5°C
(Table 4.2) (Hughey et al., 1989). Co-addition of glycine (e.g. 0.1% by weight)
and/or lysine (e.g. 0.1% by weight) with lysozyme have also been found to result
in markedly enhanced potency of lysozyme in different product trials, but
mainly against Gram-positive bacteria (Proctor and Cunningham, 1988). The
combination of lysozyme with polyphosphates did not improve the antibacterial
activity of lysozyme on L. monocytogenes growth in nutrient broth (tryptone
soya broth), but the addition of lipase, at the same incubation conditions as with
polyphosphates, was found to significantly enhance the bacteriocidal effect of
lysozyme (Liberti et al., 1996). In milk, addition of lysozyme together with a
bacteriocin (acidocin CHS5) from Lactobacillus acidophilus produced a
synergistic inhibitory effect against Lactobaccillus delbrueckii subsp lactis
used as an indicator organism as the inhibition obtained was significantly larger
than that obtained with either of the components alone (Chumchalova et al.,
1998). The latter results indicate that the combination of lysozyme with novel
bacteriocins may show promise as new, ‘natural’ preservation principles. More
research is clearly warranted on the combined antibacterial efficacies of
lysozyme and bacteriocins in real food systems. A more quantitative as well as
detailed mechanistic insight into the enhancement of the antibacterial effects of
lysozyme by other additives would improve our foundation for rationally
designing potent antibacterial cocktails comprising lysozyme as a main
preservation principle.
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Table 4.2 Examples of EDTA enhancement of hen egg white lysozyme’s antibacterial
effect against Listeria monocytogenes Scott A in food products. Data are given as log cfu/
g product (adapted from Hughey et al., 1989). All samples, including the control samples
were {noculated with 10%g L. monocytogenes. Controls had no lysozyme or EDTA
added

Food system and conditions Control Lysozyme Lysozyme (100 mg/kg)+
(100 mg/kg) EDTA (25 mM)*

Shredded cabbage
Stored in closed containers for

20 days at 5°C 6.2 4.8 1.4
Shredded lettuce
Stored in closed containers for

5 days at 5°C 4.8 3.7 1.0
Sausage (‘bratwurst”)

Stored in closed containers for
20 days at 5°C 7.0 6.8 3.7

! Growth of L. monocytogenes in controls with EDTA added alone was similar to that in controls
with no EDTA or lysozyme additions.
2 In sausages only 5mM EDTA was added.

Taken together, the available data confirm that the bacteriolytic activity of
hen egg white lysozyme differs in various food systems and against different
bacteria and that various additives can boost the efficiency of lysozyme addition
through additive or synergistic effects. The available reports on trials in real
foods as compared to the many studies done with nutrient broths or reaction
media (not reviewed here), also indicate that the efficiency of lysozyme usually
decreases in multi-component food systems.

As mentioned above, partial thermal inactivation of hen egg white lysozyme,
where the lysozyme retains ~50% of its native activity, confers potent
bacteriocidal effects of this lysozyme against Gram-negative as well as Gram-
positive bacteria in nutrient broth systems (Ibrahim ez al., 1996a and b). Such
partially denatured lysozyme was shown to exhibit enhanced interaction with the
bacterial membranes and was also demonstrated to result in increased membrane
permeabilisation. The reported preservative efficacy of ultrasonic treatment
combined with lysozyme may be a result of the same bactericidal mechanism
(Pszczola, 2002). Addition of sucrose and NaCl was found to suppress the
enhanced bacteriocidal action of partially denatured lysozyme against
Escherichia coli, while glycine addition produced a synergistic effect with this
partially denatured enzyme (but not with native lysozyme) to inhibit E. coli — the
synergistic effect of glycine penetrated even in the presence of antagonistic
levels of NaCl and sucrose (Ibrahim ef al, 1996¢). Synthesised lysozyme
conjugates, where lysozyme had been modified by the covalent attachment of
caffeic acid and cinnamic acid, respectively, have been demonstrated to result in
reduced lytic activity of lysozyme and reduced inhibitory efficacy against
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Staphylococcus aureus (Bernkop-Schniirch et al., 1998). In contrast, especially
the lysozyme-caffeic acid conjugates were found to exhibit strongly improved
inhibitory action on the growth of E. coli (Bernkop-Schniirch et al., 1998)

4.5.2 Factors that influence the efficiency of the lactoperoxidase system
Addition of nisin together with lactoperoxidase and glucose/glucose-oxidase to
pre-sterilised milk inoculated with L. monocytogenes was demonstrated to exert
a pronounced synergistic and lasting bacteriocidal effect on L. monocytogenes as
no cells were detected in the inoculated milk during 15 days of incubation of the
milk at 25°C (Boussel et al., 2000). Likewise, designed additions of nisin and
bacteriocin-producing lactic acid bacteria in conjunction with activation of the
lactoperoxidase system gave a more pronounced decrease of L. monocytogenes
counts in skim milk and raw milk than those observed for the activated
lactoperoxidase system alone (Zapico et al., 1998; Rodriguez et al., 1997).
Addition of monolaurin and concomitant activation of the lactoperoxidase
system resulted in improved growth inhibition of foodborne pathogens including
Escherichia coli 0157:H7 and Staphylococcus aureus by lactoperoxidase in milk
(McLay et al., 1998).

As already highlighted above, pasteurisation of milk at 72°C for 15 seconds
versus at 80°C for 15 seconds gave more residual lactoperoxidase activity in
milk, suggesting that the lactoperoxidase system may be active in ensuring a
better keeping quality of low-pasteurised milk as compared to milk pasteurised
at higher temperatures (Barrett et al, 1999). In contrast, a high hydrostatic
pressure treatment of milk combined with lactoperoxidase addition to milk was
shown to result in an improved bacteriocidal effect on Escherichia coli strains
and Listeria innocua in milk (Garcia-Graells et al., 2000).

4.6 Future trends

As with other food-processing aids and additives, the application of enzymes in
food manufacture is obviously limited by safety and toxicology requirements
and therefore strongly regulated by legislation. It is beyond the scope of this
chapter to discuss the general legal aspects of the use of enzymes in production
of foods and beverages but a few key points deserve mention: In the United
States, several enzyme preparations have GRAS status, where GRAS designates
Generally Recognized As Safe. The GRAS enzyme preparations may be used as
catalysts in several different food and beverage processes. European food
legislation on enzyme applications, however, differentiates between the use of
enzymes as processing aids and as food additives, respectively (AMFEP 2001;
Directive 95/2/EC). When enzymes are employed as processing aids it implies
that the added enzymes do not exert any activity nor any technological function
in the final product. Each approval concerns the use of a certain type of enzyme
preparation for one (or more) specific type of application (AMFEP, 2001).
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Recently, the European Commission proposed to clarify this legislation by
laying down specific provisions with respect to the use of enzymes as food
additives and processing aids (Commission of the European Communities, 2000
and 2002). Despite this proposal and other recent harmonisation efforts at the
EU level, there is at present no harmonised EU legislation on the use of enzymes
as processing aids in food and beverage manufacture. Notable differences in the
legislation on application of enzymes thus exist at the National levels in Europe
and between the US and Europe. However, even though some differences in
enzyme approvals remain at the national levels in Europe, a large number of
enzyme preparations have obtained general approval for use as food processing
aids with each enzyme preparation being allowed for use in specific types of
processes (AMFEP, 2001).

In the EU, lysozyme from hen egg white is the only enzyme that has status as
a food additive and hence has an E-number, E 1105 (Directive 95/2/EC). As a
food additive, lysozyme has been permitted for use since 1995 as a preservative
agent in ripened cheeses to prevent ‘gas blowing’ from growth of Clostridium
tyrobutyricum (Directive 95/2/EC). Recently, the Commission proposed also
that the addition of lysozyme to wine to prevent growth of lactic acid bacteria
should be included as an authorised use of lysozyme (E 1150) (Commission of
the European Communities, 2002).

Food quality and safety are an increasingly important concern. In particular,
the apparent rise in cases of foodborne illness and the scale of outbreaks of
foodborne illness underline the need to ensure that the available food
preservation principles and antibacterial safeguards are employed optimally in
all steps of food manufacture. The trend in consumption and availability of more
industrially processed food, including meals manufactured on a larger scale in
catering businesses and restaurants, only strengthens the need for careful
selection and rational development of efficient food preservation methods.
Paradoxically, consumers demand more ‘natural’ and ‘minimally processed’
foods, that are able to remain ‘fresh’ for extended periods of time! As a result
there is great interest in naturally produced antimicrobial agents in both industry
and academia.

Enzymes represent one type of natural food preservative agent. If employed
as antibacterial agents, enzymes may most likely be used as extra safeguards in
hurdle approaches, to preserve foods effectively. These applications will involve
selected, optimised combinations of the enzyme and additional additives, e.g.,
bacteriocins, and specific treatments and combinations of physicochemical
parameters that impart the highest antibacterial potency of the combination. The
future challenges will involve continued research on the efficacy of rational
combinations of new food preservative agents against spoilage and pathogenic
bacteria in foods. Notably, a more quantitative approach, rather than the present
empirical avenue, is warranted in the future investigations of enzyme-based
food-preservation principles.
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4.7 Sources of further information and advice

Many new results are currently achieved in research laboratories all over the
world. Although it is advisable to keep an eye on new patents in the field,
monitoring of the research literature is especially recommended. As is obvious
from the reference list to this chapter, data on the efficacy of novel food
preservatives are published in many different scientific journals, and it is
recommended to attempt to evaluate all the available information critically and
carefully. Additional information on the antibacterial mechanism of lysozyme
and lactoperoxidase can be found in:

Natural Food Antimicrobial Systems (Naidu, N, ed) Woodhead Publishers,
2000

Natural Antimicrobial Systems and Food Preservation (V.M. Dillon, R.G
Board, eds) CAB Intl. 1994

While a broader view on minimal processing of foods can be found in:

Minimal Processing Technologies in the Food Industry (Ohlsson T and
Bengtsson N, eds) Woodhead Publishing Ltd (2002).

4.8 References

AKASHI A, OONO A (1972), ‘The preservative effect of egg-white lysozyme on non-
packaged kamaboko’ [English abstract], J Agric Chem Sci Japan, 46, 177-83.

AMFEP (Association of Manufacturers of Fermentation Enzyme Products) (2001),
‘Regulatory aspects of microbial food enzymes’: Website: http://www.amfep.org.
List of enzymes: http://www.amfep.org/enzymes/list01.html, Bruxelles, Belgium.

BARRETT N E, GRANDISON A S, LEWIS M J (1999), ‘Contribution of the lactoperoxidase
system to the keeping quality of pasteurised milk’, J Dairy Res, 66, 73-80.

BERNKOP-SCHNURCH A, KRIST S, VEHABOVI M, VALENTA C (1998), ‘Synthesis and evaluation
of lysozyme derivatives exhibiting an enhanced antimicrobial action’, Eur J
Pharmaceutical Sci, 6, 301-6.

BESTER B H, LOMBARD S H (1990), ‘Influence of lysozyme on selected bacteria associated
with Gouda cheese’, Food Prot, 53, 306-11.

BEUKES M, BIERBAUM G, SAHL H-G, HASTINGS J W (2000), ‘Purification and particle
characterization of a murein hydrolase, Millericin B, produced by Streptomyces
milleri NMSCC 061°, Appl Environ Microbiol, 66, 23-8.

BIERBAUM G, SAHL H G (1987), ‘Autolytic system of Staphylococcus simulans: Influence of
cationic peptides on activity of N-acetyl-L-alanine amidase’, J Bacteriol, 169,
5452-8.

BJORCK L, CLAESSON O, SCHULTHESS W (1979), ‘The lactoperoxidase/thiocyanate/
hydrogenperoxide system as a temporary preservative for raw milk in developing
countries’, Milchwiss, 34, 726-9.

BOUSSOUEL N, MATHIEU F, REVOL-JUNELLES A-M, MILLIERE J-B (2000), ‘Effects of
combinations of lactoperoxidase system and nisin on the behaviour of Listeria
monocytogenes ATCC 15313 in skim milk’, Int J Food Microbiol, 61, 169-75.

©2003 Woodhead Publishing Limited and CRC Press LLC



BRISOU J F (1995), ‘Biofilms. Methods for enzymatic release of microorganisms’, CRC
Press Inc., Boca Raton FL.

BRONNEKE V, FIEDLER F (1994), ‘Production of bacteriolytic enzymes by Streptomyces
globisporus regulated by exogenours bacterial cell walls’, Appl Environ Microbiol,
60, 785-91.

BUGG T D H (1999), ‘Comprehensive Natural Products Chemistry vol 3.” (Pinto M, ed.),
pp. 241-94, Elsevier Sc. Ltd., Oxford.

CARMINATI D, CARINI S (1989), ‘Antimicrobial activity of lysozyme against Listeria
monocytogenes in milk’, Microbiologie-Aliments-Nutrition, 7, 49-56.

CHANDLER R, LEWIS N P (1980), ‘Effect of Iysozyme and sodium EDTA on shrimp
microflora’, Eur J Appl Microbiol Biotechnol, 10, 253-58.

CHENG X, ZHANG X, PFLUGRATH J W, STUDIER F W (1994), ‘The Structure of Bacteriophage
T7 Lysozyme, a Zinc Amidase and an Inhibitor of T7 RNA Polymerase’, Proc Nat!
Acad Sci US4, 91, 4034-8.

CHUMCHALOVA J, JOSEPHSEN J, PLOCKOVA M (1998), ‘The antimicrobial activity of
acidocin CH5 in MRS broth and milk with added NaCl, NaNO3, and lysozyme’,
Intl J Food Microbiol, 43, 33-8.

COMMISSION OF THE EUROPEAN COMMUNITIES (2000), ‘White Paper on Food Safety’
(http://europa.eu.int/comm/dgs/health_consumer/library/pub/pub06_en.pdf )
COMMISSION OF THE EUROPEAN COMMUNITIES (2002), ‘Proposal for a Directive of the
European Parliament and of the Council amending Directive 95/2/EC on food
additives other than colours and sweeteners’. (http.//europa.eu.int/comm./food/fs/

sfp/addit flavor/additives/proposal 2002 0662 en.pdf)

CRUEGER A, CRUEGER W (1990), ‘Glucose transforming enzymes’ In: Microbial Enzymes
and Biotechnology 2nd edition, pp. 178-226, Fogarty W M and Kelly C T, eds,
Elsevier Applied Science, London and New York.

DAESCHEL M A, PENNER M H (1992), ‘Hydrogen peroxide, lactoperoxidase systems, and
reuterin’. In: Food Biopreservatives of Microbial Origin, pp. 207-57, Bibek R and
Daeschel M, eds, CRC Press, London.

DE KIMPE S J, KENGATHARAN M, THIEMERMANN C, VANE J R (1995), ‘The cell wall
components peptidoglycan and lipoteichoic acid from Staphylococcus aureus act
in synergy to cause shock and multiple organ failure’, Proc Natl Acad Sci USA, 92,
10359-63.

DIRECTIVE 95/2/EC (1995), ‘European Parliament and Council Directive 95/2/EC of 20
February 1995 on Food additives other than colours and sweeteners’, as amended
by Directives 96/85/EC, 98/72/EC and 2001/5/EC (http.//europa.eu.int/eur-lex/en/
consleg/pdf/1995/en_1995L0002 do_001.pdf)

DOBBENIE D, UYTTENDAELE M, DEBEVERE J (1995), ‘Antibacterial activity of the glucose
oxidase/glucose system in liquid whole egg’, J Food Prot, 58, 273-9.

DONDERO M, EGANA W, TARKY W, CIFUENTES A, TORRES J A (1993), ‘Glucose oxidase/
catalase improves preservation of shrimp (Heterocarpus reedi), J Food Sci, 58,
774-9.

EARNSHAW R G, BANKS J G, DEFRISE D, FRANCOTTE C (1989), ‘The preservation of cottage
cheese by an activated lactoperoxidase system’, Food Microbiol, 6, 285-8.
EARNSHAW R G, BANKS J G, FRANCOTTE C, DEFRISE D (1990), ‘Inhibition of Salmonella
typhimurium and Escherichia coli in an infant milk formula by an activated

lactoperoxidase system’, J Food Prot, 53, 170-2.

EKSTRAND B (1994), ‘Lactoperoxidase and lactoferrin’. In: Natural Antimicrobial Systems

and Food Preservation, pp. 15-63, Dillon V M and Board R G, eds, CAB

©2003 Woodhead Publishing Limited and CRC Press LLC



International, Wallingford, UK.

FERNANDEZ P S, PECK M W (1999), ‘A Predictive Model That Describes the Effect of
Prolonged Heating at 70 to 90°C and Subsequent Incubation at Refrigeration
Temperatures on growth from Spores and Toxigenesis by Nonproteolytic
Clostridium botulinum in the Presence of Lysozyme’, Appl Environ Microbiol,
65, 3449-57.

FRELS J M, SAMUELSON K J, FRONING G W, RUPNOW J H (1984), ’Evaluation of glucose
oxidase-catalase treatment to improve the microbiological quality of poultry meat’,
Poultry Sci, 63, 841-3.

FUGLSANG C C, JOHANSEN C, CHRISTGAU S, ADLER-NISSEN J (1995), ‘Antimicrobial enzymes:
Applications and future potential in the food industry’, Trends Food Sci Technol,
6, 390-6.

GAO Y C, ZHANG G, KRENTZ S, DARIUS S, POWER J, LAGARDE G (2002), ‘Inhibition of spoilage
lactic acid bacteria by lysozyme during wine alcoholic fermentation’, Austr J
Grape & Wine Res, 8, 76-83.

GARCIA-GRAELLS C, VALCKX C, MICHIELS C W (2000), ‘Inactivation of Escherichia coli and
Listeria innocua in Milk by Combined Treatment with High Hydrostatic Pressure
and the Lactoperoxidase System’, App! Environ Microbiol, 66, 4173-9.

GERBAUX V, VILLA A, MONARNY C, BERTRAND A (1997), ‘Use of lysozyme to inhibit
malolactic fermentation and to stabilize wine after malolactic fermentation’, Am J
Enol Vitic, 48, 49-54.

GODFREY T (2003), ‘The industrial enzymes market: A summary’, web article located Jan
08 2003 at: http://www.biocatalysts.com/frames/biocatalysts _01.html

HARDING R L, HENSHAW J, TILLING J, BUGG T D H (2002), ‘Thioester analogues of
peptidoglycan fragment MurNAc-L-Ala-gamma-D-Glu as substrates for
peptidoglycan hydrolase MurNac-L-Ala amidase’, J Chem Soc Perkin Trans, 1,
1714-22.

HAYASHI K, KASUMI T, KUBO N, TSUMURA N (1981), ‘Purification and characterization of the
lytic enzyme produced by Streptomyces rutgersensis H-46’, Agric Biol Chem, 45,
2289-300.

HUGHEY V L, WILGER P A, JOHNSON E A (1989), ‘Antibacterial activity of hen egg white
lysozyme against Listeria monocytogenes Scott A in foods’, Appl Environ
Microbiol, 55, 631-8.

IBRAHIM H R, HIGASHIGUCHI S, JUNEJA L R, KIM M, YAMAMOTO T (1996a) ‘A structural phase
of heat-denatured lysozyme with novel antimicrobial action’, J Agric Food Chem,
44, 1416-23.

IBRAHIM H R, HIGASHIGUCHI S, KOKETSU M, JUNEJA L R, KIM M, YAMAMOTO T, SUGIMOTO Y,
AOKI T (1996b), ‘Partially unfolded lysozyme at neutral pH agglutinates and kills
Gram-negative and Gram-positive bacteria through membrane damage
mechanism’, J Agric Food Chem, 44, 3799-806.

IBRAHIM H R, HIGASHIGUCHI S, SUGIMOTO Y, AOKI T (1996¢), ‘Antimicrobial synergism of
partially-denatured lysozyme with glycine: Effect of sucrose and sodium chloride’,
Food Res Intl, 29, 771-7.

JEONG D K, HARRISON M A, FRANK J F, WICKER L (1992), ‘Trials on the antibacterial effects
of glucose oxidase on chicken breast skin and muscle’, J Food Safety, 13, 43-9.

JOHANSEN C, GRAM L, MEYER A S (1994), ‘The combined inhibitory effect of lysozyme and
low pH on growth of Listeria monocytogenes’, J Food Prot, 57, 561-6.

JOHANSEN C, FALHOLT P, GRAM L (1997), ‘Enzymatic removal and disinfection of bacterial
biofilms’, App! Environ Microbiol, 63, 3724-8.

©2003 Woodhead Publishing Limited and CRC Press LLC



JOLLES P, JOLLES J (1984), "What’s new in lysozyme research?’, Mol Cell Biochem, 63,
165-89.

JOLLES J, JAUREQUI-ADELL J, BERNIER I, JOLLES P (1963), ‘The chemical structure of hen’s
egg white lysozyme: the detailed study’, Biochim Biophys Acta, 78, 668—89.

KANTT C A, BOUZAS J, DONDERO M, TORRES J A (1993), ‘Glucose oxidase/catalase solution
for on board control of shrimp microbial spoilage: Model studies, J Food Sci, 58,
104-7.

KIHM D J, LEYER G J, GIL-HWAN A, JOHNSON E A (1994), ‘Sensitization of heat-treated
Listeria monocytogenes to added lysozyme in milk’, Appl & Environ Microbiol,
60, 3854-61.

LEISTNER L, GORRIS L G M (1995), ‘Food preservation by hurdle technology’, Trends Food
Sci Technol, 6, 41-6.

LIBERTI R, FRANCIOSA G, GIANFRANCESCHI M, AURELI P (1996), ‘Effect of combined
lysozyme and lipase treatment on the survival of Listeria monocytogenes’, Intl J
Food Microbiol, 32, 235-42.

LIU S-T, SUGIMOTO T, AZAKAMI H, KATO A (2000), ‘Lipophilization of Iysozyme by short
and middle chain fatty acids’, J Agric Food Chem, 48, 265-9.

LOESSNER M J, MAIER S K, DAUBEK-PUZA H, WENDLINGER G, SCHERER S (1997), ‘Three
Bacillus cereus bacteriophage endolysins are unrelated but reveal high homology
to cell wall hydrolases from different bacilli’, J Bacteriol, 179, 2845-51.

MCLAY J C, KENNEDY M J, O’'ROURKE A-L, ELLIOT R M, SIMMONDS R S (2002), ‘Inhibition of
bacterial foodborne pathogens by the lactoperoxidase system in combination with
monolaurin’, Int J Food Microbiol, 73, 1-9.

PELLEGRINI A, THOMAS U, VON FELLENBERG R, WILD P (1992), ‘Bactericidal activities of
lysozyme and aprotinin against Gram-negative and Gram-positive bacteria related
to their basic character’, J App! Bacteriol, 72, 180-7.

PITOTTI A, ZIRONI R, BO A, AMATI A (1991), ‘Possible application of lysozyme in wine
technology’, Med Faculteit Landb. Rijksuniv. Gent, 56, 1697-9.

PROCTOR V A, CUNNINGHAM F E (1988), ‘The chemistry of lysozyme and its use as a food
preservative and a pharmaceutical’, Crit Rev Food Sci Nutr, 26, 359-95.

PSZCZOLA, D E (2002), ‘Antimicrobials: Setting up additional hurdles to ensure food
safety’, Food Technol, 56, 99-107.

REITER B, HARNULV G (1984), ‘Lactoperoxidase antibacterial system: Natural occurrence,
biological functions, and practical applications’, J Food Prot, 47, 724-32.
RODRIGUEZ E, TOMILLO J, NUNEZ M, MEDINA M (1997), ‘Combined effect of bacteriocin-
producing lactic acid bacteria and lactoperoxidase system activation on Listeria

monocytogenes in refrigerated raw milk’, J App! Microbiol, 83, 389-95.

SANTOS J A, LOPEZ-DIAZ T M, GARCIA-FERNANDEZ M C, GARCiA-LOPEZ M L, OTERO A (1995),
‘Antibacterial effect of the lactoperoxidase system against Aeromonas hydrophila
and psychrotrophs during the manufacturing of the Spanish sheep fresh cheese
Villalon’, Milchwiss, 50, 690-2.

SCHLEIFER K H, KANDLER O (1972), ‘Peptidoglycan types of bacterial cell walls and their
taxonomic implications’, Bacteriol Rev, 36, 407-77.

SIRAGUSA G R, JOHNSON M G (1989), ‘Inhibition of Listeria monocytogenes growth by the
lactoperoxidase-thiocyanate-H,O, antimicrobial system’, App! Environ Microbiol,
55, 2802-5.

SZALKUCKI T (1993), ‘Applications of oxidoreductases’ in: Enzymes in food processing
3rd edn (Nagodawithana T, Reed G, eds), pp. 279-91, Academic Press Inc., San
Diego, California.

©2003 Woodhead Publishing Limited and CRC Press LLC



TOUCH V, HAYAKAWA S, FUKUDA K, ARATANI Y, SUN Y (2003), ‘Preparation of antimicrobial
reduced lysozyme compatible in food applications’, J Agric Food Chem, 51, 5154—
61.

TRANTER H S (1994), ‘Lysozyme, ovotransferrin and avidin’ in: Natural Antimicrobial
Systems and Food Preservation (Dillon V M, Board R G, eds), 65-97, CAB
International, Wallingford, UK.

VALDEZ G F, DE BIBI W, BACHMANN M R (1988), ‘Antibacterial effect of the lactoperoxidase/
thiocyanate/hydrogen peroxide (LP) system on the activity of thermophilic starter
cultures’, Milchwiss, 43, 350-2.

WANG P, LIN C, WU K, LU Y (1987), ‘Preservation of fresh milk by its natural
lactoperoxidase system’, Sci Agric Sin, 20, 76-81.

WANG C, SHELEF L A (1992), ‘Behaviour of Listeria monocytogenes and the spoilage
microflora in fresh cod fish treated with lysozyme and EDTA’, Food Microbiol, 9,
207-13.

WASSERFALL F, TEUBER M (1979), ‘Action of egg white lysozyme on Clostridium
tyrobutyricum’, Appl Environ Microbiol, 38, 197-201.

WECKE J, LAHAV M, GINSBURG I, GIESBRECHT P (1982), ‘Cell wall degradation of
Staphylococcus aureus by lysozyme, Arch Microbiol, 131, 116-23.

WIGLEY R C (1996), ‘Cheese and whey’ in: Industrial Enzymology 2nd edn, pp. 143-5, T
Godfrey and S West eds, Macmillan Press Ltd, London UK.

WOLFSON L M, SUMNER S S, FRONING G W (1994), ‘Effects of the lactoperoxidase system to
inhibit Salmonella typhimurium on poultry’, J Food Safety, 14, 53—62.

YOO W, RAND A G (1995), ‘Antibacterial effect of glucose oxidase on growth of
Pseudomonas fragi as related to pH’, J Food Sci, 60 (4), 868-71.

ZAPICO P, MEDINA M, GAYA P, NUNEZ M (1998), ‘Synergistic effect of nisin and the
lactoperoxidase system on Listeria monocytogenes in skim milk’, Int J Food
Microbiol, 40, 35-42.

ZIMMER M, VUKOV N, SCHERER S, LOESSNER M J (2002), ‘The murein hydrolase of the
Bacteriophage ¢3626 dual lysis system is active against all tested Clostridium
perfringens strains’, Appl Environ Microbiol, 68, 5311-17.

©2003 Woodhead Publishing Limited and CRC Press LLC



S

Combining natural antimicrobial
systems with other preservation
techniques: the case of meat

P. Paulsen and F.J.M. Smulders, University of Veterinary Medicine
Vienna, Austria

5.1 Introduction

In this chapter, ‘natural antimicrobial systems’ are defined primarily as agents
which are natural meat constituents (Naidu, 2000), especially ‘acid- antimicrobials’
(organic acids), and compounds produced by (meatborne) bacteria (probiotics,
nisin, pediocin, reuterin, sakacins). Organic acids will be discussed in detail (largely
based on papers by Smulders, 1995, and Smulders and Greer, 1998), focusing on
fresh red meat (carcasses and cuts), as for both most accurate scientific data and
practical experience exist. Other decontamination or preservation agents and other
commodities will be reviewed in brief.

‘Spoilage’ is a state of a particular food in which this food is offensive to
consumers’ senses. This is often caused by metabolites of contaminant bacteria.
The preferred substrate, low molecular carbohydrates, are not necessarily
degraded into spoilage relevant compounds, but could just lower the pH.
However, carbohydrates are present only in low concentrations in meat, while
the main constituents of meat are proteins and other nitrogenous compounds
(Lawrie, 1998). These are broken down into amino acids, amines, esters, thiols
and finally ammonia and sulphur hydrogen. This holds especially true when
meat is totally carbohydrate depleted (DFD condition of beef), where the onset
of spoilage is more rapid than that of normal pH meat. Nychas et al. (1998)
provide a detailed view on the physico-chemical changes associated with
bacterial growth in meat. With the exception of ‘bone taint’, as reviewed by
James et al. (1997), microbial meat spoilage is a surface phenomenon, the risk of
which increases with the increase of surface:volume ratio during cutting and
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Table 5.1 Meatborne pathogenic and spoilage microorganisms (selected after Jay,
1996) and their growth requirements (after ICMSF, 1996; James et al., 1997; Upmann et
al., 2000)

Microorganism S/P min. Temp. pH Range Atmosphere
Aeromonas sp. P 0to4 55t09 f
Bacillus cereus P 4 431093 f
Brochothrix th. S 0 4.6 t0 9.0 f
Campylobacter jej. P 32 4.9 to 8.0 m
Clostridium sp. P 33t 10 4.5 t0 8.5 a
Escherichia (path.) P 7 to 8 4.4 to 8.5 f
Listeria monocytogenes P —-0.4 5to9 f
Pseudomonas S —0.5 510 8.5 s
Salmonella P 52t07 4108 f
Staphylococcus P 6.7 410938 f
Yersinia P 0 45109 f

f ... facultative anaerobic, m ... micro-aerophilic, a ... anaerobic, s ... strictly aerobic

mincing. The contaminating flora is derived from various sources (see below).
Pathogenic bacteria are usually present in lower numbers and uneven distri-
bution (ICMSF, 1996, 1998, Mead and Hinton, 1996, Upmann et al., 2000; see
Table 5.1).

The gross composition in terms of protein, mineral and water content
(Lawrie, 1998) makes meat an ideal nutrient for many organisms. However, the
effective availability of these nutrients is limited, namely by (a) anatomical/
histological barriers, keeping bacteria from deep tissues, (b) antibacterial
activities in residual blood, (c) the fact that the preferred low molecular
substrates for growth of microbes on the surfaces of meat are limited by the
diffusion of the substrates from the core to the surface. Surface desiccation
during the chilling process depletes bacteria of water (ICMSF, 1998; Upmann et
al., 2000). These limitations make meat an ‘ecological niche’ (Labadie, 1999).
Hence, some microbial species are specialised on meat, such as Pseudomonas
fragi, Brochothrix thermosphacta (Labadie, 1999). Pathogenic bacteria closely
linked to meat are, e.g., Yersinia in pig tonsils (Schiemann, 1989).

5.2 Microbial contamination of meat

The preservation techniques discussed in this chapter are intended either to
destroy, remove or to inhibit microbes attached to surfaces of meat and meat
products. Therefore, microbial contamination of meat is reviewed in brief (see
also Smulders, 1987, 1995; ICMSF, 1998; Upmann et al., 2000; Borch and
Arinder, 2002), by addressing four distinct factors: ‘material’ (i.e., the animal);
‘man’ (i.e., workers in the meat industry); ‘machine’ (i.e., equipment used) and
‘method’ (i.e., the slaughter, chilling and cutting process).
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5.2.1 The live aminal

Muscle tissue of healthy animals is considered essentially sterile, with the
exception of lymph nodes (Romans et al., 1994). However, all meat-producing
animals harbour large numbers of various microorganisms on their surfaces
exposed to the environment, i.e., skin/fleece, hooves, and mucosal membranes
of the digestory and respiratory tracts, with relatively high microbial
concentrations of 10°cfu/cm? skin or g faeces, respectively. Pathogenic bacteria
excreted in stables may be ingested orally and so reinfection of animals may
occur, namely the colonisation of the guts of very young animals with immature
gut flora. Use of contaminated feedstuff has been addressed as an important
factor, transportation of the animal, insufficient disinfection of transportation
vehicles and extended lairage time at the slaughterhouse allow excretion of
pathogenic bacteria, and psychogenic stress may release microbes arrested in
hepatic mesenteric lymph nodes. Both factors have been addressed as a source
of cross-infections (Smulders, 1995).

Removing the bacterial load from the outer as well as the mucosal surfaces of
the live animal would be a promising idea. To date, showering of pigs is a
successful technique (Smulders, 1995), as well as the ‘clean livestock (cattle)
policy’. James et al. (1997) briefly review trials in pre-slaughter cleaning of
animals and Huffmann (2002) concisely reviews pre-harvest experiments
(composition of the diet, competitive exclusion cultures, drinking-water
treatment, immunisation) with special regard to the reduction of E. coli O157.

5.2.2 The equipment

By using captive bolt stunners and sticking knives, microbes are introduced into
blood vessels and consecutively spread via the bloodstream. However, only a
limited number of bacteria can be introduced and the antimicrobial activity of
the blood is likely to inactivate them. Knives, steels and aprons of slaughter
personnel and meat inspectors may be a source of contamination. Protective
gloves, used either to cover wounds on the workers’ hands, and in the cutting
and dressing area, may act as a vehicle for cross-contamination.

5.2.3 The process

For cattle slaughter, removing horns and the manual skinning of the distal parts
of the legs and ventral part of the body have been found to be critical for
microbial contamination (Smulders, 1995). Dehiding by machines results in
lower bacterial loads of meat surfaces than manual dehiding. For pigs, vat
scalding at ca. 60°C has been found to contribute to microbial contamination not
only of the skin, but also of the lung and stick wound. After de-hairing, singeing
of the bodies will effectively reduce their microbial load, but the subsequent
polishing process may nullify this effect. Evisceration is critical for both pigs
and cattle, especially the removal of the rectum and the opening of the
abdominal cavity. After meat inspection — which may include incisions in lymph
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nodes and other organs harbouring bacteria — the carcasses and organs are
chilled. Temperatures around 2°C will prevent most pathogenic bacteria from
growing and will substantially retard multiplication of spoilers. Low water
partial pressure causes evaporation of water (ICMSF, 1998; Upmann et al.,
2000). Provided that this water is adequately removed from the chilling room
and the carcasses are not too densily packed, desiccation of the carcass surfaces
will occur, which effectively suppresses bacterial growth (ICMSF, 1998).
However, this is not true for spray chilling, as applied in the US (Smulders and
Greer, 1998). The following (subsequent) cutting and deboning procedures
introduce no principally new contamination factors or bacterial genera in the
processing line.

5.2.4 The personnel

Meat animals, as well as workers in the meat industry, carry bacteria in their
nasal and oral cavity and on their skin. Workers’ hands have been found to be
contaminated with enterobacteriaceae, such as salmonallae or coliform bacteria,
which is attributed to the extensive contact with animal tissues. Generally, this
flora is ‘transient’, and can easily be removed by appropriate cleaning, but for
enterococci and coliforms, it is proved that this flora may become permanent. In
turn, human handling leads to more intensive contamination of meat (see
ICMSEF, 1998).

5.2.5 Intervention strategies

The conversion of fresh meat cuts to meat products is characterised by (a) the
introduction of non-meat compounds or additives, some of which may have
antimicrobial potential, (b) the production process and associated risks for
microbial contamination and simultaneously applied physical measures with a
more or less microbicidal effect, as heat treatment. Hygiene is the primary factor
for controlling the initial microbial contamination of fresh meat surfaces. The
likelihood of contamination with humans pathogenic bacteria, especially by
faecal contamination of the carcasses (see ICMSF, 1998; Upmann et al., 2000;
Borch and Arinder, 2002) necessitates additional measures, as a terminal
treatment of meat carcasses or cuts, with the aim of reducing or eliminating
pathogens, and increasing shelf life (Smulders, 1995).

Possible methods for microbial decontamination of fresh meat (see James et
al., 1997; Corry and Mead, 1996) may be: (a) application of chemical agents,
including those produced in situ by bacteria, (b) physical methods, as washing
with water, air ionisation, or the application of energy to the meat surfaces and
thus to the contaminating bacteria by ionising radiation, ultraviolet radiation,
infra-red radiation, steam and high pressure, see also Table 5.2. To date, only the
first group of methods seems sufficiently advanced for immediate commercial
application (Corry and Mead, 1996). Washing of carcasses with potable water is
currently performed but in the EU this is explicitely intended as a means of
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Table 5.2 Systematics and efficacy of selected decontamination procedures (after Corry
and Mead, 1996; James et al., 1997; Lawrie, 1998)

Type Method Typical reduction (log;o)
Chemical Organic acids 1.2t0 3.5
Chlorine <2
Ozone 0.3t03
Physical Water wash <05uptol4
Water wash, 50-80°C <0.5 up to >3
Steam 3to6
UV radiation 2t03
Infra-red radiation ~1.7
Microwave ~2
Irradiation ~6 (dose dependent)

removing blood traces and bone fragments and not bacteria. Notably, fresh meat
is defined by EC authorities as meat which has not undergone any treatment
other than cold treatment (and/or vacuum or modified atmosphere packing) to
ensure preservation.

For meat products, a variety of food-technology measures with antimicrobial
effects are legally accepted. Some of the more common methods are: the
removal of water by drying, heat treatment (pasteurisation or sterilisation),
addition of nitrites (Singhal and Kulkarni, 1999), sodium chloride (see Brewer,
1999; Ravishanka and Juneja, 2000) and polyphospates (see Prakash, 2000). In
fermented meat products, the in-sifu formation of lactic acid (lowering the pH)
and bacteriocins, together with reduction of the water activity and oxygen
consumption form a cascade, see Leistner (1995). Quite recently, high-pressure
treatment and application of bacteriocins to meat products have successfully
been combined on an industrial scale (Hugas et al, 2002). Antimicrobial
packaging films for meat have been developed, but obviously are not
adaequately covered in EC food legislation (Quintavalla and Vicini, 2002).

5.3 Using organic acids to control microbial contamination

Organic acids are natural constituents of a variety of raw (vegetables, fruits,
meat) and processed foods (fermented meat products, sauerkraut, several milk
products; see Bogaert and Naidu, 2001). While concentrations of organic acids
in fruits decrease with ageing (Stratford, 1999), accumulation of lactic acid in
muscle tissue occurs post mortem due to glycolysis, with a lactic acid
concentration of ca. 0.9%, contributing both to flavour (Lawrie, 1998) and
keeping quality. This results in a pH fall of 1-2 units from initially 7.2 (Church
and Wood, 1992). Other acids of interest are acetic, tartric, fumaric, sorbic and
adipic acids (Stratford, 1999).
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5.3.1 Organic acids: mode of action

The principal mode of action of organic acids is the release of protons from
carboxylic groups, thus lowering the pH of their environment. Proton release
means dissociation of the acid molecule, with the degree of dissociation
depending on the pK, value. Strong acids tend to be fully dissociated and thus
produce a strong drop in pH, while weak acids are only partially dissociated.
This has two important consequences: (a) organic acids with two or three
carboxylic groups react on changes of pH by changes in protonation of their
carboxylic groups, i.e., they may ‘buffer’, and (b), in their undissociated state,
some of these acids can pass through lipophilic cell membranes. Consequently,
on a molar basis, the antibacterial efficacy of weak acids is stronger than that of
strong acids. Table 5.3 reviews properties of selected organic acids. Kation
effects are reported also. Protons may change the conformation of polar
membrane proteins. Binding metal ions (Fe’*, Cu™, Mn™" Ca™, Mg"™) by
chelation is relevant only for di- and tricarboxylic acids, especially citric acid
(Stratford, 1999).

Organic acids will readily lower the ‘environmental’ pH, and also lower the
growth limits of meatborne microbes (see above), but only temporarily.
Woolthuis et al. (1984), having immersed liver in 0.2M lactic acid and effecting
an immediate pH drop of 0.6 units, saw the original pH restored after 5 h. Van
der Marel et al. (1988) observed no pH drop of broiler carcasses treated with 2%
lactic acid. Apparently, this effect is dependent on the substrate also. Hence
Rohrbacher (2001) showed that after having sprayed acetic acid (0.3M) and
lactic acid (0.2M), onto pork cuts (M. longissimus), these acids are nearly
completely buffered within 3 h, whereas on pig skin the pH was significantly
lowered (2 units) for as long as 30 h.

The effect on interior cell structures is described by the ‘weak acid theory’.
The principal idea is that organic acids may pass cell membranes in their
undissociated form and in cytoplasm with ca. neutral pH, readily dissociate and

Table 5.3 Properties of some organic acids used as additives (after Smulders, 1987;
Stratford, 1999, Saltmarsh, 2000; Naidu, 2000)

Acid COOH* pKa acid.** taste ‘weak acid’*** spec. effect™***
Acetic 1 4.74 1.4 ++  yes Membrane diffusion
Lactic 1 3.66 2.5 ~ yes Membrane diffusion

Water activity reduction
‘Specific anion effect’

Malic 2 4.7/33 2.7 + no (Chelation)
Tartric 2 3928 2.9 + no (Chelation)
Citric 3 5.7/43/29 2.6 ++  no Chelation

* Number of carboxylic groups; ** pH fall of a 1% bacteriological peptone solution (pH 6.2), when
acids (0.5%, compared on a weight basis, Stratford, 1999) are added; this represents the strength of
the acidulant effect on ‘environmental pH’; *** Lipophilic character; ability to depress intracellular
pH; **** Effects other than acidulant; ~/+/ ++ ... no/weak/marked generic taste.
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thus lower interior pH. This has a direct effect on proteins and nucleic acids
(Smulders, 1987; Stratford, 1999), overloads membrane located ‘pumps’ trying
to remove excess protons, thus consuming ATP and effecting energy depletion.
This mechanism assumes acid molecules with lipophilic character, as is the case
for acetic and to a lesser extent, lactic acid. The extracellular pH has to be near
to the pK, of the acid. Values of pH < 5.5 have been found sufficient (Corry and
Mead, 1996), ensuring that at least ~10% of the lactic or acetic acid molecules
are undissociated, and therefore, diffusible (see Table 5.3; Stratford, 1999;
Bogaert and Naidu, 2000; Marshal et al., 2000, Sharma, 2000).

5.3.2 Modes of application

Organic acids may be sprayed onto surfaces either by (a) hand-held (mostly
experimental) devices or (b) machines equipped with fixed or moving spaying
nozzles. Spray pressure, flow rate and time of application, design of the nozzle,
spraying angle (at low pressure) and configuration have been found to be of
special relevance. Spraying cabinets, and more economical water flood cabinets
have been proposed as well as spraying units moving along the carcass. The
latter unit has been proved successful to study the efficacy of combined cold
water-hot water-acid treatment of veal carcasses (Smulders, 1995).

Immersion is a possible technique for treating smaller parts, such as slaughter
byproducts and primal and subprimal cuts. Generally, the whole surface is covered
and via blood vessels or bile ducts (liver), the agent can reach the inner parts of the
tissue. Organic matter, either covering the surface of organs or released into the
immersion tanks, will bind the acid anions, thus decreasing the effective
concentration (see Smulders, 1995). This makes immersion techniques more
suitable for experimental rather than commercial use (Smulders and Greer, 1998).

Two further approaches have been suggested: firstly, to apply lactic acid to
pig carcasses by electrostatic dispersion, and, secondly, an in-situ production of
acetic acid and other natural antimicrobial compounds by bacteria. Unlike the
spray and the immersion technique, no ‘washing effect’ of the agent is to be
expected (Smulders, 1995). The addition of lactic acid producing starter cultures
is well-known in fermented meat products (Leistner, 1995) and has been used
for other comminuted meats and meat cuts. Lactobacillus and Streptococcus
cultures were found to effectively suppress gram-negative and some gram-
positive genera of spoilage bacteria on mutton (Murali ef al., 1985), but there is
evidence of deterioriation of flavour and odour of vacuum packed lamb meat
inoculated with protective Lactobacillus cultures during extended storage (Gill
and Penney, 1985).

5.3.3 Factors influencing the antibacterial efficacy of organic acids

The substrate effect

The nature of the meat surface obviously influences the antibacterial efficacy of
organic acids. This may be attributed to the structure of the tissue, the chemical
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composition and other organic matter and debris covering the surfaces. Bacteria
hidden in crevices on pork skin (Prasai et al, 1992) or poultry skin may be
inaccessible for organic acid sprays. In the reduction of Salmonella typhimurium,
Listeria monocytogenes, Escherichia coli O157:H7 (Dickson, 1991, 1992) and
Pseudomonas fragi and Brochothrix thermosphacta, acid treatment was found to
be more effective on fat than on lean meat. This was explained by the relatively
low buffering capacity of fat compared to muscle tissue (Greer, 1993).

The number and composition of bacterial load

There is evidence both that the microbial reduction by organic acids is
proportional to the initial load (Dickson, 1992) and that there is a maximum of
reduction that can be achieved. An explanation for this may be the microbial
species-specific acid susceptibility. For instance, Greer and Dilts (1992) found
that the reduction of a variety of pathogenic and spoilage bacteria on acid treated
lean beef slices was affected by the initial level of bacterial contamination and
by the bacterial genera under study. The acid sensitivity of bacteria has been the
subject of numerous studies which were compiled by Smulders (1995).

Factors related to the technology of application

These factors comprise: the mode of application, type of acid, concentration and
temperature of acid, contact time of the acid and the meat surface and the time of
application. Typically, organic acid concentrations in rinse or immersion
solutions are reported to be 1-5% (James et al., 1997). With respect to chilling
technology, it was shown that acid application plus surface desiccation (‘air
chilling’) gives higher microbial reduction (Dickson, 1990) and that spray
chilling of beef carcasses impairs the effect of acid application (Dickson, 1991;
Dickson and Anderson, 1991). Higher acid temperatures tend to yield better
microbial reduction, with temperatures of about 55°C being very effective
(reviewed by Smulders, 1995).

Bacteria coming in contact with meat surfaces are primarily retained in
surface water films or entrapped in crevices but quite soon stronger attachment
mechanisms emerge and tissues are colonised. Consequently, acid treatment
should be performed before microbial colonisation of the surfaces occurs. While
‘early’ application of organic acids had both immediate and delayed effects on
microflora (Smulders and Woolthuis, 1985), ‘late’ application of organic acids
had either no delayed effect (Acuff ef al., 1987) or no significant effect at all
(Mulder and Krol, 1975).

The contact time of the acid with the meat surface can be extended in two
ways: (a) replicate treatments and (b) application of organic acids using alginate
gels (Siragusa and Dickson, 1992, 1993). Replicate acid treatments have been
successfully applied in sub-primals (Smulders and Woolthuis, 1985), in the
slaughtering process of cattle (Prasai et al., 1992) and for beef sides (Hamby et
al., 1987).

The general question, where the most efficient point of intervention by
organic acids would be, has been raised by Smulders and Greer (1998).
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Considering the nature of microbial contamination (see above), acid treatment
would be most promising for retail cuts immediately before vacuum packaging.
However, in this processing stage, colour and odour changes are far more critical
in terms of consumers’ acceptance than they are at the stage of carcass halves or
primal cuts. For these parts, further cutting would allow removal of discoloured
surfaces.

Maximum reduction achievable

The effect of organic acids on contaminant microbes may lead to immediate
reduction, or delayed moderation of number and composition of the remaining
microflora. As this is influenced by the various factors addressed in this chapter,
it is possible to give only a rough outline. Hence, an overall reduction of 1.5
logio units can be expected under industrial conditions (Smulders and Greer,
1998), and for total aerobic counts a reduction of 1-3 log;o units (Corry and
Mead, 1996). A number of experimental studies have reported up to 6 log;g
reductions (see Smulders, 1995; James et al., 1997; Naidu, 2000), but these
findings are likely to apply to laboratory and not field conditions.

5.3.4 Effects on sensory and other meat quality traits

Meat quality traits affected by lactic and acetic acid can be conveniently divided
into three groups: colour, odour/flavour, drip loss (Smulders, 1995). It should be
noted that application of lactic and acetic acid in concentrations of 1 to 3% on
the carcass has practically no impact on sensory properties of the resultant meat
cuts. Discolouration of carcasses can be observed, which mostly reverts within
24 h, and is not detectable in meat cuts originating from treated carcasses. Direct
treatment of meat cuts, especially when immersed and not sprayed, may often be
detrimental to colour and odour (Smulders and Greer, 1998). Findings from the
literature are summarised in Table 5.4.

Lowered intracellular pH may result in myofibrillar shrinkage and therefore
loss of intracellular liquid (Offer and Trinick, 1983), which means increased drip
loss. In principle, this was affirmed in several experiments (e.g. Mendonca et al.,
1989); however, muscle tissue excised from acid treated carcasses showed no
increased thaw and cook loss after frozen vacuum storage (Jeremiah et al.,
1991). Denaturation of myofibrillar proteins may occur, but no increase of
toughness in terms of shear force was observed (Mikel et al., 1996).

5.3.5 Salts of lactic and acetic acid

The nature of salts of acetic and lactic acid is influenced by the cation, usually
calcium, sodium, potassium ions. At present, the significance of these
compounds can be summarised as follows (Smulders and Greer, 1998): (a)
some of the compounds have ‘salty’ taste (calcium lactate), (b) the antibacterial
activity on meat carcasses is considered rather limited, (c) the mode of action is
bacteriostatic rather than bactericidal, (d) in contrast to lactic acid, sodium and
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Table 5.4 Effects on meat quality traits by lactic and/or acetic acid application
(compiled after Smulders, 1995; Smulders and Greer, 1998; Bogaert and Naidu, 2000)

Acid  Appl. Conc. Substrate Changes Reference

A S 2% Beef carcass Col. Osthold et al. (1983)

L S 1% Beef carcass Col. Osthold et al. (1983)

L S 1.25% Veal carcass None Smulders and Woolthuis (1985)
L S 1% Pork carcass None Prasai et al. (1992)

L S 2.4% Pork carcass* Col. Labots ef al. (1983)

A S 2% Pork loin Col. Cacciarelli et al. (1983)

A/LM S 1% Beef steak None Dixon et al. (1987)

A/L/M S 1% Beef strip loins None Acuff et al. (1987)

M S 2% Beef strip loins None Mikel et al. (1996)

A I 1.2% Beef cubes Flavour, col. Bell ef al. (1986)

A/LM 1 1% Pork chops Exudate, col. Mendonca et al. (1989)

L/A | 2% Beef steaks Col. Kotula and Thelappurate (1994)
L I 3% Pork discs Col. Greer and Dilts (1995)

L ... lactic acid, A ... acetic acid, M ... mix of lactic and acetic acid; () ... reversible changes; * ...
applies only to meat surfaces and surfaces of body cavities; I ... Immersion, S ... Spray; Col. ...
colour.

potassium lactates have either no or even stabilising effects on colour of meat,
pork sausages, meat mince and flavour of meat products (reviewed by Bogaert
and Naidu, 2000), when used in concentrations of 1 to 3%. It was concluded,
therefore, that lactates are more promising for treatment of meat cuts
immediately before packaging and as an additive to meat products rather than
a carcass decontaminant.

5.4 Regulatory and safety issues

In the European community, the legal basis for organic acids as food additives is
the directive 87/107/EEC. Lactic acid (European designation: E270), acetic acid
(E260), and acetates, such as potassium acetate (E261), calcium acetate (E263)
and sodium acetates (E262) are generally permitted food additives under EC
directive 95/2/EC. Sodium lactate (E325), potassium lactate (E326) and calcium
lactate (E327) are food additives, which may be added on a quantum satis basis
to foods (Directive 92/5 EC annex 1). Sodium lactate and potassium lactate are
used in meat products (Barlow, 2000, Saltmarsh, 2000).

The definition of organic acids and their salts as ‘food additives’ in the EU
makes it presently impossible to use them as a ‘processing aid’ for ‘fresh meat’
(see above). In contrast, US FDA distinguishes food additives from ‘generally
regarded as safe’ (GRAS) substances. The FDA (2002) specifies the following
limits for meat products: sodium acetate 0.12%; sodium diacetate 0.1%; acetic
acid 0.6%; for other commodities, addition of these substances is restricted by
good manufacturing practice only.

©2003 Woodhead Publishing Limited and CRC Press LLC



5.4.1 Public health concerns
Three concerns have been raised against the application of organic acids on meat
surfaces:

o selection for acid tolerant bacteria
e a parallel reduction of competitive flora
o the toxicology of these acids.

Acid tolerance

Acid tolerance of pathogenic bacteria may be an important virulence factor, as
demonstrated for Yersinia enterocolitica by De Koning-Ward and Robins-
Browne (1995). However, recent studies by Van Netten et al. (1997) showed
that adaptation of Yersinia enterocolitica (and also Listeria monocytogenes) to
low temperature and acids did not constitute a health risk. For decontamination
of artificially inoculated beef muscle slices, Dickson and Kunduru (1995)
showed, that acid adapted Salmonella strains were as sensitive to lactic acid
rinses as parental strains. For E. coli O157:H7, the situation is different. This
microorganism combines unfavourable characteristics (summarised by Samelis
et al., 2002): (a) high acid tolerance, (b) adaptation to lactic and acetic acids,
with a low intracellular pH, (c) the ability to survive under acidic conditions and
low temperature, (d) the possible virulence enhancement by acid adaptation,
with a low oral infective dose of ~100 cells and (e) transmission via bovine
faeces, which can occur during the slaughter process. The implications of these
properties have been addressed by Smulders (1995), and Smulders and Greer
(1998). The reduction of E. coli O157:H7 on meat by acid treatment may be in
the range of 0.3-2.0 log; units (data compiled by Smulders and Greer, 1998),
but after attachment — presumably to collagen — Fratamico et al. (1996) found a
2% acetic acid rinse ineffective. Most recently, combined multiple intervention
strategies with acid sensitising effect (non-acid pre-wash) have been evaluated
to control this pathogen on meat (Samelis et al., 2002).

Competitive flora

As the application of organic acids will effectively reduce the meatborne
spoilage bacterial genera Pseudomonas sp. and Brochothrix thermosphacta
(Smulders and Greer, 1998), there could be a concern that this might pave the
way for pathogenic bacteria (Jay, 1996). While psychrophilic meatborne
pathogenic bacteria (Listeria monocytogenes, Yersinia enterocolitica,
Aeromonas hydrophila) are very sensitive to organic acids, with a reduction
of 6.5-7.0 logo units (lean meat) and 2.0-4.5 for fat after 3% lactic acid dips,
55°C, mesophilic enterobacteria are far less sensitive to organic acids (Greer,
1993; Greer and Dilts, 1995). However, it is more likely that lactobacilli, which
are resistant to organic acids (Quattara et al., 1997), and — in contrast to
Pseudomonas — do not require oxygen for growth, will occupy this niche.
Furthermore, a residual antimicrobial activity of organic acids on meat cut
surfaces was demonstrated for up to three weeks under anaerobic storage (Dorsa
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et al., 1997). In general, the microbial shift by the application of organic acids is
considered beneficial (Corry and Mead, 1996).

Health aspects

Provided that general rules of good hygienic practice are observed, no adverse
health effects for consumers are to be expected. ADI levels for pure L(+) lactic
acid are above 1500 mg/kg body weight (Bogaert and Naidu, 2000). As there
seems to be only weak hepatic metabolisation of D(—) lactic acid in humans, but
mainly excretion via urine, FAO recommends the daily intake should be limited
to 100 mg/kg; this has also to be considered for L(+) / D(—) racemic mixtures.
D(—) lactic acid is not to be used in infant food, as adverse health effects,
namely on liver function, and acidosis have been discussed, but are not fully
substantiated. For acetic acid, such ADI limits have not been proposed, most
likely because the sensory properties will limit acetic acid intake. Furthermore,
it is estimated that the daily intake of acetic acid via food and beverages is 1g/
person, without any evidence of adverse health effects, and feeding experiments
indicate that the ADI would be in the order of that of lactic acid (for details, see
Elias, 1987). From Dutch data compiled by Smulders (1987), it can be estimated
that the daily intake of lactic acid via food and beverages is ~3g/person.

5.5 Combining organic acids with other preservation
techniques

5.5.1 Water

Cold water washes or sprays are an accepted means of cleaning carcasses from
organic matter, such as blood, bone fragments, etc. This may be an additional
source of contamination (Upmann et al., 2000), but also contributes to the removal
of bacteria, provided it is performed before bacterial attachment occurs. However,
cold water washes provide no perspective for effective reduction of microbial
loads (James et al., 1997). The mode of application is similar to that of organic
acid sprays and consequently, water sprays have been used as a reference when
the efficacy of organic acid sprays was to be evaluated. In contrast to organic
acids, no delayed antimicrobial effect is observed. The immediate reduction by
water at 55°C (Wellm, 2000) or 70°C (Anderson and Marshall, 1989) is 1 to 0 log
units below the immediate reduction by organic acids applied at the same
temperature (Dorsa et al., 1997). Applications of ‘hot’ (55-95°C) water prove to
be more effective than of ‘cold’ (below 20°C) water (Huffmann, 2002), with
(experimental) overall microbial reductions of 1 to 3 log units.

Thermal destruction of microbes attached to meat surfaces can be
accomplished by the use of condensing steam. Huffmann (2002) distinguishes
steam ‘pasteurisation’ from ‘steam-vacuum’ combinations. The latter method
consists of steam treatment, followed by vacuuming. Both functions can be
integrated in hand-held devices for treatment of small contaminated spots on the
carcass, and microbial reductions of 1.1-4 log units have been reported (see
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Huffmann, 2002). Similarly, steam treatment can be combined with vacuum
cooling. A prototype of a reaction chamber for treatment of meat cuts was
developed at the FRPERC, Bristol. Steam condensation with surface
temperatures of 70—75°C for 10-20 seconds was followed by lactic or acetic
acid sprays or dips. Microbial reductions on lean pork meat and pork skin
surfaces of 1-3 log, units could be achieved, with acid application (0.2—-0.3 M,
55°C) contributing an additional 1-1.5 log( unit reduction (Wellm, 2000). This
effect was additive, and not synergistic, and delayed antimicrobial activity of
organic acids was less pronounced than expected. Clearly, more research in this
field is necessary.

5.5.2 Other natural antimicrobial systems

Antimicrobial compounds, such as sakacin, nisin and reuterin are small proteins
produced by gram-positive bacteria and are effective against gram-positive
(typically those closely related to the producer strain) and some gram-negative
bacterial species (James ef al., 1997; Naidu, 2000). In contrast to antibiotics, no
residue problems are to be expected (Luecke, 1992). Of particular interest is the
anti-listerial activity of nisin and sakacin, and the anti-Salmonella effect of
reuterin. In combination with chelating agents, nisin may reduce E. coli
O157:H7 (James et al., 1997), but a single application of nisin on beef
inoculated with E. coli O157:H7 will give a mere 0.4 log; unit reduction (Cutter
and Siragusa, 1995). Nisin is an accepted food additive in various countries
(Saltmarsh, 2000). The anti-listerial impact of nisin is also dependent on
technology, e.g., high-temperature fermented (US style) sausages (ICMSF,
1998). Nisin as an additive to canned food products aids the suppression of
Clostridias and thermophilic spores.

There is strong evidence that production by starter cultures is effective — albeit
not fully compensatory for hygienic failures — but is not the sole addition of these
compounds. Promising fields of application have recently been addressed by
Hugas et al. (2002): combining high-pressure treatment with bacteriocins gives a
synergistic antimicrobial effect for both bacteriocin insensitive (e.g., E. coli)
microbes and bacteria which are only moderately sensitive (Staphylococcus) to
pressure. Bacteriocins integrated in food packaging material exert a measurable
antimicrobial effect during prolonged storage periods (Quintavalla and Vicini,
2002). In addition, physical treatments have to be considered. The main advantage
is that these methods per se leave no residues. Hot water or steam (see above) and
high pressure treatment (Knorr, 1995) have been employed successfully for
microbial reduction, allowing for combined treatments with minimal alteration of
the ‘freshness’ properties of meat.

5.5.3 Fresh meat and meat products
For fresh meat, it was estimated that combinations of condensing steam plus an
organic acid spray could improve microbial reduction substantially (James et al.,
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1997). For pork skin inoculated with Yersinia enterocolitica and Pseudomonas
fragi, Wellm (2000) reported microbial reductions of 4.2 and 3.7 log;o units,
respectively (see section 5.5.1). The results were largely influenced by steam
condensation temperature and the contact time of the acid. Further research in
this field is necessary.

Microbial growth in food is influenced by various factors. Mossel et al.
(1995) classified them as ‘extrinsic’ (i.e., environmental factors, such as
temperature, atmosphere), ‘intrinsic’ (i.e., properties of the food under study,
such as pH, water activity), process-related (such as nitrite, heat treatment), or
related to the properties of the microflora (‘implicit’). For suppression or
reduction of microbial growth, at least some of these factors have to be at sub-
optimum or even lethal level for bacteria, thus constituting a ‘hurdle’ for
microbial growth (Leistner and Gorris, 1994). In general, it is not feasible to rely
on a single sub-optimum or lethal factor, as this influences the sensory quality of
the food and limits further use. Preservation by water reduction only (either by
drying or salting) results in food which is microbiologically stable but only in a
few cases a ready-to-eat food. It is more appropriate to combine several factors
at sub-optimum level (‘mild hurdles’) either in parallel or sequentially ("hurdle
technology’, Leistner, 1995). This concept enabled both a better understanding
of the safety of traditional, ‘ethnic’ food and allows for estimation of the safety
of new formulations of meat products (‘food design’, Leistner, 1995). Leistner
and Gorris (1994) provide a comprehensive overview on other applications.

While ‘hurdle technology’ is a more semi-quantitative concept to understand
and operate microbial food safety, exact numerical data on microbial growth as a
response to environmental factors can be provided by ‘mathematical modelling’.
Furthermore, the relative contribution of environmental factors on microbial
growth can be assessed and interactions become more clear. Within given limits,
these ‘models’ have predictive quality (see e.g., McClure and Roberts, 1992,
Ross et al., 1999, Baranyi, 2000).

5.6 Conclusion

Natural antimicrobial agents are present both during meat production and meat
processing and also may be introduced as an ‘additional line of defence’. With
good hygiene practice strictly observed, application of 1-3% lactic or acetic acid
on carcasses and meat cuts allows for an (additional) microbial reduction of 1,5
or more log;, units, with observed prolonged antibacterial effects. Hot water
washes of carcasses may give similar immediate microbial reduction, but lack
prolonged effects; the same holds true for steam application. These measures
can effectively be introduced in HACCP systems. Hygienic failures during the
following processing steps can jeopardise this reduction, and acid-resistant
pathogenic bacteria, such as E. coli O157:H7 indicate the necessity for
combined treatments. Light sensory changes may be perceived as a consequence
of treatment with organic acids. Application to carcasses and ‘fresh meat’ is not
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allowed in all countries, nor is steam treatment of meat cuts and carcasses.
However, at slaughterhouse and cutting-plant level, these techniques combine
practicality with sufficient antimicrobial effect and therefore are still the most
promising ‘natural antimicrobial system’ for the near future.

Various natural compounds are legally accepted additives to meat products
and their interactions are well described as ‘combined processes’ or ‘hurdle
technology’. It has been demonstrated that even on a commercial basis, sublethal
antimicrobial measures can effectively be combined (e.g., high-pressure
treatment and bacteriocin) without compromising consumers’ expectations in
terms of sensory food quality. The bottom line in food safety considerations is
that any possible treatment should be acceptable in both scientific and political/
societal terms. It seems there is still some way to go before this is achieved. By
the same token, compelling evidence is available that such treatments could
indeed serve a useful function in rendering meat and meat products safe for
human consumption.
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6

Edible coatings

H. J. Park, Korea University

6.1 Introduction: the development of edible coatings

Major losses in quality and quantity of fresh fruits occur between harvest and
consumption (Sparks, 1976). Savings obtained through reduction of post-harvest
fruit losses are regarded as ‘a hidden harvest” (Spurgeon, 1976). Several tech-
niques have been developed which are successful in extending shelf-life,
through a better understanding of the respiration process in fresh fruits.
Controlled atmosphere storage and modified atmosphere storage have been used
for preserving fruits by reducing their quality changes and quantity losses during
storage. Edible coatings on fresh fruit can provide an alternative to modified
atmosphere storage by reducing quality changes and quantity losses through
modification and control of the internal atmosphere of the individual fruits.

6.1.1 A historical view of edible coatings

Wax was the first edible coating used on fruits and vegetables. The Chinese
applied wax coatings to oranges and lemons in the twelfth and thirteenth cen-
turies (Hardenburg, 1967). Although the Chinese did not realize that the full
function of edible coatings was to slow down respiratory gas exchange, they
found that wax coated fruits could be stored longer than non-waxed fruits. In the
1930s hot-melt paraffin waxes became commercially available as edible
coatings for fresh fruits such as apples and pears. Erbil and Muftugil (1986)
reported that coating peach surfaces with wax emulsions decreased water vapor
and oxygen transmission thus, diminishing the respiration rate and increasing
shelf-life of the fruit. Nisperos-Carriedo et al. (1990) observed that oils or waxes
and cellulose had similar effects in preventing spoilage and retaining the fresh-
picked quality for tropical fruits.
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Several attempts have been made to develop other materials that could be
used to coat produce and modify internal gas composition for short-term storage.
Zhang and Quantick (1997) suggested that chitin and chitosan (deacetylated
chitin) from marine invertebrates could be used to make a transparent film for
application as an edible coating on fruits and vegetables. In 1982, Lowings and
Cutts (1982) reported an edible coating material that is non-phytotoxic, tasteless,
odorless and effective in preserving fruits. This coating material is a mixture of
sucrose fatty acid esters (SFAE), sodium carboxymethyl cellulose and mono-
and diglycerides. SFAE was originally developed as an emulsifier. However, it
has been established that the ripening of fruits can be retarded by a coating of
SFAE. SFAE mixtures have been commercially available for coating fruits and
vegetables since the 1980s, under the trade names ‘TAL Pro-long’ and
‘Semperfresh’ (Banks, 1984; Chu, 1986; Santerre et al., 1989). Park et al.
(1994b, ¢) applied zein coating to the surface of tomatoes and reported that the
film coating delayed color change, weight loss and maintained firmness during
storage.

6.1.2 Problems associated with edible coatings

Even though some edible coatings have been successfully applied to fresh
produce, other applications adversely affect quality. Modification of the internal
atmosphere by the use of edible coatings can increase disorders associated with
high carbon dioxide or low oxygen concentration (Ben-Yehoshua, 1969). Smock
(1940) indicated that waxing apples and pears inhibited normal ripening rate and
if sufficient wax was applied, respiration was greatly inhibited and alcoholic
flavors were developed by anaerobic fermentation. Smith and Stow (1984)
reported that apples (cv. Cox’s Orange Pippin) coated with sucrose fatty acid
ester had fewer detrimental changes in terms of fruit firmness, yellowing and
weight loss but had increased incidence of core flush. Park et al. (1994c)
reported that tomatoes coated with 0.6 mm zein film produced alcohol and off-
flavors inside the tomatoes which were attributable to an internal gas
composition that was too low in oxygen and too high in carbon dioxide. Smith
et al. (1987) summarized the effects on physiological disorders associated with
modification of internal atmosphere by use of coatings, as core flush, flesh
breakdown and accumulation of ethanol and alcoholic off-flavors.

Wax and SFAE mixtures are the most widely used edible coatings for fruits
and vegetables. But, they are not equally effective for all produce. Another
problem is that consumers tend to be wary of waxy coatings. Therefore, devel-
opment of alternative edible coatings which do not impart a waxy taste are desir-
able. The effects of edible coatings on internal gas composition and their
interactions with quality parameters must be determined for coated fresh
produce. For example, color change and firmness are very important quality
parameters in fruits. Shewfelt et al. (1987) stated that color change, loss of
firmness, ethanol fermentation, decay ratio and weight loss of edible-film coated
fruits are all important qualities for various products.
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6.2 How edible coatings work: controlling internal gas
composition

Edible coatings can provide protection for fresh products and can also give the
same effect as modified atmosphere storage with respect to modifying internal
gas composition. The success of edible coatings for fruits depends mainly on
selecting films or coatings which can give a desirable internal gas composition
that is appropriate for a specific product.

6.3 Selecting edible coatings

If a coating is too thick, detrimental effects can result because the internal
oxygen concentration is below a desirable and beneficial level and there is an
associated increased carbon dioxide concentration which is above a critical
tolerable level. These conditions lead to anaerobic fermentation. This can be
remedied by: (1) developing several edible coatings, (2) controlling wettability
of edible coatings, (3) measuring gas permeation properties of selected coatings,
(4) measuring diffusion properties of skin and flesh of selected fruits, (5)
predicting internal gas compositions for the fruits coated with edible films, and
(6) observing coating effects on the quality changes of fruits.

6.4 Gas permeation properties of edible coatings

There are several possible edible coatings for fruits such as cellulose, casein,
zein, soy protein and chitosan. These were chosen because they have the
desirable characteristics of generally being odorless, tasteless and transparent. It
is not easy to measure the gas permeation properties of the coatings after they
have been applied to fruits. Therefore, separate flat films are prepared and
tested. Two known primary methods of preparation of flat films were described
by Kamper and Fennema (1984) and Aydt et al. (1991). An OX-TRAN 1000™
(Mocon Modern Control, Minneapolis, MN) was used to measure oxygen
permeability (OP), and water vapor permeability (WVP) was measured using a
variation of the ASTM Standard Method E 96 (ASTM, 1987), known as the ‘cup
method’. Carbon dioxide CO, permeability was measured using a modified
permeability cell designed by Gilbert and Pegaz (1969). WVP and gas
permeabilities of the coatings can be calculated as shown in Box 1.

OP, WVP and carbon dioxide permeabilities of edible coatings reported in
the literature are presented in Table 6.1 and compared with other conventional
plastic films. The oxygen permeabilities of most edible coatings were lower than
the conventional plastic films. The oxygen permeability (OP) of sucrose poly-
ester (SPE) coatings was 1-3 times higher than that of polyethylene film and
was 4—10 times higher than that of polypropylene film. The OPs of SPE coatings
were similar to cellulose film values but were higher than those of edible protein
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Box 1 Gas permeability

The permeation process can be described mathematically by Fick’s first law.
The flux (J) which is proportional to the concentration gradient can be
defined in one direction as follows:

J = —DAC/dX) 6.1

where J is the flux, the net amount of solute that diffuses through unit area
per unit time (gm >s~ ' ormlm~2s~"), D is the diffusivity constant (m*s "),
C is the concentration gradient of the diffusing substance and X is the
thickness of the film (m) (Chang, 1981; Crank, 1975; Jost, 1960; Landrock
and Proctor, 1952).

With two assumptions, (1) that the diffusion is in a steady state and (2) that
there is a linear gradient through the film, the flux (J) is given by:

J=D(C, — C))/X = 0/(Ar) 6.2

where Q is the amount of gas diffusing through the film (g or ml), 4 is the
area of the film (m?) and ¢ is the time (s). After application of Henry’s law,
the driving force is expressed in terms of the partial pressure differential of
gas and a rearrangement of terms yield the following equation in terms of
permeability:

Q/(4t) = DS(px — p1)/X = PAp/X 6.3

where S is the Henry’s law solubility coefficient (mol atm™"), Ap is partial
pressure difference of the gas across the film (Pa) and P is the permeability
((ml or gy mm 2s 'Pa ')

Then, the permeabilities of O,, CO, and H,O vapor can be calculated from
equation [6.4]:

P = QX /(AtAp) 6.4

coatings such as zein. The OP permeabilities of protein films were lower than
those of polyethylene (low density), polyethylene and polyvinyl chloride, and
were close to that of polyester film. The OP permeabilities of protein films,
corn-zein and wheat were also lower than those of cellulose films, methyl cellu-
lose MC(L) and hydroxypropyl cellulose HPC(L) both with low levels (L) of
plasticizer. The addition of lipid (Myvacet 7-00™") into HPC film decreased the
OP permeability only slightly.

The CO, permeabilities of protein films, corn-zein and wheat were lower
than those of plastic films, polyethylene (low density), polyethylene and
polyvinyl chloride, with the exception of polyester film which exhibits a greater
barrier to CO, permeation (Table 6.1). CO, permeabilities of cellulose films,
MC(L) and HPC(L), were higher than those of plastic films. The addition of
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Table 6.1 O,, CO, and H,O vapor permeabilities of edible coatings

Film Permeability

0, bco, “H,0 Vapor
SPE 2.10+0.0001 - 0.00042 £0.04
Chitosan (15 cp) 0.0014 - 0.49
Zein 0.36+0.16 2.67+1.09 0.116 £0.019
Wheat gluten 0.20+0.09 2.13+1.43 0.616+0.013
MC (L) 2.17+0.45 69.0£19.33 0.092 +0.003
HPC (L) 3.574+0.03 143.9+3.76 0.110+0.004
HPC/lipid 3.444+0.06 81.7+4.58 0.082 +0.003
Cozeen 0.89 5.25426.10 0.407
PE 8.30 26.1 -
PP 0.5540.005 - 0.00065 £+ 0.06
PVC 0.09—17.99 1.35-26.98 0.00071
PET 0.13-0.30 0.67-1.12 -

PE is polyethylene, PP is polypropylene, PVC is polyvinyl chloride, PET is polyester (Aydt et al.,
1991; Kamper and Fennema, 1984; Park, 1999; Park and Chinnan, 1995a, 1995b; Park ef al., 1993,
1994a,d 1998).

® Unit of permeability is in flmm ~2s~'Pa™'; f is an abbreviation for femto (10~'°).

¢ Unit of permeability is ngmm™2s~' Pa~'; n is an abbreviation for nano (10~°).

lipid (Myvacet 7-00™) into HPC film decreased the CO, permeability by
43.2%. CO,/O, permeability ratios of edible films were higher than those of
plastic films (Kader et al., 1989).

SPE coatings provide very high water vapor barriers compared with other
edible coatings, as shown in Table 6.1. WVPs of SPE coatings were lower than
that of polyethylene film and more than 100 times lower than the values for cel-
lulose and protein films. These high oxygen and water vapor barrier properties
will make SPE coatings desirable for fresh produce as a replacement for wax
(Risse et al. 1987; Segall et al. 1974). The WVPs of other edible coating films
were much higher than those of plastic films. The WVP of wheat protein film
was 0.603-0.630 ng msPa ™", the highest of all edible films tested. Wheat protein
film exhibited high permeability to water vapor probably because wheat protein
was dispersed by addition of ammonium hydroxide (6N) as part of the formula-
tion, and also contained a higher concentration of plasticizer, 40% (wt. plasti-
cizer/wt. protein). The addition of lipid (Myvacet 7-00™) into HPC film
decreased the water vapor permeability by 24.7%. Plastic is the most widely
used food wrap, but water vapor commonly condenses on the inner surface of
plastic packaging materials thus creating a potential source of microbial
contamination in fresh produce (Ben-Yehoshua, 1985). Thus, a film with greater
water vapor permeability is desirable, although a film with extremely high water
vapor permeability is also not desirable as it can result in excessive moisture loss
from fruits during storage.
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6.5 Wettability and coating effectiveness

The effectiveness of edible coatings on fruits and vegetables depends primarily
on controlling the wettability of the coating solutions, which affects the coating
thickness of the film (Park, 1999). Edible coating formulations must wet and
spread on the fruit’s surface uniformly and upon drying form a coating that has
adequate adhesion, cohesion and durability to function properly (Krochta and
Mulder-Johnston 1997). Hershko and Nussinovitch (1998) indicated that
suitable hydrocolloid coatings could only be achieved by exploring the
wettability of the coating solution further. Coatings on fruits and vegetables
that exceed a critical thickness can cause detrimental effects from reduced
internal O, concentration and increasing CO, concentration associated with
anaerobic fermentation. Tomatoes coated with 66.04 um zein film produced
alcohol and off-flavors internally (Park et al., 1994c).

Choi et al. (2001) reported that the contact angle of a chitosan coating
solution on the apple skin was 89.0°. The wettabilities of edible coatings can be
calculated as shown in Box 2.

Because the coating angle is close to 90° it implies that chitosan coating
solution does not easily coat apple skin that has a wax barrier. The measured

Box 2 Wettability

The wettability of a solid by a liquid is determined by the balance between
adhesive forces (work of adhesion, W,) of the liquid on the solid and cohesive
forces (work of cohesion, W) of the liquid. Adhesive forces cause the liquid
to spread over the solid surface while cohesive forces cause it to shrink:

Wa=yv +vsv —7sL — We =2y 6.5

The contact angle of a liquid drop on a solid surface is defined by the me-
chanical equilibrium of the drop under the action of three interfacial tensions:
solid—vapor (7ysv), solid-liquid (vsyp) and liquid—vapor (7rv). This
equilibrium relation is known as Youngis equation (Rulon and Robert, 1993):

cos 0 = (ysv — YsL) /v 6.6

When a solid comes into contact with a liquid in the presence of vapor, the
liquid will adhere well on the solid surface if the total free energy required for
the creation of the new interface decreases. The physical significance of this
energy change is the work needed to separate the solid and liquid from the
solid/liquid interface. The equilibrium spreading coefficient (Ws) is defined
by equation [6.7] (Rulon and Robert, 1993) and it can only be negative or
Zero:

Ws=Wy—We=rsv — v — YsL 6.7
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contact angles on watermelon, melon, tomato and mandarin were also from
87.5° to 90.0° (Table 6.2). The critical surface tension (yc) of apple skin was
18.7 dyne cm ™' (R? = 0.99). Hershko and Nussinovitch (1998) observed that
the critical surface tension of garlic skin was 18.3 dynecm ™ '. Hagenmaier and
Baker (1993) found that the critical surface tension was about 23 dyne™ ' for
grapefruit (Table 6.2). These results indicate that the skin of most fruit covered
with a layer of wax has a low surface energy. The layer with low surface energy
interacts with liquids primarily through dispersion (van der Waals) forces
(Rulon and Robert, 1993). The contact angle of the chitosan coating solution on
the pear skin was 8.5° (Table 6.2), an unusually low value. It may have been
caused by the surface characteristics of pears which have a coarser surface than

Table 6.2 Surface tension, contact angle and critical surface tension of fruits and
vegetables

Coating Surface Fruits Critical Contact Spreading
emulsion tension surface angle coefficient
(dyne cm™") tension (degrees) G
(dyne cm™") (dyneecm ™)
Chitosan
emulsion
Chitosan®  61.5 Apple 18.7 88.9 —66.8
Without
emulsifier® Tomato - 90.0 -
Melon - 88.0 —
Tangerine 87.5 -
Pear - 8.5 -
Other
emulsions
Alginate
(2.0%)°, 51.5 Garlic® 18.3 81 —43.0
without
emulsifier
Alginate
(2.0%)", 31.1 Garlic® 18.3 51 —-11.2
added
[B-sitosterol
(2000 ppm)
Shellac® 334 Grapefruit®  23.0 53
Polyethylene
wax® 334 Grapefruit®  23.0 56
Carnauba
wax® 28.8 Orange® 20.0 46
Resin® 35.6 Orange® 20.0 46

o

Choi et al. (2001).
Hershko and Nussinovitch (1998).
Hagenmaier and Baker (1993).

)
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that of other fruits. Park and others (1996) reported that pear surface was more
evenly coated by corn-zein and Semperfresh™ solutions.

6.6 Determining diffusivities of fruits

Knowledge of the diffusivities of gases in bulky plant organs is essential in
understanding physiological changes, gas exchanges and internal gas
composition. The internal gas composition of fruits is determined by the
diffusivities of skin, flesh and stem (Burg and Burg, 1965; Cameron and Yang,
1982). Burg and Burg (1965) designed a system to determine gas resistance
factors which can be used to estimate gas diffusivities in bulky plant organs
using the ratio of internal concentration to the ratio of the production of carbon
dioxide and ethylene in the steady state. The diffusivities of gases in bulky plant
tissue can be calculated as shown in Box 3.

There have been several reports on determining the diffusivities of bulky
plant organs. Burg and Burg (1965) defined a resistance factor (R) which could
be estimated for bulky plant organs, in banana and tomato, as the ratio of
internal concentration to the ratio of production of carbon dioxide and ethylene
in the steady state. They estimated that more than 60% of gas exchange takes
place through the stem scar in tomatoes. But this resistant factor is only an
empirical value without conventional dimensions and is not constant with
changes in the surface to volume ratio. Cameron and Yang (1982) measured the
efflux of a metabolic inert gas, ethane, which is neither produced nor
metabolized to a significant degree by the tissue. It was shown that over 97%
of gas exchange in tomato fruits occurs through the stem scar. However, the
measurement of ethane efflux introduces several uncertainties because they did
not measure the diffusivities of exocarp, pericarp and stem scar separately.

Solomos (1987), in a review of the principles of gas exchange in bulky plant
organs, considered stationary states for CO, diffusion through spherical- and
cylindrical-shaped plant organs and determined the diffusivities of flesh and skin
of apple in the peeled and intact fruit. The effect of the stem in gas transfer was
not considered in determining the apparent diffusivities of apple.

Wax undoubtedly serves as a gas barrier to oxygen, carbon dioxide and water
vapor and other metabolic gases and also provides protective functions (for
example, mechanical damage, fungal and insect attack). Therefore, it can be
assumed that the primary factor which regulates the internal concentration of
gases is the skin in bulky plant organs. In apple the resistance of apple skin to
gas diffusion was 10- to 20-fold greater than that of the flesh, depending on the
cultivar (Solomos, 1987). Chinnan and Park (1995) built such a system from
Plexiglass (diffusion cell, Fig. 6.1) and used it to determine the gas diffusivities
of skin, pericarp and stem scar of tomatoes (see Fig. 6.2).

The gas diffusivities of exocarp plus pericarp, pericarp and stem scar
increased as the tomatoes developed from the green stage to the red stage. The
oxygen and carbon dioxide diffusivities of the stem scar increased 1.2—1.3 times
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Box 3 Diffusivity

Gas exchange in bulky plant tissue can be approximated by Fick’s first law.
The flux of a gas in Fick’s law is dependent on the gradient of concentration
and diffusivities of plant organs. However, to determine the gradient of gases,
Fick’s second law can be employed (Chang, 1981; Gerard, 1931; Hill, 1928;
Ricciardi, 1977; Solomos, 1987, 1989). If diffusion is one-dimensional and
the diffusion coefficient is constant, the rate of transfer through unit area
becomes:

9C /0t = DIC/OX 6.8

In the non-steady state, all the solutions can be obtained either by the
method of separation of variables and Fourier series or by the Laplace
transformation (Carslaw and Jaeger, 1959; Crank, 1975; Doty, 1946;
Edwards and Penny, 1985; Jost, 1960; Tuwiner, 1962).

If surface concentrations are constant, the following boundary and initial
conditions may apply:

C=C,x=0,t>0
C=0x=L,t>0
C=00<x<L,t=0

The solution in the form of a trigonometrical series is:
Clx,0)=Ci(1 —x/L)—=2/m Y Ci/n sin(nx/L)exp(~D*mt/L* 6.9
n=1

As t approaches infinity the terms involving the exponential vanish and we
simply have the linear concentration distribution. The rate at which the gas
emerges from unit area of the surface x = L of the test sample is given by
—D(0C/0X),_,, which is easily deduced from equation [6.9]. By integrating
with respect to ¢, we obtain the total amount of diffusing substance Q, which
has passed through the membrane in time ¢ as follows:

gﬂmq:Dﬂﬁ—1m—aw§}—uwm—0##aﬁ) 6.10
n=1

As t approaches infinity, equation [6.10] approaches the line:

O, = DC,/L(t — L*/6D) 6.11
This has an intercept L on the #-axis given by:

L,=L*/6D 6.12

The intercept L, is referred to as the ‘time lag’. Thus, the measured values of
concentration of the diffusion constant can be determined from the linear
portion of the plot (Floros and Chinnan, 1989).
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Fig. 6.1 Diffusion cell is constructed from Plexiglass™ to determine diffusivities. The
cell is composed of three main parts: the sample holder, the supplying chamber and the
sampling chamber. The face of each part is tooled for an O-ring which provides a tight
connection. Chinnan and Park (1995) modified and reconstructed the apparatus for this
gas diffusion study. (1) Sample holder, (2) gas chamber, (3) sample, (4) sample
retainers, (5) threaded bush, (6) sealing O-ring, (7) tubing adapters, (8) thumb nuts, (9)
thread rods.
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Fig. 6.2 Diffusivity can be measured by the following procedures (Chinnan and Park,
1995). Each of the cored and sliced samples prepared for the study is placed in the
diffusion cell and a premixed gas (9.9% O,, 10.1% CO,, 80.0% N») is introduced to the
supplying chamber. The amount of CO, and O, diffusing through the sample in time ¢
into the sampling chamber can be measured by gas chromatography. The sampling
interval is 5 min, and the total sampling period is 2 h. The diffusion cell is immersed in a
water bath maintained at 21°C. All equipment for determining gas diffusivities is placed
in a heat insulated chamber and the temperatures at several places inside the chamber
are monitored. (1) Diffusion cell, (2) water bath, (3) flask, (4) mineral oil, (5) test gas
inlet, (6) nitrogen inlet, (7) three-way valve, (8) three-way connector, (9) two-way
valve, (10) sampling chamber, (11) silicone septum, (12) gas flowmeter, (13) brass
tubing.
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as the tomatoes developed from green to red. The extent of increase in gas
diffusivities for exocarp plus pericarp and pericarp were greater than that of the
stem scar during the ripening process. Progressive loss of firmness during the
ripening process is the result of a gradual transformation of protopectin into
pectin which is degraded by the enzyme polygalacturonase in the cell wall
(Hobson and Davies, 1971). This enzymatic degradation of pectin can probably
be attributed to greater diffusion of gases in the bulky organs of tomato.

6.7 Measuring internal gas composition of fruits

A cylindrical plug of tissue was removed from individual fruits (oranges, apples,
tomato, cantaloupe, water melon and pineapple) using a rubber stopper corer. A
glass tube was sealed around the hole to the surface of the produce sample. In
order to measure internal gas composition, gas in the glass tube was allowed to
equilibrate with internal gases (Banks and Kays, 1988; Park et al., 1994c). Then a
gas sample was taken from the glass tube with a syringe injected through the
sealing stopper. By immersing both produce sample and attached glass tube in
water atmospheric contamination at the point of syringe insertion can be pre-
vented. Gas samples will be analyzed by gas chromatography. Required equilib-
rium times (when gas composition of the inside of the glass tube is constant) need
to be determined by periodically monitoring gas changes inside the glass tube.
Equilibrium time can be expected to vary with variety, ripeness, temperature and
harvesting season for various fruits but two hours is usually enough time.

6.8 Future trends

Using gas permeation data on edible coatings, diffusivity data for the skin and
flesh of fruits and mathematical models, the internal gas composition can be
predicted for selected fruits. Predictions of internal gas compositions with and
without coatings will enable better matches to be made between individual fruits
and individual edible coatings. The mathematical model could be verified by
comparing predicted and measured internal gas composition for various coating
materials and thicknesses on selected fruits. Also optimum edible coating
thickness can be calculated for each produce—coating combination.

6.8.1 Predicting internal gas composition

Gas diffusion models will be determined according to physical shape and com-
position of individual fruits. For example, if one-dimensional steady state
diffusion with a constant diffusion coefficient is assumed, the gas diffusion
model for a hollow sphere can be used to predict the internal oxygen
composition of some fruits such as apples and cantaloupes as follows. In one-
dimensional diffusion with a constant diffusion coefficient, the rate of gas
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Box 4 Optimal edible coating thickness

The hollow sphere model can also be used to determine the optimal edible
coating thickness in some fruits such as apple and cantaloupe melons. In
edible film-coated apple and cantaloupe, the flux of oxygen passing through
the spherical fruit wall from the center to the interface between the film
coating and the fruit surface should equal the flux of oxygen passing through
the edible coating from the interface between the film coating and the fruit
surface to the atmosphere, and should equal the rate of oxygen consumption
of the edible film-coated apple and cantaloupe in the steady state (Carslaw
and Jaeger, 1959; Chang, 1981; Crank, 1975; Doty, 1946; Jost, 1960;
Solomos, 1987):

O; = 41Dyppab(C, — C1) /(b — a)
= 471D, ((Cy — Cy)/X)b* = R.(02)W 6.17

where R.(O,) is the oxygen consumption rate of coated fruits, D, is the
diffusivity of edible coatings and X is the thickness of the edible coating. C,
is oxygen concentration at the surface between the edible coating and the
surface of fruits.

The optimal coating thickness which will create a desirable range of
internal oxygen concentrations (C;) in apples, (i.e., 2-3%) and cantaloupe
melons (3—5%) can be calculated from equation 6.18]:

X = 47D, (Cy — C)b?/R(0,) W) 6.18

where b+ X becomes b when X is very small. C, is determined from
equation [6.17] with C; = C,.

transfer in the sphere is (Carslaw and Jaeger, 1959; Chang, 1981; Crank, 1975,
Doty, 1946; Jost, 1960; Solomos, 1987):

C /0t = D(O*C/or* + (2/r)(DC/0r)) 6.13
on substituting u = Cr in the equation [6.13], we have: du/0t = D (0*C/0r?). In
the steady state, the differential equation for this case is:

d(r*dC/dr)/dr =0 6.14
In a hollow sphere where a < r < b, if gas concentrations are kept constant at
the surfaces so that they are equivalent to C; at » = a and C, at » = b, then
C =[aC\(b—7)+ bCy(r — a)]/r(b — a). By integrating with respect to time ¢
over the surface area, the total amount of diffusing gas Q, passing through the

wall can be determined by (Carslaw and Jaeger, 1959; Crank, 1975; Solomos,
1987):

O; = 4mDyppab(C, — C1) /(b — a) 6.15
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where D, is apparent diffusivity of the hollow sphere and @ and b are constants
for individual fruits.

However, in the steady state the flux of oxygen passing through the spherical
fruit wall should equal the rate of gas consumption, thus:

O, = 47Dyppab(C, — C1) /(b — a) = R(O)W 6.16

where R(O,) is respiration rate of oxygen per fruit and W is weight of the fruit.

The internal oxygen composition, Cy, can be predicted using equation [6.16].
The correlation factors can be calculated from actual measurement of internal
gas composition. Also, the predicted internal gas composition of edible film-
coated fruits and vegetables can be verified by measuring internal gas
composition. Optimum edible coating thickness can be calculated for each
produce—coating combination as shown in Box 4.

6.8.2 Measurement of quality and shelf-life change

Quality criteria for edible film-coated fruits must be determined carefully and
the quality parameters must be monitored throughout the storage period. For
example, the color change and firmness are very important quality parameters in
some fruits. The color change, loss of firmness, ethanol fermentation, decay
ratio and weight loss of edible film-coated fruits need to be monitored (Shewfelt
et al., 1987). The color change is monitored by the change in hue angle. An
Instron universal test machine can be used to measure firmness by a non-
destructive method (Bourne, 1982). Sensory evaluation and consumer
acceptability tests need to be examined during storage.
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Part 11

Traditional preservation technologies



7
The control of pH

F.-K. Liicke, University of Applied Sciences (Fulda), Germany

7.1 Introduction

The pH is the negative logarithm of the hydrogen ion activity (where activity
approximates concentration if the solution becomes more dilute). It is evident
that pH is an important factor affecting growth of micro-organisms in food
because it affects (i) microbial energy metabolism involving the build-up of
gradients of hydrogen ions across membranes, and (ii) microbial enzyme
activity and stability of cellular macromolecules. Moreover, pH also affects the
sensory properties of many foodstuffs. This applies not only to taste, but also to
consistency of food. For example, lowering the pH causes coagulation of milk
casein and meat proteins, changes the solubility of pectins, and inactivates
amylases in rye dough.

The pH of a food is mainly determined by free carboxyl and amino groups in
low molecular weight compounds — and to a lesser extent — in the cellular
macromolecules (proteins, nucleic acids, polysaccharides). It can be controlled
by the choice of raw material (e.g., plant varieties, animal tissues) and by the
addition or in situ formation of acidic or alkaline low molecular weight
compounds. Growth of micro-organisms may be inhibited by either low or high
pH. However, only few food commodities (e.g., eggs; see Leistner and Gould,
2002) are still edible at pH above 9.0, the maximum pH still permitting growth
of a wide range of micro-organisms. Hence, organic acids are most important in
food preservation.

As will be shown in detail in section 7.2, the effect of organic acids on micro-
organisms in foods depends on their dissociation constant and from the ability of
their undissociated form to penetrate the cytoplasmic membrane. Some organic
acids act virtually only by the latter mechanism, and are, accordingly, classified
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as ‘preservatives’ in food legislation. This applies to sorbic, benzoic and
propionic acids. Use of these acids is also treated in this paper, even though its
emphasis is on acidulants that are naturally present in many foodstuffs or that
have been used for food preservation before the advent of synthetic chemicals.

7.2 The effect of pH on cellular processes

Micro-organisms can survive and grow only in low-pH environments if they are
able to maintain their cytoplasmic pH fairly constant at near-neutral levels, i.e.,
to maintain a ‘pH homeostasis’. ‘Passive pH homeostasis’ means that micro-
organisms either prevent external protons from entering the cell or increase the
buffering capacity of their cytoplasm by synthesis of glutamate and/or citrate. A
major factor for passive pH homeostasis is the very low permeability of the cell
membrane to protons and other ions. To pass through the membranes, these
protons require special protein ‘pumps’ such as the proton-translocating ATPase
synthesizing ATP. Protons also enter the cell if their concentration is high
enough to damage the membrane (or structures stabilizing it), or if processes
injuring the cells (e.g., sublethal heat treatment) permeabilize the cytoplasmic
membrane and/or the outer membrane of Gram-negative bacteria. However, the
membrane barrier is overcome if organic acids penetrate the cell membrane and
dissociate at the pH of the cytoplasm, thus liberating protons. This is the
‘classic’ (Freese et al, 1973) explanation of the antimicrobial effect of
undissociated lipid-soluble weak organic acids. ‘Active pH homeostasis’ means
that the cells maintain their cytoplasmic pH through metabolic activity. A classic
example for this is the pH-dependent shift from acid to neutral fermentation
products observed with certain Enterobacteriaceae and clostridia. However, a
more general reaction is the excretion of protons or proton donors by active
transport systems. The most important mechanism is the energy-dependent
exchange of protons by potassium ions (cf. Hill et al., 1995; Booth, 1999). In
addition, some acid-resistant micro-organisms have transport systems to excrete
organic acids. Active excretion of lactate has been demonstrated in
Lactobacillus helveticus (Gétje et al., 1991), and there is evidence that
preservative-resistant yeasts such as Zygosaccharomyces baillii have inducible
transport systems to excrete acetate (Sousa et al., 1996), sorbate and benzoate
(Warth, 1977).

Growth ceases once the energy expenditure for active pH homeostasis adds
so much to the maintenance energy that the rate of energy supply by catabolism
is exceeded (Bracey et al., 1998). From these considerations, it is evident that
the minimum pH for growth, as well as the rate of inactivation of micro-
organisms by acid is affected by (i) the nature of the acidulant; (ii) the presence
of other inhibitory factors (e.g., low water activity, preservatives, low
temperature) that may interfere with energy metabolism or increase the need
for maintenance energy; (iii) the ability of the micro-organism to react to acid
stress and to maintain passive and active pH homeostasis.
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7.2.1 Effect of acidulants

Acids are characterized by their dissociation constant or its negative logarithm,
the pK, value. Table 7.1 ranks the organic acids discussed in this chapter by
their pK, values and the lipophilicity of their undissociated forms. The pK,
values are in the range of the pH values of many foods. This means that at the
pH of most foods, 3—7, significant amounts of these acids are undissociated. If
the undissociated acid is not soluble in lipids, it is unlikely to have any inhibitory
effect on micro-organisms because the cell membrane is impermeable to protons
and to polar compounds such as citric and malic acids, unless it contains specific
carrier proteins. On the other hand, lipophilic undissociated acids will penetrate
the cell membrane and acidify the cytoplasm. This is the main mechanism by
which these acids inhibit micro-organisms, with little if any effect on the pH of
the food, however, other mechanisms may be involved, too. Stratford and
Anslow (1998) provided evidence that sorbate also acts on yeasts by damaging
their cell membrane, and McWilliam Leitch and Stewart (2002) reported
different effects of L- and D-lactate on growth of Escherichia coli O157,
indicating the involvement of enzymes and/or stereo-specific carrier proteins.

Propionic, sorbic and benzoic acids are classified by food legislators as
‘preservatives’ rather than ‘acidulants’, e.g., in Annex III to EU Directive 95/2.
In foods manufactured with the addition of vinegar, acetic acid acts both as a
source of external hydrogen ions and as a proton carrier though the membranes.
However, because acetic acid is a natural metabolite in human metabolism and
because it has been used in food preservation for thousands of years (see Adams,
1998), it is not classified as a food preservative in EU Directive 95/2.

There are strict limitations on the use of weak lipophilic organic acids in food
preservation. In many foods, only low levels of acetic acid are tolerated
sensorially. Limits on the use of propionate, sorbate and benzoate are set by
sensory criteria, by legislation and by the poor acceptance of ‘chemically’
preserved food by consumers.

Table 7.1 pK, values for various food-grade organic acids

pK., at 25°C for

Lipophilicity
Acid of undissociated acid First H" Second H' Third H*
Citric - 3.13 4.76 6.40
Malic - 3.40 5.11
Tartaric - 2.98 4.34
Gluconic - 3.6
Lactic + 3.86
Acetic + 4.75
Propionic ++ 4.86
Sorbic +++ 4.76
Benzoic ++++ 4.19

Modified from Lund and Eklund, 2000.
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7.3 Combining pH control with other preservation techniques

The stability and safety of ‘real foods’ are affected by more than one factor
(henceforth termed ‘hurdle’; Leistner and Gould, 2002). In particular, foods are
inedible if their pH is outside the range in which microbial growth is possible.
One important strategy is to combine pH values between 3 and 5 with a
pasteurization process inactivating acid-tolerant micro-organisms, or with
preservatives inhibiting yeasts and moulds. Other foods are stabilized by
appropriate combinations of low pH and low water activity.

7.3.1 Water activity (ay)

To cope with osmotic stress (low ay), cells synthesize compatible solutes such as
betaine, ectoine, trehalose and proline (Booth, 1999). This requires additional
energy, and it is not surprising that the minimum pH for growth increases at low
water activities. However, Krist ef al. (1998) provided data indicating that this
additional energy burden should not be overestimated.

7.3.2 Preservatives

Most preservatives are weak acids active in their undissociated forms. As pH is
lowered, the percentage of this form and thus the antimicrobial activity
increases. In the pH range of most cured meats, relevant equilibrium levels of
nitrous acid (pK, =3.36) are formed from nitrite. Unlike weak organic acids,
nitrous acid perturbs energy-yielding reactions directly by reacting with iron
involved in electron transport systems (heme iron in the respiratory chain, non-
heme iron in ferredoxin and in pyruvate ferredoxin oxidoreductase, factors
essential for clostridial energy metabolism; Cammack ef al., 1999).

7.3.3 Low temperature

Cells tend to become more susceptible to low pH at temperatures close to their
growth minima. This has been shown, for example, for non-proteolytic strains of
Clostridium botulinum (Graham et al., 1997) and for Listeria monocytogenes
(Tienungoon et al., 2000). However, there seems to be little synergy between pH
and low temperature, indicating that there is little additional energy burden
imposed on the cells by low temperature, and that temperature coefficients for
growth and for the effect of the acids are comparable (Krist et al., 1998).

7.3.4 Oxygen availability

In facultative anaerobes such as Enterobacteriaceae or Listeria spp., the rate of
ATP regeneration by aerobic respiration is markedly higher than by
fermentation under anaerobic conditions. Accordingly, anaerobic growth of
these organisms ceases at higher pH values than does aerobic growth. This is of
particular relevance to the storage of vacuum-packaged meats (Grau, 1981).
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7.3.5 Acid inactivation and acid adaptation

There is an increasing interest in predicting the rates of non-thermal inactivation
of micro-organisms, in particular of pathogens with a low infective dose such as
enterohemorrhagic strains of Escherichia coli (type O157:H7 and related
strains). The prediction of survival of micro-organisms in acid environments is
complicated by the phenomenon of acid adaptation in which micro-organisms
exposed to suboptimal pH values acquire the ability to survive pH values that
would otherwise rapidly kill them. Acid adaptation has been shown in various
pathogens, including salmonellae (Leyer and Johnson, 1993), Listeria
monocytogenes (Davis et al., 1996) and, in particular, Escherichia coli
O157:H7 (Leyer et al., 1995). The occurrence and the mechanism of acid
adaptation (acid tolerance response) has been reviewed by Hill et al. (1995),
and, more recently, by Brul et al. (2002). It is dependent on protein synthesis. In
the so-called ‘global response’, different types of stress (including acid stress)
induce the synthesis of a sigma factor (RpoS) that modifies the DNA binding
properties of RNA polymerase. Consequently, genes are transcribed that encode
for different proteins that increase, by various means, the stress resistance of the
cell. For example, chaperons may be formed which, by definition, stabilize the
correct conformation of essential proteins.

Under conditions below (but close to) the threshold for growth, micro-
organisms usually lose viability more rapidly at ambient than at chill
temperatures. This phenomenon was termed ‘metabolic exhaustion’ (Leistner
and Gould, 2002) and was also observed at acid pH, for example in fermented
sausages (Nissen and Holck, 1998) and apple juice (Uljas and Ingham, 1999).

7.4 The effect of pH on the growth and survival of foodborne
pathogens

With respect to their capabilities to grow at acid pH, micro-organisms of
relevance to foods may be subdivided into five groups:

e Group | comprises virtually all species of yeasts and moulds. The minimum
pH for their growth is outside the range of the pH of foods as acid as lemon
juice. Hence, pH as a single hurdle will not be able to preserve a food from
spoilage by these organisms.

e Group 2 comprises bacteria that are still able to grow in acid foods with pH
values between 3 and 4. These bacteria include the acetic acid bacteria,
Alicyclobacillus, and some species of lactic acid bacteria (Oenococcus and
various Lactobacillus species).

e Group 3 comprises most of the strains of lactic acid bacteria capable of
growth at rather high levels of lactic and acetic acids, but growing poorly or
not at all at pH values below 4.0. This applies, for example, to the lactococci.

e Group 4 comprises most bacterial agents of food spoilage or foodborne
diseases, and certain bacteria relevant for some food fermentations. Important
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bacterial groups in this category are Enterobacteriaceae, Staphylococcus,
Pseudomonas, as well as most genera forming heat-resistant spores (Bacillus,
Paenibacillus, Clostridium). If the pH is adjusted with hydrochloric acid or
citric acid, these organisms, under otherwise optimal conditions, may be able
to grow at pH values down to 4.0 or slightly below. In the presence of about
50 mM titratable lactic acid and otherwise optimal conditions, the minimum
pH for growth is of the order of 4.5, as shown, for example, for Escherichia
coli (Presser et al., 1998). It is therefore logical that the ‘official’ borderline
between ‘low-acid’ and ‘acid’ food is set at pH 4.5 (see, for example, ICMSF,
1980). Growth of group 4 organisms in foods preserved by acetic acid (e.g.,
delicatessen salads) usually ceases at pH values below 5.0.

e Group 5 consists of some species very sensitive to pH, many of them from
marine habitats. A typical representative of this group is Shewanella
putrefaciens, a major psychrotrophic spoilage organism of fish. This
bacterium is unable to grow at pH below 6.0 (Gill and Newton, 1979).

For details of the pH ranges for growth of micro-organisms important in
relation to food, the reader is referred to textbooks or recent reviews (e.g., by
Lund and Eklund, 2000). Various models predicting growth rates and growth/no
growth interfaces have been published, in particular for Salmonella, Escherichia
coli, Clostridium botulinum, Listeria monocytogenes and other bacterial
pathogens (cf. McMeekin et al., 2000), but also for specific spoilage organisms
such as Penicillium brevicompactum (Membré et al., 2001), Zygosaccharomyces
baillii (Jenkins et al., 2002), and Lactobacillus curvatus (Wijtzes et al., 2001).
Software packages available include Food MicroModel™ (McClure et al.,
1994) and Pathogen Modeling Program (Buchanan, 1993).

7.5 The use of pH control to preserve dairy, meat and fish
products

This part of the chapter summarizes information on the critical limits for pH of
those foods in which pH is a major hurdle. These limits may be used in setting
up HACCP plans and sampling plans for these products. However, the critical
pH values depend on other factors (hurdles) affecting microbial growth, in
particular, the a,, or the expected storage temperature. It should also be noted
that it often takes time for the acid to be formed (by fermentation) or to penetrate
into the food to be preserved. Therefore, HACCP plans for such products must
also specify times and temperature for these processes.

7.5.1 Dairy products

The stability and safety of many dairy products are completely or partially due
to lactic acid formed by lactose-fermenting lactic acid bacteria. The maximum
levels of lactic acid and the final pH in fermented milk products depends on the

©2003 Woodhead Publishing Limited and CRC Press LLC



acid tolerance of the starter culture and their proteolytic activity which they
require to utilize milk proteins. Of the thermophilic (i.e., with optimal growth at
about 40-45°C) homofermentative lactobacilli, strains of the species
Lactobacillus delbrueckii (ssp. bulgaricus, helveticus, lactis) may accumulate
up to 250 mM lactic acid and lower the pH to about 3.7 while most commercial
starter cultures belonging to the Lactobacillus acidophilus group stop
fermenting lactose at pH values of 4.0-4.3. When growing in axenic culture,
Streptococcus thermophilus lowers the pH to about 4.3—4.6. The final pH of
milk soured by mesophilic Lactococcus species is about 4.5.

Table 7.2 lists the target pH values of representative fermented dairy
products. For sensory purposes, fermentation is usually stopped before the
minimum possible pH is reached. In sourmilks, this can be done by chilling; for
example, fermenting yoghurts are usually chilled once a pH of about 4.5 is
reached, giving a target pH of about 4.2 in the final product. For the manufacture
of cottage cheese, the curd is cut into pieces after fermentation, and a significant
amount of the lactic acid formed is removed by washing the pieces. In most
ripened cheeses coagulated by means of rennet, fermentation is also slowed
down by salting, and for hard cheese manufacture, most of the lactose is
removed by pressing and scalding the curd prior to fermentation.

In cheeses with pH values above 5.0, safety and sufficient stability must be
assured by other hurdles, in particular, low a,. In Emmental-type cheeses,
propionic and acetic acids formed from lactate by propionibacteria to levels up
to 100 and 40 mmoles/kg cheese, respectively (Teuber, 2000) help to inhibit
undesired micro-organisms such as moulds. On surface-ripened soft cheeses, a
microflora of moulds, yeasts and coryneform bacteria develops. The micro-
organisms degrade lactic acids and liberate ammonia from amino acids, thus
raising the pH to levels permitting growth of bacterial pathogens. Hence, it is
essential to avoid contamination of such cheeses by pathogens such as Listeria
monocytogenes or pathogenic Escherichia coli strains. Processed cheese with

Table 7.2 Target pH values of some fermented dairy products

Product Target pH in final products
Yoghurt (mild) 4.1-4.4
Kefir 4.4-4.6
Scandinavian-type sourmilks, buttermilk 4.6
Fresh cheeses: Quark 4.6-4.7
Fresh cheeses: Cottage cheese 5.0
Fresh cheeses: Mozzarella 5.0-5.2
Ripened cheeses without surface flora 52-5.8
(most hard and semi-hard cheeses)
Ripened cheeses with surface flora >5.8

(e.g., Camembert)

Based on data compiled by Teuber, 2000.
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ay/pH combinations still allowing the growth of clostridia may be stabilized by
the addition of sorbate at levels up to 0.2% (Sofos, 1989).

7.5.2 Muscle foods (meat, poultry and fish products)

The pH of muscle food depends mainly on the levels of glycogen in the muscles,
and the activity of tissue enzymes converting glycogen into lactate and proteins
into basic compounds such as ammonia and amines. In most lean skeletal
muscles derived from pigs, cattle and sheep, about 100 mmoles of L-lactate per
kg are accumulated during post-mortem glycolysis (Lawrie, 1991). Because of
the high buffering capacity of muscle tissue, this level corresponds to a pH of
about 5.6-5.8 and to a level of undissociated lactic acid of about one mM. Under
these conditions, growth of many acid-sensitive bacteria is delayed. In contrast,
the pH of liver, chicken legs and fish flesh does not drop below 6.2. Moreover,
in fish tissue there is a large pool of readily degradable non-protein nitrogen
compounds, causing the pH to rise significantly during storage (Gram and Huss,
2000). These data explain why most red meats keep better than edible offal,
poultry and fish.

Rinsing fluids containing 1-3% lactic and/or acetic acids have been shown to
reduce the bacterial counts on carcasses by about 1.5 log cycles (see Smulders
and Greer, 1998). However, effects of such treatments on pathogens such as
Escherichia coli O157:H7 should not be overestimated (Uyttendaele ef al.,
2001). Due to the buffering capacity of the meat and the diffusion of the acids
into the tissue, there is little if any lasting effect on pH and hardly any inhibitory
effect on surviving micro-organisms. In addition, acid washes may lead to
undesirable changes in appearance. Such treatment is mainly suited for cuts to
be used for the production of hamburger meat or raw sausages. Treatments of
carcasses and primal cuts with acid rinses are permitted in the United States but
not in the European Union where it is maintained that strictly controlled
processing hygiene is sufficient to ensure the safety of the product.

During meat processing, the pH may be lowered by the addition of organic
acids or by microbial fermentation. The latter method, however, necessitates the
addition of fermentable sugar since the tissue levels of glucose and glucose-6-
phosphate in post-mortem lean meat do not exceed eight and five mmoles/kg,
respectively (Lawrie, 1991), and even if one assumes that some ribose is also
fermented, the additional lactic acid formed by fermentation is unlikely to
exceed 25 mmoles/kg. Hence, at least 0.3% (15-20 mmoles/kg) of fermentable
sugar is added to meat batters to be processed into fermented sausages.

The critical pH to be reached during dry sausage manufacture depends on
additional inhibitory factors (hurdles) including ay, nitrite and ripening
temperature (Liicke, 2000). If the initial a,, is about 0.96 — as in most dry
sausage batters — it is sufficient to lower the pH to 5.3. As an alternative to
microbial fermentation, glucono-é-lactone (GdL) is sometimes used, a
compound that slowly hydrolyses to gluconic acid during the first hours after
stuffing. However, gluconic acid is further degraded by many meat lactobacilli
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to lactic and acetic acids. This reaction interferes with the development of
sensory characteristics typical for dry sausages. Therefore, GdL is seldom used
for the manufacture of long-ripened dry sausages.

Survival of enterohemorrhagic strains of Escherichia coli in dry sausages has
been studied by various authors in the context of the United States Department
of Agriculture Food Safety and Inspection Service (USDA-FSIS) demand for a
reduction of this organism by five log cycles (see Pond et al., 2001, for review).
The overall picture from these and German investigations (Stiebing ef al., 1998;
Kofoth er al., 1998) is that inactivation was most rapid at low pH and low ay,.
When the finished sausages were stored at ambient temperature, the bacteria
died faster than during chilled storage (see, for example, Nissen and Holck,
1998). However, with current industrial manufacturing conditions, it was hardly
possible to achieve a reliable 5-D reduction of Escherichia coli.

A few cooked meat products (e.g., ‘brawns’) are preserved by acetic acid in
combination with pasteurization. In the manufacture of such products, pieces of
meat, sausage or ham are placed in a brine containing vinegar, gelatin, other
solidifying agents (such as agar), salt, sugar and spices. The product is then
heated to a core temperature between 72°C and 80°C. It contains about 60% of
meat and 40% of solidified brine, has a pH of about 5.2 and is stable at ambient
temperatures for about one week (Leistner and Gould, 2002). Use of organic
acids to stabilize the more common cooked meats such as frankfurters and
cooked hams is limited because water binding capacity is decreased, resulting in
jelly separation, low yields and unsatisfactory eating quality. An example of a
meat product in which the pH hurdle is successfully used to stabilize it is
‘Gelderse Rookwurst’. To prepare this sausage, glucono-é-lactone is added to
lower the pH to 5.4-5.6 after stuffing, jelly separation is minimized by adding
pork rinds and diphosphate to the mix, and by heating it to 80°C core
temperature only. Recontaminants are inactivated by reheating the packaged
product, and the sausage is stable at ambient temperatures for several weeks
(Leistner and Gould, 2002).

Another promising approach is the addition of mixtures of lactate and acetate
(as ‘diacetate’) to these products. In the last few years, several papers have been
published on the effect of lactic and acetic acid alone (Qvist et al., 1994;
Schmidt, 1995) and in mixtures on the microbiological safety and stability of
meat products, in particular, bologna-type sausages, wieners, frankfurters and
cooked hams. Unfortunately, many of these papers did not report on the sensory
acceptability of the treated products, but the overall picture is that, at analytical
levels of about 2% lactate and 0.16% acetate at pH 6.2 (corresponding to
approximately one mmole each of undissociated lactic and acetic acid per kg), a
significant extension of shelf life and, more importantly, suppression of Listeria
monocytogenes in bologna-type sausages during storage at 7°C or below can be
achieved while sensory deviations were still tolerable (Blom et al., 1997;
Stekelenburg, 2003).

In the manufacture of marinated fish, the raw material (e.g., herring fillets) is
placed into a brine containing salt and vinegar and ripened for 35 days to obtain

©2003 Woodhead Publishing Limited and CRC Press LLC



fish tissue containing at least 2.4% acetic acid and 6% sodium chloride in its
water phase. This corresponds to pH values of 4.0-4.2 and a,, values between
0.955 and 0.960. These conditions also assure the inactivation of nematode
larvae and are stipulated in official regulations such as Annex 1 to the German
‘Fischhygiene-Verordnung’. The marinated tissue is then placed in a brine
containing spices. According to the German Code of Practice (‘Leitsitze’), the
pH of the final product must be 4.8 or below, corresponding to a concentration
of acetic acid of at least 1.8% in its water phase. For the production of
Scandinavian-type anchovies, the brine contains sugars, acidulants (sometimes
also lactic acid bacteria) moderate levels of salts, and occasionally nitrate, and
the fish is ‘fermented’ for 1-2 days at ambient temperature prior to ripening at
chill temperatures. The pH does not normally drop to 5.5 or below, and the
products are stabilized mainly by salt and by added preservatives. Benzoic and
sorbic acids are frequently used to inhibit yeasts and moulds (levels of up to
0.2% — based on the sum of the content of the undissociated form of these acids
— are permitted in Annex III to the EU Directive 95/2 on Food Additives).

7.6 The use of pH control to preserve vegetables, fruits,
sauces and cereal products

Vegetables (including fruits such as cucumbers, melons and olives) have pH
values above 5.2, and the undissociated forms of the responsible acids
(predominantly malic and citric acids) are present only at very low
concentrations and have little if any inhibitory effect per se. These products
may be preserved by low pH obtained by lactic fermentation or addition of
vinegar. In the latter method, boiled vinegar is added to the blanched raw
materials (e.g., cucumbers) to give a concentration of acetic acid of at least 0.5%
(according to the German Code of Practice ‘Leitsitze’) and a pH of about 3.7
(corresponding to about 90 mmoles of undissociated acetic acid per kg). This
level of acetic acid is tolerated sensorially if sugar or sweeteners are added to the
brine. For long shelf life at ambient temperatures, the products are usually
pasteurized in order to inactivate some strains of yeasts, lactic acid bacteria or
acetic acid bacteria that may slowly proliferate in the presence of high levels of
acetic acid.

Reviews on the fermentation of vegetables have been published by
Buckenhiiskes et al. (1990) and Nout and Rombouts (2000). Fermented olives,
cucumbers and cabbage have a significant market share while other vegetables
are fermented on a small or domestic scale and sold though health stores or are
used only for family supply, respectively.

Because plant tissues contain more than 1% of fermentable sugar and have
limited buffering capacities, prolonged lactic fermentation leads to products
with 2% or more titratable acid. Such products are not readily accepted by the
consumer. Hence, the market share for unpasteurized products is low (e.g., about
17% in Germany for sauerkraut), and fermentation is often stopped by
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pasteurization of the product. A survey of pasteurized sauerkraut in Germany
revealed pH values between 3.7 and 4.2, corresponding to about 100 mmoles of
lactic and 50 mmoles of acetic acid per kg, respectively (cf. Buckenhiiskes et al.,
1990). To achieve sufficient microbial stability and safety, a final pH of 4.2
should not be exceeded (Holzapfel, 1996). This is also true for Spanish-style
fermented green table olives (target pH 3.8-4.2, corresponding to about 100
mmoles of lactic acid/kg) and fermented cucumbers. These products contain less
acetic acid than does sauerkraut because fermentation takes place at higher salt
concentrations and for longer periods. Under such conditions, homofermentative
lactobacilli easily outgrow the heterofermentative leunocostocs (Nout and
Rombouts, 2000). Untreated ripe (black) olives are fermented for shorter periods
at higher salt concentrations, and lactic acid accumulates only to levels of 0.3—
0.5% titratable acid, corresponding to a pH of around 4.5 (Garrido-Fernandez et
al., 1995). Fermented vegetable juices are produced by adding
homofermentative lactic acid bacteria that lower the pH to 3.8-4.0 (cf.
Buckenhiiskes et al., 1990).

In contrast, most ripe fleshy fruits formed by multiannual plants (pome,
stone, citrus, tropical fruits; berries), as well as tomatoes have pH values below
4.7, and growth potential for bacterial pathogens is low. The pH is mainly
determined by the content of citric and malic acids in the fruits, and growth of
fungi is possible throughout the whole pH range down to pH 2.2 (on lemons).
However, the pH determines the requirements for heat treatment of fruit
products such as canned fruits, jams and fruit juices. In the range of pH 4.0-4.5,
‘butyric’ anaerobic spore-forming bacteria (Clostridium butyricum, Clostridium
pasteurianum), and, at storage temperatures above 25°C, Bacillus coagulans
may still grow. This necessitates a more severe heat treatment (equivalent to an
exposure to 100°C for 1-2 minutes).

Acidulants such as citric acid may be added to fruits with pH values in this
range or even above, e.g., tomatoes and pears. At pH values below 4.0, a
pasteurization treatment equivalent to an exposure to 80°C for about ten minutes
(or to 92-99°C for 10-60 seconds) is usually applied. This treatment, however,
is not sufficient to inactivate spores of Alicyclobacillus spp. (capable of
developing at low pH and temperatures above 25-30°C), and not always
sufficient to inactivate heat-resistant ascospores of Byssochlamys spp. and some
other fungal species. These moulds may be inhibited by low a,, (as prevailing in
many jams) and/or sorbic and benzoic acids. The latter preservatives are, at
levels below 0.1%, permitted by EU Directive 95/2 for the preservation of
certain low-sugar jams and soft drinks. Acidulants are often added to fruit
products for purposes other than microbial stability. Citric acid delays enzymatic
browning and modifies the gelling properties of pectins, thus affecting the
viscosity of jams and similar products.

‘Drop’ apples may become contaminated with animal faeces, and
unpasteurized apple juice (‘cider’) was identified as a vector for foodborne
infections. Hence, the United States Food and Drug Administration demands a
warning on the label unless a reduction of Escherichia coli O157:H7 by five log
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cycles is ascertained. Non-thermal processes by which this reduction is achieved
were designed (Uljas and Ingham, 1999; Comes and Beelman, 2002). These
authors found that inactivation rates of salmonellae and Escherichia coli were
higher in juices of low pH, higher storage temperatures (25-35°C), and in the
presence of preservatives such as benzoic acid.

7.6.1 Mayonnaise, salad dressings, ketchups, and delicatessen salads
Mayonnaise, salad dressings, ketchups and comparable products are preserved
by a combination of low pH (adjusted by acetic and citric acid), low a,, (mainly
depending on the relative levels of oil, water and salt in the formulation), and —
sometimes — preservatives such as sorbic and benzoic acids. The target pH
value depends on the level of other inhibitory factors such as a,, and the
presence of preservatives, but is generally about 4.0 (see Table 7.3). In contrast
to ketchups, emulsion-type products cannot be pasteurized after mixing. When
designing the formulation of the latter products, one must take into account the
partition coefficient of the preservative agents between the water and the oil
phase.

When sauces are used for the preparation of delicatessen salads, the acid is
diluted and the relative proportions of sauces and solids should be adjusted so
that the final salad has a pH value of 5.0 or below, and a concentration of
undissociated acetic acid in the water phase is at least 0.1% or 16 mM. It should
also be noted that considerable time is needed for the acid to penetrate through
the solids. During this time there is a risk of growth of acid-sensitive bacteria in
the solids (Baumgart, 1996).

Delicatessen salads may be spoiled by yeasts, moulds and/or lactic acid
bacteria tolerating acetic acid. Growth of yeast and moulds is inhibited by
sorbate. This preservative, however, has little if any effect on lactic acid
bacteria, and some yeasts (especially Zygosaccharomyces baillii) are rather
resistant to it. Hence, sorbate is mostly used in combination with benzoate. EU
Directive 95/2 permits levels up to 0.15% (calculated as the sum of the
undissociated forms) of these acids.

Table 7.3 Some critical limits for pH and acidity in mayonnaises, dressings and
ketchups

Product Fat content ay, pH Acetic acid in aqueous phase
%

% mmoles of
undissociated acid/kg

Mayonnaise 80 (emulsified) ca. 093 <41 2% 270 mM

Emulsified salad 50 (emulsified) ca. 0.95 < 4.2 1% 130 mM
dressings

Tomato ketchup <1 ca. 094 3.8-4.0 09% 130mM

Based on data provided by Baumgart (1996) and Michels and Koning (2000).
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7.6.2 Cereal products

The baking process destroys vegetative micro-organisms and mould spores, but
not bacterial spores. In some wheat breads prepared without dough acidification,
the combination of the hurdles pH (5.4—6.0) and a,, (0.94—0.97) may still permit
growth of some Bacillus strains. To prevent this, acetate is sometimes added to
the flour to give a level of about 1-2 mmoles of undissociated acetic acid in the
bread. Sourdoughs have pH values around 4.0, brought about by fermentation of
maltose and glucose to lactic and acetic acids by homofermentative and
heterofermentative lactic acid bacteria. The titratable acidity of the final dough
ranges from 30 to 120 meq/kg, with a molar ratio between lactic and acetic acid
of about 5. However, preservation is not the main purpose of sourdough use.
Rather, the acid improves water uptake by the pentosans and inhibits amylases
in rye flour. This is essential for breadmaking if the dough contains more than
about 20% of rye flour.

Sorbate or propionate may be added to the dough in order to delay mould
spoilage of baked goods. However, EU Directive 95/2 restricts the use of these
preservatives to baked goods more prone to spoilage by moulds, namely, sliced
and some other prepackaged products. The Directive also limits the levels to
0.1-0.3%, depending on the product.

7.7 Future trends

As stated by Leistner and Gould (2002), the future of food preservation
techniques will be a skilled combination of hurdles to ascertain microbiological
safety and stability while keeping sensory quality at a maximum. This approach
could help to solve the dilemma caused by consumers’ conflicting demands for
freshness, convenience and low price. With respect to the hurdles ‘pH’ and
‘weak acid preservatives’, it is important to note the following:

o If adjusted with weak organic acids (lactate, acetate, weak-acid
preservatives), pH inhibits micro-organisms by forcing them to use their
metabolic energy to export protons and — in some cases — undissociated acids
from the cell. Hence, a hurdle perturbing energy metabolism by, for example,
damaging the cytoplasmic membrane of bacteria could potentiate the effect
of low pH (‘multitarget preservation’; Leistner and Gould, 2002).

e The ‘pH hurdle’ alone will not ascertain sufficient safety and stability of a
food. Hence, predictive models that take the effect of other hurdles into
account are valuable. Current models are based on a limited number of
‘classic hurdles’ such as a,, pH, temperature, undissociated acids,
preservatives. Several other factors may also affect the stability and safety
of a food, for example, structural barriers or natural antimicrobial
constituents in plant food. Hence, current predictive models usually predict
less stability and safety than a food actually has. Therefore, they must be used
with caution, and their output compared with the experience of food
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processors and epidemiologists. Otherwise, unjustified public health concerns
may cause loss of high-quality food from our markets. To predict growth and
survival of micro-organisms in food more precisely, models should become
less descriptive and more based on the biological processes involved. This is
especially true for models trying to predict inactivation rates of micro-
organisms.

o Studies on the effect of acids — including weak-acid preservatives — on micro-
organisms in food are of limited value to industrial practice unless combined
with a proper sensory evaluation of the product.

e When developing new methods of food preservation, adaptation and
resistance development of target micro-organisms must be taken into
account, bearing in mind that the resistance of individual cells within a
population is heterogeneously distributed (Booth, 2002). This could become a
problem with minimally processed foods where conditions are only slightly
below the threshold permitting growth of target organisms.
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8

The control of water activity

S. M. Alzamora, Universidad de Buenos Aires, Argentina,
M. S. Tapia, Universidad Central de Venezuela, A. Lopez-Malo and
Jorge Welti-Chanes, Universidad de las Américas, Meéxico

8.1 Introduction

The influence of food water content on perishability has been known since
ancient times. Between 15,000 and 10,000 BC our ancestors began to preserve
excess fish, meat and fruit by drying in the wind and sun (Ray, 1992). Around
8,000 BC, many innovations in preservation techniques were introduced. To
ensure a steady supply of food, grains and fruits were stabilized by natural
drying and excess meat and fish preserved by smoking and dry salting. In 1795,
Masson and Challet applied artificial drying to vegetables in a hot air room. In
the 20th century, innovations have included artificial drying of liquids by drum
or spray drying, and freeze drying.

These methods of preservation of food by drying and salting, developed over
several millennia, were empirical and were more of an art than a science.
Considerable interest in the influence of water activity (a,,) on food product
quality and stability began in the early 1950s (Scott, 1953 and 1957). It was
promoted by empirical and inconsistent observations between total moisture
content and product stability. On the contrary, measured value of a,, generally
correlates well with the potential for growth and metabolic activity and so it has
been assumed as a good indicator of water availability for microbial activity
(Christian, 2000; Chirife, 1995; Lenovich, 1987). As a result, over the past several
years, the a, control has been included into various government regulations,
considering that a,, rather than total moisture content, determines growth, death,
survival, sporulation and toxin production by diverse microorganisms and setting
a,, limits on food products. Of all the factors affecting microbial growth, death and
survival in food, the influence of a,, on vegetative microorganisms and spores has
been one of those most intensively studied by food microbiologists.
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8.2 The concept of water activity

A review of basic and applied thermodynamics is required to understand the a,,
concept (Robinson and Stokes, 1965, Welti and Vergara, 1997). The concept of
‘activity’, assuming thermodynamic equilibrium, states that a,, is equal to f/f,,
where fis the fugacity of water in the system (i.e., the escaping tendency of
water from solution) and f; is the fugacity of pure water at the same temperature.
For an ideal gas in a mixture, the fugacity is coincident with its partial pressure.
For a real gas, the fugacity is a function of pressure; as total pressure is reduced,
the fugacity approximates the vapour pressure value (since all gases present
ideal behaviour when pressure tends to zero). Then, for ideal gases or real gases
at low pressures, the fugacities ratio can be replaced by the pressures ratio:

ay = pu/pwe = ERH /100 8.1

where p,, is the vapour pressure of water in equilibrium with the food, and p. is
the vapour pressure of pure water at the same temperature. The vapour pressure
of water in equilibrium with the food can be measured or related with the
relative humidity of the atmosphere in equilibrium (ERH) with the food or the
solution.

Water activity depends on water concentration as shown by equation:

Adw = Xw-Yw 8.2

where x,, is the mole fraction and ~,, is the activity coefficient of the water. So,
the chemical potential of the water, u,, can be expressed as:

w = pwo + RTInay, = tiwo + RT Inxy + RT Inyy 8.3

where 1., i the chemical potential of the pure water at the same temperature
and pressure. The activity coefficient (equal to one for ideal solutions) indicates
a departure from the so-called ideal behaviour and depends on relative solute
size, polarity, solute-solute interactions and cooperative solvation. Many other
alternative expressions (i.e., activity coefficient, water potential, practical
osmotic coefficient and rational osmotic coefficient), easily transposed into ay,
are also used for practical convenience (Lilley, 1994).

In recent years, however, questions related to the meaningfulness of the a,,
concept have been asked by many researchers. First of all, water activity is
defined only for a system that presents a thermodynamic equilibrium, which is,
the measured partial vapour pressure above the food is presumed to be the same
as that of water within the food, and also is defined at a specific temperature and
total pressure. The equilibrium assumption is valid for infinite dilute systems,
where diffusion rates of water molecules are high compared to the time scale of
the measurement. But most intermediate moisture foods and dried foods are
usually non-equilibrium systems. For example, the existence of two different
paths between the adsorption and desorption isotherms (i.e., moisture sorption
hysteresis) indicates, according to Franks (1991), the presence of non-
equilibrium. The food material may be in a state of thermodynamic instability
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(‘pseudo’ stability) and frequently this unstable state lasts longer than the
product’s shelf-life (Wolf et al.,, 1985, van der Berg and Bruin, 1981).
Furthermore, the moisture contents of a food ‘in equilibrium’ with certain ERH
can be subjected to changes during measuring periods. Also, many
multicomponent food systems constituted by two or more phases (solid, liquid,
aqueous and oil) may not present equilibrium from one phase to the other
because of kinetic constraints. Or there may be a difference in water content near
the surface of the packaging film and the bulb of the package.

These non-equilibrium situations may have important, negative or positive,
implications in chemical and microbiological stability. In foods presenting
hysteresis, for the same moisture content, the a,, would be lower in foods
prepared by desorption than by adsorption. A small water gain by a dried food
may lead to unstable a,, values. On the contrary, a much delayed crystallization
of amorphous sugars in dried foods (that would significantly increase the a,
value) would maintain the product in a state of ‘pseudo-stability’ during the
normal lifetime. Another negative non-equilibrium situation is presented when
moisture distribution in dried foods is non-homogeneous; the product may cake
or show mould growth on the surface while the interior of the package remains
intact.

A second problem arising from the a,, consideration is the temperature
dependence of the sorption isotherm. A change in temperature results in a
change in a,, at each moisture level. This change will be small for most saturated
salt solutions but can be significant for dried products, whose structure may be
modified affecting its entropy and thus its water sorption behaviour.

A third problem with the a,, concept is that it does not take into account the
effect per se of solute-solute and solute-water interactions, which have a
profound influence on the kinetics of food deterioration reactions. The
introduction of a solute perturbs the water structure, altering the nature and
extent of hydrogen bonding (Le Maguer, 1987) and affecting the rate of
physicochemical and microbiological phenomena. The effect of water activity
cannot be separated from the nature of the compounds used for adjusting ay,.
Many foods having the same a,, (adjusted with different solutes) significantly
differ in deterioration time.

From another perspective, Levine and Slade introduced in the late 1980s the
polymer science approach to food science, in which molecular mobility is
considered key to product stability. A material stored below the glass transition
temperature, T, (i.€., in a solid glassy state), would be physically, chemically
and biologically stable, while at temperatures above T (i.e., in a viscous liquid
or rubbery state) would not. In a glassy state, due to the high viscosity, the small
molecules lose their translational mobility and the molecular motions are
restricted to vibrations and short-range rotational motions, behaving in the
material practically like solid liquids. In the rubbery state, on the contrary, there
is a dramatic increase in molecular mobility due to the drop in viscosity. So, this
approach addresses the importance of maintaining solid foods in kinetically
metastable, dynamically constrained glassy states.
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Based on the above, it is now accepted that food stability must be predicted
by both thermodynamic and mobility concepts. The concept of a,, (with all the
limitations previously mentioned such as specific solute effects and non-
equilibrium situations) enables the prediction of microbial activity and of
chemical reactions controlled by chemical reactivity. On the other hand, the
concept of molecular mobility is useful for predicting virtually all physical
properties and also chemical reactions limited by diffusion.

8.3 Water activity, microbial growth, death and survival

The optimum a,, for growth of the majority of microorganisms is in the range
0.99-0.98. Every microorganism has limiting a,, values below which it will not
grow, form spores, or produce toxic metabolites (Beuchat, 1987). Considering
a,, in relation to microbial stability, the minimum a,, values that permit
microbial growth for different types of microorganisms are of great concern.
Table 8.1 presents the a,, values of various foods and their associated microbial
spoilage, showing also the classification of microorganisms into osmosensitive
and osmotolerant. Extensive tables with minimum a,, values for growth and
toxin production of several pathogenic and spoilage microorganisms have been
reported by many authors (Corry, 1973, Beuchat, 1983, 1987, and Gould, 1989).
Table 8.2 shows the minimal a,, for growth of selected microorganisms at their
optimal conditions of pH, nutrient availability and temperature. Several findings
obtained from literature data and Table 8.2 can be summarized as follows:

e a, limits for growth differ between microorganisms. In general, common
spoilage bacteria are inhibited at an a,, about 0.97; clostridial pathogen at a,,
0.94; and most Bacillus species at a,, 0.93. Staphylococcus aureus is the most
ay-tolerant pathogen, and can grow in aerobiosis at a, 0.86 and in
anaerobiosis at ay, 0.91. Many yeasts and moulds are able to proliferate at
an a,, below 0.86, while some osmophilic yeasts and xerophilic moulds are
capable of slow growth just above 0.6. So, to preserve a food by using only a
reduction in a, as stress factor, its a,, should be at least lowered to 0.6. Fully
dehydrated foods, for instance, have a,, about 0.3 in order to control not only
microbial growth but other physico-chemical and biochemical reactions
deleterious to colour, texture, flavour and nutritive value of foods.

e Minimum a,, for growth is always equal or lower than minimum a,, for toxin
production.

e Minimum a,, for growth depends on the solute used to control a,,. Gould
(1989) recognized that in some instances solute effects may depend on the
ability of the solute to permeate the cell membrane, as in the case of glycerol,
which readily permeates the membrane of many bacteria and therefore has a
lower inhibitory water activity. Chirife (1994) discussed in detail the ‘specific
solute effect’ for S. aureus. He concluded that the inhibitory effects of solutes
most often present in low a,, preserved foods, such as NaCl and sucrose, are
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Table 8.1

Water activity values of selected foods and associated microbial spoilage

Range of a,,

Microorganisms inhibited

Examples of foods

1.00-0.95

0.95-0.91

0.94

0.91-0.86

0.86

0.86-0.80

0.80-0.75

0.80
0.75-0.65

0.68
0.65-0.60

Below 0.60

Some yeasts, Gram-negative
rods, bacterial spores

Most cocci, lactobacilli,
vegetative cells of bacilli, some
moulds

Growth and toxin production
by all types of Clostridium
botulinum

Most yeasts

Aerobic growth of
Staphylococcus aureus

Most moulds

Most halophilic bacteria

Production of micotoxins

Xerophilic moulds

Practical limit for fungi

Osmophilic yeasts

No microbial growth

Fresh foods; foods containing 40%
sucrose or 7% salt (canned foods,
processed cheese, several sausages,
bread, etc.)

Foods containing 50% sucrose or 12%
salt (mayonnaise, bacon, some hard
cheeses, raw ham, low-calorie jams,
etc.)

Foods containing 65% sucrose or 15%
salt (dry ham, fruit jams, fruit juice
concentrates, some hard cheeses, etc.)

Foods containing 15-20% water (fruit
cake, high moisture prunes, sweetened
condensed milk, etc.)

Foods with 26% salt or very high sugar
content (salted fish, molasses, prunes,
fondants, etc.)

Foods containing less than 10% water
(dates, figs, nuts, rolled oats, etc.)

Confectionery products, dried fruits
containing 15-20% water, honey

Dried milk, instant coffee, dried egg,
spices, crackers, flour, cereals, etc.

Adapted from Troller (1978).

primarily related to their a,, lowering capacity. But for other solutes such as
ethanol, propylene glycol, butylene glycol and various polyethylene glycols,
antibacterial effects (attributed mainly to the effects of these molecules on
membrane enzymes responsible for peptidoglycan synthesis) are important.

When a microorganism is transferred to a new environment, there are two
possible outcomes, survival or death. Microbial survival or death will be based
on the ability of the microorganism to adapt in the new environment. The basis
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Table 8.2 Minimal water activity for growth of foodborne bacterial pathogens under

optimum pH and temperature conditions

Infectious pathogens
Campylobacter jejuni
Aeromonas hydrophila
Shigella spp

Salmonella spp

Yersinia enterocolitica
Escherichia coli
Listeria monocytogenes
Vibrio parahaemolyticus

Toxinogenic spore-forming pathogens

Clostridium perfringens

Clostridium botulinum A & proteolytic B strains
Clostridium botulinum E & non-proteolytic strains B and F
Clostridium botulinum G

Bacillus cereus

Toxinogenic pathogens
Staphylococcus aureus (anaerobic)
Staphylococcus aureus (aerobic)
Staphylococcus aureus (aerobic)
Staphylococcus aureus (aerobic)
Staphylococcus aureus (aerobic)

Moulds and yeasts
Aspergillus flavus
Aspergillus parasiticus
Botrytis cinerea
Byssoclamys nivea
Aspergillus ochraceus
Penicillium citrinum
Penicillium cyclopium
Penicillium patulum
Eurotium spp
Monascus bisporus
Saccharomyces cerevisiae

Zygosaccharomyces bisporus
Zygosaccharomyces rouxii
Torulopsis candida

Aw

0.99

0.97

0.96

0.94

0.95
0.93-0.95
0.90-0.92
0.94 (glycerol)
0.95 (NaCl)
0.96 (sucrose)

0.93-0.95

0.94

0.96

0.96

0.90 (glycerol)
0.94 (NaCl)

0.91

0.86

0.93 (xylitol)
0.95 (erythritol)
0.89 (glycerol)

0.80 (TP: 0.83-0.87)
0.82 (TP: 0.87)

0.93

0.84

0.77 (TP: 0.80-0.88)
0.80

0.81

0.81 (TP: 0.85-0.95)
0.66-0.73

0.61

0.89 (glucose)

0.90 (sucrose)

0.92 (NaCl)

0.70

0.65

0.65

TP: toxin production.

©2003 Woodhead Publishing Limited and CRC Press LLC



for survival and death of microorganisms as influenced by a, is complex.
Several intrinsic and extrinsic factors may affect this relation but differ within
food types and processes and among types of microorganisms involved.
Temperature, oxygen, chemical and other physical treatments are some extrinsic
factors that influence microbial spoilage of foods and also the a,,-microorganism
response.

The effects of temperature on survival of microorganisms are widely
documented, the heat resistance of vegetative cells and spores as influenced by
a,, probably being the most extensively studied area in terms of microbial
inactivation (Lenovich, 1987). In general, vegetative cells and spores are more
resistant as a,, of the heating menstrum is reduced. But the type of solute used to
adjust a,, to the same value may result in significant differences in the heat
resistance of a given microorganism. lonic solutes may decrease heat resistance
at low levels but afford considerable protection at a high concentration. Non-
ionic solutes have a variable effect. Larger molecular weight solutes, such as
sucrose, exert a protective effect against heat inactivation, while glycerol causes
only a little increase in heat resistance. For instance, S. aureus heated in skim
milk has a Dggec value of 5.3min while in skim milk plus 57% sugar the Dggec
value is of about 22min. For bacterial and fungal spores, the resistance to the
lethal effects of heat may increase a thousand times or more at a low a,, usually
showing a maximum in the a,, range 0.2-0.5 (Mossel et al., 1991).

8.3.1 Osmotic stress and osmoregulation in microorganisms
From the microbiological point of view, food preservation implies exposing the
microorganisms to a hostile environment (i.e., to one or more adverse factors) to
prevent or delay their growth, shorten their survival or cause their death.
Unfortunately, microorganisms have evolved different mechanisms to resist the
effects of these environmental stress factors. Internal media stability (composition
and volume of fluids) is vital for survival and growth. This stability or
homeostasis is maintained through feedback mechanisms that act in response to
relatively minor changes in physiological variables, leading to a series of events
that will in turn restore the altered variable to its original value (Gould, 1996).
These mechanisms, called ‘homeostatic mechanisms’, act to ensure that key
physiological activities and parameters in the microorganisms remain relatively
unchanged, even when the environment around the cell is different and greatly
perturbed (Leistner and Gould, 2002). In the case of vegetative microorganisms,
the homeostatic mechanisms are energy-dependent because the cell must expend
energy to resist the stress factors, e.g., to repair damaged components, to
synthesize new cell components, etc. In the case of spores, the homeostatic
mechanisms do not consume energy but they are built in to the cell prior to being
exposed to an environmental stress (Leistner and Gould, 2002). So, to be effective,
the preservation factors must overcome the microbial homeostatic resistance.
Gould (2000) revised the induced tolerance of microorganisms to stress
factors, reaffirming that the response of microorganisms to lowered water
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activity is essentially a response to osmotic stress, and is therefore often referred
to as ‘osmoregulation’ or ‘osmoadaptation’. This reaction is most developed in
microorganisms, particularly in the most osmotolerant of the yeasts and moulds,
but is also widespread in animals and plants. Microbial cells have an internal
osmotic pressure that is higher than that of the surrounding medium (Gutierrez et
al., 1995). When a microorganism is put in a concentrated aqueous solute
solution of reduced a,,, water is extracted from the cytoplasm of the cell and
membrane turgor is lost. The homeostasis (or internal equilibrium) is disturbed
and the organism will not multiply but will remain in the lag-phase until the
equilibrium is re-established. One of the main reactions of cells to reduced ay, is
the accumulation of low molecular weight solutes in their cytoplasm at
concentrations sufficient to just exceed the osmolality of the external medium.
In this way the cells regain, or avoid loss of, water by osmosis and maintain the
turgor in the cell membrane that is essential for its proper functioning. The
general reaction therefore appeared to be a homeostatic mechanism with respect
to cell water content (Gould, 1989). Compatible solutes (so called because, even
at very high relative concentrations, they do not appreciably interfere with the
metabolic and reproductive functions of the cell) attract water and thereby
restore or partially restore isoosmotic conditions across the cell membranes, thus
maintaining essential metabolic reactions. While amino acids (proline, a-keto
glutarate, v-amino butyric acid, glutamic acid) appear to be the most common
compatible solutes in bacteria, polyols of various types (mannitol,
cyclohexanetetrol, arabitol, sorbitol, glycerol, erythritol, etc.) are the
predominant protoplasmic solutes in many fungi (Troller, 1987). These
compatible solutes have the following common properties (Gutierrez et al.,
1995):

o they are soluble to high concentrations and can be accumulated to very high
levels in the cytoplasm of the cells;

e they do not modify enzyme activity and can even protect enzymes for
denaturation by salts;

o they are small and usually neutral or zwitterionic molecules;

o the cell membrane exhibits controlled permeability to them.

Compatible solutes can either be transported from the environment or
synthesized de novo in the cytoplasm. Many foods contain a wide range of
substances that will act as compatible solutes (among them betaine, proline and
choline) and thereby facilitate growth at lowered a,,.

Another major microbial response to a change in a,, is the adaptation of the
membrane composition (Russell et al., 1995). For a wide range of bacteria, the
commonest alteration is the increase in the membrane proportion of anionic
phospholipids and/or glycolipid as a means to preserve the proper bilayer phase
and maintain its vital functions.

Because of their central role, research has concentrated on the compatible
solutes and much of the genetic basis of osmoregulation has been elucidated
(Gould, 2000). Adaptive strategies involve the osmotic regulation of the
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expression of a number of genes to optimize growth under the stress condition
(e.g., genes linked to the synthesis or uptake of compatible solutes in E. coli and
S. typhimurium). It is accepted now that there is a general response mechanism
(the so-called ‘global response’) underlying many of the apparent distinct
responses of microorganisms to different stresses imposed on them in foods
(e.g., low ay, low pH, low or high temperature, etc.). This global response is
mediated by the stationary-phase regulator RpoS, that regulates the expression
of many important stationary-phase stress resistance genes linked to survival or
starvation and to survival in the stationary-phase. As Gould (2000) stated, this
fact would explain the cross-resistances to different stresses that have usually
been found to occur in response to a single stress.

8.4 Combining control of water activity with other
preservation techniques

The most important techniques commonly used in food preservation act by
inhibiting the growth of microorganisms rather than by inactivating them
(Gould, 1995). Among the inhibitory techniques are:

water activity reduction (curing, conserving, drying, evaporation)
temperature (high or low)

acidity or pH reduction by addition of inorganic and organic acids

redox potential (Eh), preservatives (e.g., nitrite, sorbate, sulphites)
competitive microorganisms (e.g., lactic acid bacteria)

modified atmosphere packaging (vacuum, nitrogen, carbon dioxide, oxygen).

On the other hand, few techniques act primarily by inactivating microorganisms
in foods. Heat is by far the most employed inactivation technique (thermization,
pasteurization, sterilization), with increasing use of alternatives like ionizing
radiation and the new and ‘emerging’ technologies such as high hydrostatic
pressure, high voltage electric discharge, ultrasound, ultraviolet light and high-
intensity light pulses (Gould, 2000; Leistner, 2000).

As stated by Leistner (1978, 1987) it soon became apparent that in most foods
for which a,, is important for quality and stability, other factors, referred to by
Leistner as ‘hurdles’, contribute to the desired product, and the interest taken
initially in a, for food manufacturers was extended to other factors (e.g., Eh, pH,
temperature, incorporation of additives, etc.). The goal was to obtain stable
products based on an intelligent combination of factors by combination
preservation technology or hurdle technology. More than 60 potential hurdles
for foods of animal or plant origin, which improve the stability and/or quality of
these products, have been already described, and the list of possible hurdles for
food preservation is by no means complete (Leistner, 2000).

Combined preservation techniques interfere with the active homeostatic
mechanisms that operate in the vegetative microbial cell and the passive
refractory homeostatic mechanisms that operate in microbial spores at a number
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of sites or in a cooperative manner (Gould, 1996). According to Leistner (1999,
2000), in foods preserved by hurdle technology, the possibility exists that
different hurdles in a food will not just have an additive effect on stability, but
could act synergistically. A synergistic effect could be obtained if the hurdle in a
food hits different targets (e.g., cell membrane, DNA, enzyme systems, pH, a,,,
Eh) within the microbial cell, and thus disturbs the homeostasis of the
microorganisms present in several ways. Therefore, employing different hurdles
in the preservation of a particular food should be an advantage, because
microbial stability could be achieved with a combination of gentle hurdles. In
practical terms, this could mean that it is more effective to use different
preservative factors at low levels in a food than only one preservative factor at a
high level, because different preservative factors might hit different targets
within the bacterial cell, and thus act synergistically.

The slight reduction in ay, resulting from the addition of sugars or other
solutes to foods such as minimally preserved fruits and vegetables, means that
microorganisms surviving processing in such foods, or contaminating the food
after processing, will be osmoregulating at some level or other. However, if
osmoregulation diverts resources away from normal cell biosynthetic processes,
then it is clear that the stressed cells may be more vulnerable to other stresses in
combination preservation systems, particularly when the other stresses also
divert away from the synthesis of new cell material. Since homeostatic
responses often require the expenditure of energy by the stressed cells,
restriction of the availability of energy is then a sensible target to pursue.
According to Gould (2000), this probably forms the basis of many of the
successful, empirically derived, mild combination preservation procedures,
exemplified by the ‘hurdle technology’ and ‘multitarget preservation’
preservation approaches of Leistner.

Microbial stability and sensory quality of most foods are nowadays based on
a combination of hurdles. Hurdle technology has proved useful in the
optimization of traditional foods as well as in the development of novel
products. However a, continues to be one of the main hurdles to be manipulated
and the use of combinations of extrinsic and intrinsic factors together with
lowered a,, levels are common in the food industry. Generally, as the minimal a,,
for growth of a microorganism is approached, changes of other environmental
factors will have a greater impact on death or survival.

8.5 Applications: fully dehydrated, intermediate and high
moisture foods

Improved knowledge of the relation of water in foods led to the rediscovery and
optimization of old preservation techniques and to a renewed interest in foods
that are shelf-stable by control of water activity. This applies for fully
dehydrated, intermediate and high moisture traditional foods with inherent
empiric hurdles, and also for novel products, especially high water activity
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foods, for which the hurdles are intelligently selected and intentionally applied.
Traditional fully dehydrated and intermediate moisture foods (IMF) can be
regarded as some of the oldest foods preserved by man. However, in the quest
for quality, the importance of considering the combined action of decreased a,,
with other preservation factors as a way to develop new improved foodstuffs
moved along almost simultaneously with modern food processing to the point
that, currently, consumers are searching for fresh-like characteristics in many
processed products. The food industry has responded to these demands with the
so-called minimally processed foods, which have become a widespread industry
that is receiving a lot of attention lately.

Therefore, the control of a,, for food design is being used in many ways
according to needs:

e At various stages of the food distribution chain, it is used during storage,
processing, and/or packaging as a ‘back-up’ hurdle in existing minimally
processed products with short shelf-life to diminish microbial pathogenic risk
and/or increase their shelf-life (i.e., a slight reduction in a,, in addition to
refrigeration).

o Traditionally, it is used for obtaining long shelf-life products (fully dehydrated
and intermediate moisture ones). Actual trends in these applications are to
obtain very high sensory quality products by using the advances in the
knowledge of water sorption phenomena, a,, prediction, deleterious physico-
chemical reactions and polymer science, as well as more controlled and/or
sophisticated drying techniques.

e As one of the preservative factors (together with other emerging and/or
traditional preservative factors), it is used to obtain high moisture novel foods
by hurdle techniques.

In industrialized countries, with ready availability of energy and
infrastructure and wide use of refrigeration, the control of a,, has been mainly
applied to develop a great variety of mild thermally processed, chill- and frozen-
distributed foods. Topical applications include fermented meats (fermented
sausages, raw hams) and shelf-stable mild heated meats (ready-to-eat fresh-like
meats); sous vide and cook-chill dishes, health foods (low-fat and/or low-salt
and functional foods); and foods processed by emerging techniques (e.g.,
hydrostatic high pressure) (Leistner and Gould, 2002).

On the contrary, in many developing countries, refrigeration is expensive and
not always available. Thus, the emphasis of the a,, lowering approach has been
on the development of ambient-stable foods, which have minimal energy,
machinery and infrastructure requirements for processing, storage and
distribution (Leistner and Gould, 2002). Common applications entail foods
with reduced ay, (achieved by partial drying or addition of salt or sugar), usually
combined with acidification (i.e., a reduction of pH) and addition of
preservatives; fermented foods, and fully dehydrated foods.

Most of the traditional foods that remain stable, safe and tasty during long-
term storage without refrigeration in the developing countries of Africa, Asia
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and Latin America are intermediate moisture foods, in which lowering of a,, is
one of the main preservative factors or hurdles (Leistner and Gould, 2002).
Many of the manufacturing processes for IMF were empirically developed, but
now the hurdles and their specific roles are better understood and can be
rationally selected to design or to optimize the preservation system. There are
actually two categories of foods with reduced a,, whose stability is based on a
combination of factors: intermediate moisture (IM) foods and high moisture
(HM) foods.

IM foods range generally from 0.60 to 0.90 a,, and 10-50% water by weight
(Jayaraman, 1995). Additional hurdles provide the margin of safety against
spoilage by microorganisms resistant to a,, (mainly moulds and yeasts, which
can grow at a,, as low as 0.60), and also against some bacterial species that are
likely to grow when the a,, value of the IM food is near the upper limit of water
activities (i.e., ay, 0.90). With these targets, the lowering in a, is often combined
with chemical preservatives (i.e., nitrites, sorbates, sulphites, benzoates,
antimicrobials of natural origin, smoke components) and a reduction of pH
(that usually inhibits or decreases bacterial growth, accentuates the action of
preservatives and increases the minimum a,, values for bacterial growth), and
sometimes with competitive microorganisms. Other IM products receive a
thermal treatment during manufacturing process that inactivates heat-sensitive
microorganisms, while the subsequent hot filling in sealed containers further
improves microbial stability (Leistner and Gould, 2002).

Most of IM foods are designed to be storable for several months at ambient
temperature even in tropical climates and to be eaten ‘as is’ without rehydration.
They are moist enough to be ready to eat without giving rise to a sensation of
dryness but dried enough to be ambient-stable (Karel, 1973, 1976; Jayaraman,
1995). Many IM products, due to the addition of very high amounts of solutes
(such as sugar or salt) to reduce a,, to the desired level, are too sweet or too salty,
becoming undesirable from the nutritional and sensory point of view. Therefore,
this category of products has been subjected in the last decade to continuous
revision and discussion.

On the other hand, high-moisture foods have an a,, value well above 0.90.
Thus, in this category, the reduction of a, is a hurdle of less relative
significance because most of the microorganisms are able to proliferate
(Leistner and Gould, 2002). Stability at ambient temperature is reached by
applying intentional and carefully designed hurdle technology. HM fresh-like
fruits and cooked meat products, preserved by the interaction of a,, — mild heat
treatment — pH — preservatives and storable without refrigeration, represent a
rational application of the combined approach (Alzamora et al., 1995, 2000,
Leistner and Gould, 2002).

In 1994, within the Science and Technology for Development (CYTED)
Program, Project ‘Development of intermediate moisture foods (IMF) from
Iberoamerica’, a survey was conducted in eleven countries, collecting
information on 260 traditional IM and HM foods. Table 8.3 shows the main
factors used in Spain and Latin America for the preservation of the traditional
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Table 8.3 Main factors used in Iberoamerican countries for the preservation of
traditional food by the combined methods technology

Preservation factors

Product category Ay pH F t Smoke Preser. C.F.
Fruits & vegetables X X X - - X X
Meat X X X — X X X
Fish X X X X X - -
Dairy X X X X - X X
Bakery X — X — - X -
Miscellaneous X X X - X -

F =mild heat treatment; t=mild refrigeration; Preser. = preservatives; C.F. = competitive flora.

foods evaluated (Welti ef al., 1994; Tapia et al., 1994). Many of these products,
which are also common in different parts of the world, are safe and storable
without refrigeration and require inexpensive packaging. Selected representative
products of each category, the process parameters involved and their
contribution as microbial stability factors (hurdles) are shown in Table 8.4.
Most shelf-stable foods do not rely solely on a,, for microbial control but on
other preservation factors. The binary combination of a,, and pH acts as a
relevant hurdle in many of these products preventing proliferation of pathogenic
microorganisms, while the rest (antimicrobials, thermal treatment, etc.) play a
secondary role, mainly against spoilage flora (Tapia et al., 1994).

Different approaches have been explored for obtaining shelf-stability and
freshness in fruit products. Commercial, minimally processed fruits are fresh
(with high moisture), and are prepared for convenient consumption and
distribution to the consumer in a fresh state. Minimum processing includes
minimum preparation procedures like washing, peeling and/or cutting, packing,
etc., after which the fruit product is usually placed in refrigerated storage where
its stability varies depending on the type of product, processing, and storage
conditions. However, product stability without refrigeration is an important
issue not only in developing countries but in industrialized countries as well.
The principle used by Leistner for shelf-stable high moisture meats (a,, > 0.90),
where only mild heat treatment is used and the product still exhibits a long shelf
life without refrigeration, can be applied to other foodstuffs. Fruits would be a
good choice. Leistner states that for industrialized countries, production of shelf-
stable products (SSP) is more attractive than IM foods because the required a,,
for SSP is not as low and less humectants and/or less drying of the product is
necessary (Leistner, 2000).

If fresh-like fruit is the goal, dehydration should not be used in processing.
Reduction of a,, by addition of humectants should be employed at a minimum
level to maintain the product in a high moisture state. To compensate for the
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Table 8.4 Preserving factors in selected food products of reduced a,, (adapted from Tapia et al., 1994)

PRESERVING FACTORS LEVEL OF HURDLE RELEVANCE
Product ay pH Antimicrobial Thermal Refrigeration =~ Competitive Most relevant Secondary
treatment  requirement flora
Meat products
Sausage 092 5.6 Sodium nitrite No No Yes a, A, CF
Sausage 0.74 45 Sodium nitrite No No Yes ay, pH A, CF
Spanish ham 0.85 6.2 Sodium nitrite No No No ay, A
Beef foie grass 0.87 6.3 Sodium nitrite Yes Yes No ay, R T
Vegetable products
Ketchup 094 3.8 Potassium sorbate Yes No No pH, ay AT
Garlic cream 084 40 Essential oils of No No No ay, pH A
natural occurrence
Garlic sauce 096 3.7 Essential oils of Yes No No pH, ay T
natural occurrence
Chili cream 0.84 42 Essential oils of Yes No No ay, pH AT
natural occurrence
Fruit products
Candied papaya 0.70 4.6 No Yes No No ay, pH, T
Candied pineapple 0.80— 45- No Yes No No ay pH, T
087 5.6
Dehydrated plum 0.77 3.9 No No No No ay pH
Dehydrated banana 0.62 5.1 No No No No ay No
Peach jam 0.83 3.1 No Yes No No ay, pH T
Mango jam 0.81 5.0 Sodium benzoate Yes No No ay, pH T, A
Guava paste 0.78- 3.5 Sulphite Yes No No a, pH AT
0.88
Sweet potato paste 0.84 34 Sodium benzoate Yes No No ay, pH AT
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‘I'able 8.4 continued

PRESERVING FACTORS LEVEL OF HURDLE RELEVANCE
Product Ay pH Antimicrobial Thermal Refrigeration =~ Competitive Most relevant Secondary
treatment requirement flora
Fishery products
Brined anchovies 0.75 6.2 No No No No a,,
Dry-salted anchovies 0.71- 5.6~ No No Yes No Ay R
074 58
Cod-type dry fish 0.74- 75- No No No No ay
075 8.6
Anchovies in oil 0.76— 6.1— No No Yes No ay R
080 6.2
Smoked trout 0.96 5.4 Smoke No Yes No ay R, S
Smoked salmon 0.96- 5.7-  Smoke No Yes No Refrigeration S
098 6.2
Dairy products
Sweet condensed milk  0.84 6.6 No Yes No No ay, T
Melted cheese 097- 57- No Yes Yes No T, refrigeration
098 6.0
Milk jam 0.81- 5.6- No Yes No No ay Maillard products?
085 6.0
Goat cheese 091 5.6 No Yes Yes No a,, T, pH, R
Reggianito cheese 0.86 5.5 No Yes No No ay T, pH
Miscellaneous products
Mayonnaise 0.93— 3.8—  Potassium sorbate Yes No No pH, ay A
094 39
Honey 0.62— 3.1- No No No No ay, pH
0.69 33
Soy sauce 0.79 47 No Yes No No ay, pH T
Soy sauce 0.79 438 Sodium benzoate Yes No No a,, pH A, T

A: Antimicobial; CF: Competitive flora; R: Refrigeration; S: Smoke; T: Thermal treatment.
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high moisture left in the product (in terms of stability), a controlled blanching
can be applied without affecting the sensory and nutritional properties; pH
reductions can be made that will not impair flavour; and preservatives can be
added to alleviate the risk of potential spoilage microflora. In conjunction with
the above-mentioned factors, a slight thermal treatment, pH reduction, slight a,,
reduction and the addition of antimicrobials (sorbic or benzoic acid, sulfite), all
placed in context with the hurdle technology principles applied to fruits, make
up an interesting alternative to IM preservation of fruits, as well as to
commercial minimally processed refrigerated fruits. Considerable research
effort has been made within the CYTED Program and the Multinational Project
on Biotechnology and Food of the Organization of American States (OAS) in
the area of combined methods, geared to the development of shelf-stable high-
moisture fruit products. Over the last two decades, use of this approach led to
important developments of innovative technologies for obtaining shelf-stable
‘high-moisture fruit products’ storable for 3-8 months without refrigeration.
These new technologies are based on a combination of inhibiting factors to
combat the deleterious effects of microorganisms in fruits, including additional
factors to diminish major quality loss. Slight reduction of water activity (ay
0.94-0.98), control of pH (pH 3.0—4.1), mild heat treatment, addition of
preservatives (concentrations < 1,500 ppm), and antibrowning additives were
the factors selected to formulate the preservation procedure (Alzamora et al.,
1989, 1993, 1995; Guerrero et al., 1994; Cerrutti et al., 1997).

Novel (in their application) and refined impregnation techniques exist for
developing minimal processes. Pulsed vacuum osmotic dehydration, a new
method of osmotic dehydration that takes advantage of the porous
microstructure of vegetable tissues, is a technique that uses vacuum
impregnation (VI) to reduce process time and improve additives incorporation.
During VI of porous materials, important modifications in structure and
composition occur as a consequence of external pressure changes. VI shows
faster water loss kinetics in short-time treatments as compared with time-
consuming atmospheric ‘pseudo-diffusional’ processes, due to the occurrence of
a specific mass transfer phenomenon, the hydrodynamic mechanism (HDM),
and the result produced in the solid-liquid interface area. Many fruits and
vegetables have a great number of pores and offer the possibility of being
impregnated by a predetermined solution of solute and additives. Thus, product
composition as well as its physical and chemical properties may be changed to
improve its stability. An important advantage of using low pressures (approx.
50mbar) in the minimal preservation of fruit is that equilibration times are
shorter than at atmospheric pressure (e.g., 15 minutes under vacuum versus a
few hours in forced convection at atmospheric conditions, or a few days in
media without agitation for reducing a,, to 0.97) (Alzamora et al., 2000). This
process could be appropriate in the development of new minimally processed
fruit products or in the development of improved pretreatments for such
traditional preservation methods as canning, salting, freezing or drying, and also
in high-quality jam processes (Alzamora et al., 2000).
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At present, especially physical, non-thermal processes (high hydrostatic
pressure, mano-thermo-sonication, oscillating magnetic fields, pulsed electric
fields, light pulses, etc.), receive considerable attention, since in combination
with other conventional hurdles they are of potential use for the microbial
stabilization of fresh-like food products with little degradation of nutritional and
sensory properties. With these novel processes often not a sterile product but only
a reduction of the microbial load is intended, and growth of the residual
microorganisms is inhibited by additional, conventional hurdles. Interesting
results have been reported by the research group of the Universidad de las
Ameéricas (Mexico) for obtaining minimally processed avocado sauce, avocado
purée and banana purée. These fruit products were preserved by the interaction of
blanching, high-pressure, reduction of pH and a,, and preservatives, and the
combination of heat treatment and high pressure significantly decreased
browning reactions (Alzamora et al., 2000). Another group of hurdles which is
at present of special interest in industrialized as well as in developing countries
are ‘natural preservatives’ (spices and their extracts, hop extracts, lysozyme,
chitosan, pectine hydrolysate, etc.) (Leistner, 2000). As an example, high-
moisture strawberry can be preserved for at least three months by combining mild
heat treatment, 3,000 ppm vanillin (instead of synthetic antimicrobials), 500 ppm
ascorbic acid, and adjustment of a,, to 0.95 and pH to 3.0 (Cerrutti ef al., 1997).

Lastly must be mentioned the excellent recopilation of traditional and
artisanal combined methods employed around the world (many of them
involving the control of a,) by the world’s two leading authorities on hurdle
technology: Professor Lothar Leistner and Dr Grahame Gould (Leistner and
Gould, 2002). This overview covers hurdle techniques applied in developed
countries and also in Latin America, India, China and Africa. Basic principles
underlying preservation procedures are critically discussed for many popular
products. Among them, it is interesting to cite the following:

e Paneer, a cottage cheese-type Indian product (hurdles: a,, 0.97; pH 5, Fo
value 0.8), stable for several weeks without refrigeration.

e Dudh churpi, an Indian dairy product (preparation: heating, acid coagulation,
addition of sugar and potassium sorbate, smoking, drying).

e Meat (preparation: marination in salt, glycerol, nitrite, acidulants and
ascorbate, cooking and packaging; a,, 0.70 or 0.85, pH 4.6) storable at room
temperature for one month or at 5°C for more than four months.

e Rabbit meats, quite popular in China, marinated and cooked; fried; brined
and cooked; or smoked (hurdles: a, 0.92-0.98, refrigeration).

8.6 Measurement and prediction of water activity in foods

8.6.1 Measurement of water activity
Fast, convenient and reliable laboratory analytical methods of measuring a,, are
demanded in the food industry and in research laboratories for quality assurance,
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process design, food formulation and selection of storage conditions. This is
particularly true for those foods in which control of a,, is critical for determining
microbiological activity and safety. Diverse reviews and collaborative studies
about the methods used to measure a,, in foods have been published (Stoloff,
1978; Labuza et al., 1976; Troller, 1983; Schurer, 1985; Johnston and Ling,
1987; Christian, 2000), showing the different available techniques, their
accuracy and precision. Some of the instruments for a,, determination in
common use are described below.

Vapour pressure manometers

Based on the a,, definition, the food is placed under vacuum conditions allowing it
to reach equilibrium (at controlled temperature) with the surrounding atmosphere
and then the vapour pressure of the atmosphere in equilibrium with the sample is
measured with a manometer or a pressure transduce. Since the time needed to
reach equilibrium is long, this method is not adequate for quick routine analysis.
Methods based on this principle are considered as a reference (since the vapour
pressure of the food is a direct measure of a,) with which other methods and
devices are compared. This technique cannot be used with respiring or fermenting
materials and requires a sensitivity of 0.01 mm Hg in pressure measurement. The
precision is 4+ 0.005 a,, below 0.85 a,, but above this value the accuracy is 0.02 a,,
because of problems of condensation and control of temperature.

Dew point hygrometer (instruments available: Decagon, EG&G, General
Eastern)

This method is based on the condensation of water vapour on the surface of a
mirror that is cooled down to the dew temperature of the atmosphere generated by
the studied sample. The dewpoint is photoelectrically detected and related to a,,
using psychrometric charts. This device is used to determine a,, to a wide range
(precision: £0.005 a,,) and also allows measurements at different temperatures.
The measurement is very fast (approximately two minutes) but can be affected by
condensibles with lower critical temperatures than water and by an unclean mirror
surface.

Freezing point depression methods (instrument available: Advanced Instrument
Milk Cryoscope)

The depression of the freezing point, as well as the changes in other colligative
properties, can be quantitatively related to a,, (Robinson and Stokes, 1965). This
method is adequate to measure mainly the a,, of liquid foods with a,>0.97
(precision £0.0004 a), although it has been recommended for values as low as
0.80 and also for aqueous extracts and homogenates of solid foods (Ferro Fontan
and Chirife, 1981a).The a,, values calculated from freezing point measurements
are not very different from values measured at 25°C (differences are < 0.01 a)
and may be considered as having an acceptable level of accuracy in most food-
related applications.
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Electric hygrometers
These instruments are based on three types of hygrosensors (Johnston and Ling,
1987):

1. Sensors formed by an electrical wire covered by a high hygroscopic salt,
usually lithium chloride, whose electrical conductance or resistance
depends on the degree of hydration and hence on the relative humidity of
the head space of the sample (in equilibrium with the sensor) (instruments
available: Beckman, Novasina, Rotronic, American Instrument)

2. Sensors constituted by a liquid hygroscopic substance, which absorbs or
desorbs moisture and whose electrical impedance varies with the moisture
content

3. Sensors constituted by a thin polymer film capacitor, whose capacitance
changes proportionally to the relative humidity (instruments available:
Vaisala, General Eastern, WeatherMeasure).

For the three types of measurements systems, confidence interval is in the
range of +0.005 a,,. Sensor contamination with non-aqueous food volatiles is a
major problem. Some manufacturers provide filters to protect the sensor but they
notoriously increase the equilibration time before a,, readings (Chirife, 1995).
Other problems noted in general are the need for frequent calibration and their
dependence on temperature, the inaccuracy at certain levels of a,,, sensor ageing
and hysteresis effects at high a,, levels (Stamp et al., 1984). However, the
performance of these hygrometers varies between the different commercially
available instruments. Kitic et al., (1986), when testing one particular device, the
Novasina Thermoconstanter Humidity Meter, reported as relevant charac-
teristics a very high level of precision in the ay, range studied (0.50-0.97), the
stability of calibration curve, a reasonably short time for measurement of a,, in
various materials (from 10 to 30 minutes according to a,, level), absence of
hysteresis and a built-in temperature-controlled device for measurements over
the range 0°C—-50°C.

Fibre hygrometer (instruments available: Abbeon, Lufft)
This instrument employs as sensor a synthetic polyamide thread that shrinks
when it is exposed to high relative humidity. The longitudinal change is
recorded and related to sample a,,. Equilibration times between the food and the
fibre are approximately three hours with a precision of +0.01 a,,. The sensor
response is affected in an important way by temperature changes and by the
presence of volatiles. Other problems are hysteresis (Gerschenson ef al., 1984)
and sensor ageing. In spite of its low sensitivity, as it is relative inexpensive, the
fibre hygrometer is widely used for routine examinations in the food industry.
Direct measurement of vapour pressure is extremely difficult and indirect
methods are usually employed for a,, determination (Schurer, 1985). The
accuracy obtained with indirect methods (electric, fibre, and dewpoint
hygrometers; gravimetric methods) depends on obtaining a calibration curve
with reference standard sources in the a,, range of interest (Favetto et al., 1983).
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Five different sources have been suggested as a convenient number of points to
construct a calibration curve (Stoloff, 1978). It must be noted that poor results
have been reported when the meters are calibrated according to manufacturer’s
instructions (adjusting the sensor with only one standard saturated solution).
Saturated salt solutions (salt slurries) have been recommended by numerous
workers as a convenient, easy and accurate way to provide solutions of known
ay. They are reproducible reference standards because no measurement of
concentration is needed and if the salts are properly chosen no interfering
vapours are present. However, most reports in the literature do not agree on the
exact a,, of each saturated salt solution (Greenspan, 1977; Labuza et al., 1976).

Resnik et al. (1984) performed a world survey of a,, of selected saturated salt
solutions used as standards by researchers of 38 laboratories for food related
applications in the range of microbiological growth (0.57-0.97) at 25°C. The
results indicated that there was a good agreement on the exact value to be
assigned to NaBr, NaCl, KCl, and BaCl,.2H,0, and to a lesser extent, to K,SO,,
but a significant discrepancy was found on the value assigned to (NH,4),SO,4 and
KNOs. It is noteworthy that the most accepted values agree within 0.002—0.003
with those calculated using theoretical models for thermodynamics properties of
strong electrolytic aqueous solutions (Chirife et al., 1983). Table 8.5 shows a
compilation of data of a,, values of saturated solutions for various salts used to
calibrate hygrometers. The most accepted values reported in the survey have
been included.

Although for electrical hygrometers precision is in the range of £0.005 a,,,
the data for foods obtained in collaborative studies varied by 40.02 a,, units.
Many sources of error in the measurement of ay, have been pointed out by
Labuza et al. (1976) and question the validity of literature values reported to
three decimal places or the absolute values for limits on microbial growth. For
cases where there is no general agreement on the value to be assigned to certain
saturated salt solutions, or where there is lack of saturated salt solutions of
known a,, that cover the necessary a,, range, the use of unsaturated NaCl
solutions has been proposed for the calibration of a,-measuring devices for a,,
values above 0.76 (Chirife and Resnik, 1984).

8.6.2 Prediction of water activity in practical applications
a,, can be influenced in at least three ways during the preparation of dried,
intermediate and high moisture foods:

1.  Water can be removed by a dehydration, evaporation or concentration process.

2. Additional solute can be added. The impregnation of solute can be
performed by moist infusion or by dry infusion. Moist infusion consists in
soaking the food pieces in a water-solute solution of lower a,, while dry
infusion involves direct mixing of food pieces and solutes in required
proportions. When water-rich solid products, such as fruit and vegetables,
are subjected to moist or dry infusion, three flows arise:

©2003 Woodhead Publishing Limited and CRC Press LLC



Table 8.5 Water activity of selected saturated salt solutions used as standards

SALT 10°C 15°C 20°C 25°C 30°C
Lithium bromide 7.1 6.9 6.6 6.4 6.2
Sodium hydroxide - 9.6 8.9 8.2 7.6
Lithium chloride 11.3 11.3 11.3 11.3 11.3
Potassium acetate 23.5 23.5 23.0 22.5 22.0
Magnesium chloride 335 33.0 33.0 33.0 325
Potassium carbonate 44.0 435 43.0 43.0 43.0
Sodium bromide 60.0 59.0 58.0 57.7* 56.5
Copper chloride 68.0 68.0 68.0 67.5 67.0
Potassium iodide 72.0 71.0 70.0 69.0 68.0
Sodium chloride 76.0 75.5 75.5 75.3% 75.0
Ammonia sulfate 81.0 80.5 80.5 80.1* 80.0
Potassium chloride 87.0 86.0 85.0 84.3% 84.0
Sodium benzoate 88.0 88.0 88.0 88.0 88.0
Barium chloride 91.0 90.6 90.2* 89.9
Potassium nitrate 95.5 95.0 94.0 92.5% 92.0
Potassium sulfate 98.0 98.0 97.5 97.2% 97.0

Adapted from Labuza et al., 1976; Stamp et al., 1984; Stoloff, 1978; Greenspan, 1977.
* Survey (Resnik et al., 1984).

e a water outflow, from product to the environment;
e a solute flow, from the environment to product, and
o an outflow of the product’s own solutes.

This process is called ‘osmotic dehydration’ and allows the infusion of not
only the solute used to control a, but also the desired quantities of
antimicrobial and antibrowning agents or any solute for improving sensory
and nutritional quality. By controlling these above complex exchanges it is
possible to conceive different combinations of water loss and solid gain,
from a simple dewatering process (with substantial water removal and only
marginal sugar pickup) to a candying or salting process (in which solute
penetration is favoured and water removal limited) (Torregiani and Bertolo,
2002). For porous foods, moist infusion can be also performed under
vacuum, as previously mentioned. The internal gas or liquid occluded in the
open pores is exchanged for an external liquid phase (of controlled
composition) due to pressure changes.

3. Combining 1. and 2. when the food pieces are infused with the solutes and
additives and then partially dried. The advantages obtained with this
combination as compared to only drying are an increase in the stability of
the pigments responsible for the colour, an enhancement of the natural
flavour, a better texture and a greater loading of the dryer.

Whatever the procedure used to reduce a,, it is necessary to know the water
activity-moisture content relationship in the food. Important contributions have
been made in the field of a, prediction over the past 50 years and
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FOODS WITH HIGH AND INTERMEDIATE MOISTURE CONTENT

I

Ideal behaviour
ay>0.97

Raoult’s law
a, =X,

Non-ideal behaviour

Non-electrolytes

(binary solutions)

0.85 <a,, <099

Norrish (1966)

a, =X, exp(-K,X,%)

Favetto and Chirife (1985)
a,=1-K,'m

Electrolytes
(binary solutions)
0.85 <a,<0.99

a, = expl 0.018> " m, o)

Dis calculated from Bromley(1973).
Pitcr(1973) or Pitzer and Mayorga
(1973)

Favetto and Chirife (1985)
a,=1-K'm

Mixtures

Ross (1975)

(@), =[1@.)

5

s

Ferro-Fontan and Chirifc (1981b) (non-clectrolytes)
1,

(am )ru = H [aw.‘s(m)] "

Ferro-Fontan ez al. (1980) (electrolytes)

(aw )M = l—I [a”(l)]m, 7 sty
s

Norrish expanded (Ferro-Fontan ez al., 1981)
(aw)u =X, exp(— KyXy L)

Ky = Z[Ks(-‘s (M"Mg )]

m=[c, M)

X,,: molar fraction of water; X;: molar fraction of solute; K: Norrish’ content for a non-
electrolyte s; K *: constant for each solute (electrolyte or non-electrolyte); m: molality;
m; = vm, where v is the number of ionic species per mol of the solute i: ®: osmotic
coefficient; (a,,)): Water activity of a complex solution; (a,,): water activity of each s
component when measured at the same molality as in the complex solution; m,: molality
of the s component in the mixture; m;): total molality (dissociated) of the solute that
would produce an ionic force equal to the one of the mixture, a,, ;): Water activity of the
solute s in a binary solution at a molality m); C: weight of solute s/ weight of total

solids; M;. molecular weight of solute s.

Fig. 8.1 Scheme and selected models for practical prediction of water activity in moist

and semi-moist foods.
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comprehensive analysis of the procedures traditionally employed to calculate a,,
have been performed by van der Berg and Bruin (1981), Chirife (1995) and
Welti and Vergara (1997). In each case, the applicability of various theoretical
and empirical equations was analyzed, presenting some descriptive examples.

There is no model with a simple mathematical structure capable of
representing the sorption or a,, lowering characteristics of foods or their
components in the whole range of water activities, since the depression of a, in
foods is due to a combination of mechanisms each of which may be predominant
in a given range of water activity. In high and intermediate moisture foods, a,, is
mainly determined by the nature and concentration of soluble substances (i.e.,
sugars, NaCl, polyols, aminoacids, organic molecules, other salts) in the aqueous
phase of the food (Chirife, 1995). A number of equations, based on the
thermodynamic properties of binary and multicomponent electrolyte and non-
electrolyte solutions, have been studied theoretically and experimentally for
calculating or predicting the a,, of these foods. Figure 8.1 summarizes several of
theoretical and empirical models suggested for the calculation of a,, in semi-
moist and moist foods (van der Berg and Bruin, 1981; Chirife, 1995).

In low-moisture foods, adsorption of water in surfaces is responsible for a,,
reduction (Chirife and Iglesias, 1978). Although the physical chemistry of
surfaces has provided the food scientists with a large number of theoretical
equations, the relationship of water sorption-a,, cannot be predicted but must be
experimentally determined due to many reasons. As food sorbs water, it can
undergo changes of constitution, dimensions and other properties and sugars
contained in the food may experience phase transformations. The moisture
sorption isotherm integrates the hygroscopic properties of numerous constituents
whose sorption properties may change due to physical/chemical interactions
induced by heating and other pre-treatments. Critical compilations of empirical
and theoretical adsorption models for fitting experimental water sorption
isotherms of food and food products have been made by Chirife and Iglesias
(1978); Iglesias and Chirife (1982), Boquet et al., (1978) and Weisser (1985).

The Brunauer, Emmett and Teller (BET) formula (application range 0.05
< a,<0.45) is one of the most widely used models to characterize the monolayer
water. The theory supposes, among other things, that the binding energy of the
monolayer is the same for all the water molecules and on the other layers is equal
to that of pure water. Although the theoretical assumptions are incorrect for
heterogeneous food surface interactions, for practical purposes this equation has
been found very useful in determining the optimum moisture content (i.e., that
corresponding to the monolayer water) for storage chemical stability of
dehydrated foods (Rahman and Labuza, 1999). The Guggenheim, Anderson
and de Boer (GAB) equation (applicability range 0 < a,, < 0.9), now recognized
as the most versatile sorption model and recommended as such by the European
COST 90 Project, modifies the BET model to take into account the energies of
interaction between the first and distant sorbed molecules at the individual
sorption sites. It also allows calculation of the monolayer water (Maroulis ef al.,
1988).
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8.7 Future trends

The food scientist involved in product development, process design or
production, no matter if the preservation technology is novel or traditional,
continues to be confronted daily with the desirable or undesirable effect of water
on the food material and its role in mass transfer, chemical and microbial
reactions and in determining its shape, structure, physical and chemical
properties. There have been significant advances in the understanding of
microbial homeostatic responses to reduced a,, in the past thirty years and also in
the development of predictive models. This quantitative approach has been
mainly orientated towards the growth of pathogens in foods preserved by the
interaction of a,,, pH, temperature and traditional antimicrobials. Future major
advances in the control of a,, as a means of food preservation will be contingent
upon the following points:

o the improvement of food sensory aspects resulting from a lowering of a,, and
the refinement of techniques controlling a,,

o the use of predictive microbiology to select and combine on a scientific basis
other less conventional hurdles (traditional and emerging) with the control of
ay, in such a way that microbial stability and safety can be assured while
retaining sensory acceptance and nutritional characteristics. Quantitative data
allow the prediction of adequate and necessary levels of each hurdle, keeping
their levels at a minimum.

8.8 Sources of further information and advice

For readers interested in pursuing the concepts further, a number of reviews and
books treat various aspects of preserving food through a,, control. Particularly
recommended are books by Troller and Christian (1978); Rockland and Stewart
(1981); Rockland and Beuchat (1987); and Simatos and Multon (1985); and the
ISOPOW symposium conferences published by Fito et al., 1994; Welti-Chanes
and Barbosa-Canovas, 1995; and Roos et al., 1999.
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9

Developments in conventional heat
treatment
G. Bown, Alcan Packaging, UK

9.1 Introduction

The delivery of an adequately lethal thermal process is central in the
preservation of food by the application of heat, both to prevent a risk to public
health and to achieve a commercially reliable shelf life for the food.
Conventional heat treatment systems must reliably deliver the required thermal
process and at the same time accommodate many product, process and package
variables and their interactions with each other and the thermal process. By its
very nature, thermal processing has a detrimental effect on some food quality
attributes and the food processor must design the thermal process to balance the
unavoidable needs of commercial sterility with the commercial desire to present
a high-quality product.

This chapter offers a short review of conventional heat treatment systems for
delivering sufficiently lethal thermal processes, concentrating on retorts for
sterilising and pasteurising batches of sealed containers (cans, semi-rigid heat
sealed containers and flexible pouches). References are included to indicate
sources of more detailed information. In addition, commonly encountered
process variations and the interactions between product, process and packaging
is discussed with particular reference to semi-rigid and flexible plastic packag-
ing, to provide the processor with some insight into the influence they may have
on commercial thermal processes.

9.2 Thermal technologies: cookers

The preservation of food by the application of heat is achieved by the large-scale
inactivation of viable micro-organisms. Clostridium botulinum is generally
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considered to be the most heat resistant food poisoning organism and so the
organism most likely to survive a thermal process. Surviving spores of this
organism can germinate in the container and produce toxins in the consumer,
which often prove fatal. The thermal process is required to achieve commercial
sterility, that is ‘to render the food free from viable micro-organisms, including
those of known public health significance, capable of growing in the food at
temperatures at which the food is likely to be held during distribution and
storage’ (DHSS 1994).

The severity of the thermal process selected to deliver sufficient lethality to
ensure that processed foodstuffs achieve commercial sterility, the required shelf
life and do not pose a risk to public health, is a function of the probability of
survival of target organisms. A wide range of variables including the level of
water activity within the product and the pH of the product, influence the
probability of survival of target organisms in a given food product. These too
need to be considered when defining the boundary conditions of a thermal
process.

In general, pathogens are more heat resistant than non-pathogens and so
populations of pathogens need to be exposed to higher temperatures, often for
longer times than populations of non-pathogens, to achieve a state of
commercial sterility. There are exceptions to this generalisation and so the
food processor must ensure he has a full knowledge of his products and
processes. If necessary, advice can be obtained from industry experts, for
instance the Campden and Chorleywood Food Research Association (CCFRA)
(contact details are given in 9.8.2.).

The temperature of target organisms enclosed within sealed containers of
foods, when subjected to a thermal process delivered by a retort, is increased by
the application of heat to the outside of the container, delivered via a heating
fluid (steam, steam/air mixture or water (immersion or spray systems)) and
subsequent heat transfer from the inner surface of the container, via the foodstuff
and its covering fluids. In the context of commercial sterility, it is usual to define
the location of the target organism as that where the probability of survival is the
highest, usually at a point that heats slowest.

Given that a satisfactory thermal process achieves commercial sterility within
a container of food, the food processor must take care, as far as possible, to
maintain this state to the point of sale and beyond. Food containers are designed
to be robust and to survive the handling anticipated during factory production
processes, packing, storage, distribution, retailing and eventually domestic
carriage and storage. The food processor must ensure that the production process
does not reduce the durability of the container and its seals and that handling
systems do not present new microbial challenges to the finished product (for
instance handling when wet with the attendant risk of post-process spoilage).

Conventional cookers under consideration here are those that deliver a
thermal process to foodstuffs sealed inside an appropriate container (e.g., can,
semi-rigid plastic container with heat sealed lid, heat sealed flexible pouch) by
the application of wet heat (steam, steam/air mixture and or hot water
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(immersion or water sprays)). Other systems exist that deliver pasteurising and
sterilising processes to foodstuffs in other situations, for instance, aseptic
systems bring food products directly into contact with heated surfaces or
systems that generate heat by the direct application of electrical energy (Ohmic
heating), before they are sealed inside a container or systems where ultra-high
pressures are applied to denature the physiology of target micro-organisms (high
pressure treatment). Discussion of these systems is not specifically included,
however some aspects of these discussions will be applicable.

Food industry cookers of the type considered in this chapter, use steam as the
primary source of heat applied to the container, given its practical ability to be
efficiently generated, managed and moved around a factory area and its high
capacity to deliver large quantities of heat to cooler surfaces as it condenses and
gives up its latent energy. These cookers fall into two basic categories,
continuous and batch according to the flow of packaged products.

e Continuous cookers apply a thermal process to a moving procession of
containers. The thermal process is divided into stages that are performed in
certain sections of the cooker. The ‘ends’ of the cooker allow unprocessed
containers into the cooker and processed containers out.

e Batch cookers are completely closed before a thermal process starts and
remain closed until the thermal process cycle is complete.

In general, continuous pasteurisation is achieved in open-ended tunnels at
atmospheric pressure, where (usually hot filled) containers move on belts
through high velocity water sprays arranged in zones at different temperatures
(pre-heat, cook and cool). These systems have traditionally been used to
pasteurise products in cans and glass jars but more recently, have been used to
process products in semi-rigid and flexible plastic packaging. However care is
required to maintain seal/container integrity and to ensure adequate lethality is
delivered to achieve ‘commercial sterility’ relative to the target organism,
particularly given a maximum cook temperature of about 98°C in atmospheric
pressure conditions.

Traditionally, sterilising is achieved in pressurised systems since much higher
temperatures are required and a pressure is required to permit these temperatures
to be achieved using steam (typically 121°C requires an atmosphere of about
Ibar above atmospheric pressure (1bg)) and so sterilisers need to be closed to
maintain an internal pressure.

A continuous hydrostatic cooker collects cans (and sometimes bottles) end-
to-end to form a ‘stick’ in a carrier system slung between two chains. The chains
move the procession of carrier bars and containers through two open-ended
water columns, one each side of a steam chamber (pre-heat and pre-cool water
columns). The height of water balances the pressure within the steam chamber
(and so the cooker is in the form of a tower perhaps 25 m high) and effectively
closes the pressurised sections of the cooker. The chains also take the containers
past columns of cooling water sprays en route to the discharge point. These very
large cookers can operate at speeds in the order of 1,000 containers per minute.
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A smaller and slower continuous cooker type, that has found more
applications throughout the food industry, uses entry and exit valves to permit
round containers into and out of process chambers, some of which are under
pressure (cooking chamber) and others at atmospheric pressure (pre-heating and
cooling chambers). The valves connect the chambers and permit the transfer of
containers without disturbing the environment within the chamber. The cans
move along a rotating reel and are guided by a static spiral track welded to the
inside of the process chamber. The containers are able to spin as they roll along
the lower (third) of the chamber, imparting a significant amount of agitation to
the enclosed products, increasing heat transfer rate significantly. This style of
continuous cooker achieves speeds in the order of 300 containers per minute and
is generally designed to suit specific product and container applications. The
non-cylindrical non-rigid nature of semi-rigid and flexible containers makes
them unsuitable for this type of cooker.

Batch cookers have been in use from the very beginnings of heat processed
foods. In their simplest form, they are pressure vessels with bolt-down lids and
are connections to steam and cooling water supplies and to vent and drain lines.
These simple cookers are often controlled manually and provide a thermal
process adequate for traditional rigid cans. Modern batch cookers have added
sophistication to allow independent temperature and pressure control, to agitate
foods by rotation and to perform thermal process cycles totally automatically.

A growing number of food processors deliver sterilising processes to semi-rigid
and flexible packaging using overpressure batch cookers that allow the processor
to control chamber pressure independently of temperature, and so develop
pressures higher than those usually associated with pure steam to maintain
container geometry and integrity. It is possible to manage and synchronise the
cycles of a series of batch cookers so that unprocessed containers flow
continuously towards them and processed containers flow continuously away so
that the system provides continuous cooking. However, at the point of thermal
process delivery, the individual cooker performs a batch process.

Retort systems are also becoming more fully integrated with energy saving
and energy recovery systems to minimise costs and reduce their impact on the
environment and energy consumption. The canning industry has used batch and
continuous cookers for very many years and a great deal has been written by
very many to describe their operation including May (2001), CCFRA (1997a),
NFPA (1982) and of course, cooker manufacturers some of whom are listed in
section 9.8.1. This chapter will deal principally with batch sterilisers and will
consider in particular their interaction with semi-rigid and flexible containers.

9.3 Thermal technologies: retorts

A wide range of batch sterilisers (usually called retorts) are available, ranging
from simple pressure shells enclosing sealed food containers which allow live
steam to condense and give up its energy directly to the surface of the food
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containers, to complex thermally efficient systems that use highly agitated but
re-circulated water or steam/air mixtures to transfer heat from indirect steam
heated heat exchanger surfaces or by direct steam injection, to sealed food
containers. Some retorts increase the rate of heat transfer from the container
surface to the food by agitating the foodstuff inside the container. These retorts
induce movement within the container by rotating the containers about their
vertical or horizontal axis and either cause the food to move under the influence
of gravity or move a gaseous headspace through the foodstuff, using its natural
inclination to rise to the (current) top of the container. Not all foods are
appropriate for this treatment, for instance, delicate noodle soups may incur
mechanical damage or solid pack meats simply may not move at all. For those
appropriate food products, rotation may also help minimise the degree of over-
cook delivered to perhaps heat sensitive products.

Most recent retort styles have horizontal pressure shells, sometimes two
shells are employed within a single system, arranged one above the other. The
upper pressure shell may be used to store cooling water during the cooking
phase or pre-heated water during the cooling phase or may in fact be used as an
‘extension’ to the process chamber below to allow careful over-pressure control.
Whatever the design style, all retorts share two common design principles.

e To provide environments where temperature is both predictable and
controllable and where all points enclosed within the retort achieve the
same temperature at the same time so that the same quantity of heat is
delivered to all containers at the same time, causing the probability of
survival of target organisms to fall at the same rate in all containers (all
within practical limits).

e To provide an environment that maintains the integrity of the sealed food
container throughout the cycle, to the extent that the seal integrity is not
threatened and the product not contaminated by ingress of retort fluids or
subsequent infection as a consequence of weakened or breached seals.

9.3.1 Heating and cooling cycles

The retort cycle may be divided into two sections: a cooking section during
which time sufficient thermal lethality is delivered to achieve commercial
sterility and a cooling section to remove heat from the foods to minimise the
detrimental effects of heat on certain aspects of product quality (over-cooking)
and to avoid extended periods of time at temperatures likely to incubate any
remaining viable or recoverable organisms.

The cooking section is usually preceded by a series of process control valve
sequences and environment changes (variously called venting, pre-heat or come-
up) that ensure heat is delivered at the same rate to all food containers enclosed
within the retort. In some systems this sequence is required to remove air from
the retort to achieve a pure steam environment (venting) and in others, the
sequence excites and pre-heats a heat transfer fluid (water, air or a mixture of
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steam and air — pre-heating). Whatever the sequence, the effect is to increase the
retort temperature to the cook temperature (come-up). Also during this time, an
amount of food product pre-heating occurs. In some situations this can reduce
the extent of initial temperature variability from one container to another (those
containers that enter the retort early in the loading cycle may cool whilst others
are loaded and the cycle start prepared). The start of the cooking period is
usually defined as the point in time when the retort temperature achieves the
required cook temperature and is stable within defined limits (generally regarded
as +1°C to —0.5°C) (DHSS (1994) & NFPA (1982)). During the cooking period,
temperature is generally held constant for a defined period of time within
defined tolerances.

In general, the delivery of lethal heat (‘the effect of exposure to temperature,
under specified conditions, transformed mathematically in order to give a
measure of sterilisation achieved’ (DHSS (1994)) occurs during the cooking
period when retort temperature is controlled within the defined tolerances and
the behaviour of the product and package is predictable and allowed for during
thermal process design.

Populations of organisms located at the point of slowest heating within most
food products in most containers, will continue to heat after the end of the
cooking period (particularly if the onset of cooling occurs slowly), but the
contribution that this period of heating makes to the total delivered lethality is
generally not included when a given retort cycle is assessed against the target
lethality, since temperature during these phases is generally not controllable or
predictable to the required tight tolerances and because the behaviour of the
product, and in particular semi-rigid and flexible packaging, is not predictable.
Similarly the lethal contributions made during phases before the cooking period
are generally not included. However, some thermal processes delivered in
carefully controlled retorts may accumulate ‘lethal heat’ during other parts of
the retort cycle (for instance, pre-heating, pre-cooling or cooling) but only if the
temperature achieved in the retort falls within the required limits and the effect
of those other parts of the retort cycle on the product and container are
predictable and allowed for during thermal process design. The efficacy of the
thermal process is required to achieve Commercial Sterility so the variables that
govern the delivery of lethal heat become Critical Control Points and should be
controlled and managed via a HACCP scheme.

The transition between cooking and cooling usually takes place very
carefully since it is important to ensure all food containers stop heating and
begin cooling at about the same time to reduce the variability of the effects of
heat on quality, from one container to another (for instance if those containers
close to the cooling water entry point cool faster than those further away — so
those further away suffer the effects of heat for longer). Also during this
transition time, the atmosphere inside the sealed food container may change
rapidly and there is a risk that differential pressure changes (pressure inside the
food container relative to that outside in the retort environment) across the
container walls may pose a risk to the integrity of the container (if for instance
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sudden cooling causes retort steam to collapse and retort pressure to fall very
quickly while there is still a pressure within the container). The cooling section
is usually completed by a drain down/recovery sequence that returns the retort to
its start conditions ready for the next cycle and allows an opportunity to unload
one batch of food and load the next.

9.3.2 Atmospheric and pressurised systems

The pressure inside the sealed food container will change to reflect the
temperature achieved inside the container, as the retort cycle progresses. The
need to minimise the risk to container and seal integrity posed by differential
pressures developed across the container walls and/or lid, usually requires a
pressure to be developed within the retort to balance and even slightly exceed
that developing within the food container. This retort over-pressure is often
maintained throughout the cooking and cooling sections of the cycle and is often
particularly carefully controlled during the transition from cooking to cooling.
This maintains a prescribed differential pressure.

Retort overpressure is also applied to semi-rigid and flexible package formats
to maintain their geometry throughout the retort cycle. Controlling package
geometry in this way ensures that package geometry does not become a variable
that may influence the rate of heat transfer to the food within the container and
so does not influence the lethality actually achieved at the target population
(e.g., ballooning pouches — where heat transfer rates will be slower than in
pouches maintained in a parallel-sided ‘slab’ format).

There are occasionally situations where some retort cycles (e.g., some
pasteurising processes in the order of 90°C) do not induce pressures inside
containers likely to pose a risk to container seal integrity, particularly when
those seals are very strong or when the container is sealed under vacuum. In
these situations, it may be possible to achieve an acceptable retort cycle without
the need for overpressure — or indeed any pressure above atmospheric pressure.
In these situations, the food processor must be sure that in-container pressures
pose no risk to container seal integrity and that container geometry is either
constant or any geometry changes are taken into account when defining the
thermal process.

9.3.3 Process control and process records

The amount of process control equipment required to perform the retort cycle, is
generally proportional to the process cycle sophistication. The trend in recent
years has been towards process automation using microprocessor-based systems.
Bown (1985) describes one of the earlier such systems. Control system
architectures tend to be distributed (for process integrity and autonomy) with
centralised data handling. This approach also allows simpler operator interfaces
and allows a system to grow and expand as process capacity expands. Local
control systems, looking after a single or perhaps a small number of retorts,
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generally employ off-the-shelf microprocessor-based Programmable Logic
Control systems with customised sequencing and control loop software. Central
data handling computers use customised software to handle logistics, operational
and supervisory tasks.

In some cases, control software automatically compensates for process
deviations by adjusting live process temperature and/or process times according
to prescribed rules. In particular, FMC employ systems in their ‘Logtech’
control system, to compare actual delivered lethality with that calculated by a
numerical model to indicate live process deviations and to automatically adjust
the thermal process to compensate for the deviation. Further information may be
obtained from FMC (address given in 9.8.1) and the extensive bibliographies
given in CCFRA (1997b) and (1997¢c).

Retort process controls of whatever complexity should conform to the
established guidelines for accuracy, repeatability, safe and reliable operation and
ensure that the required lethality is accurately and reliably delivered to every
container of every load processed. Guidelines have been established to define
control performance, data collection and process recording (DHSS 1994). Process
control variables that need to be logged and recorded include retort temperature
with time, cook temperature confirmed by the Master Temperature Indicator
during the cook time, rotation speed (if rotary agitation is employed) and some
unique process cycle identification that links a specific group of containers to an
individual process cycle, in the event that the cycle is shown to be deficient and the
group of containers needs to be withdrawn from saleable stock.

The tolerance for temperature control has generally fallen as control systems
improve. The smaller the tolerance, the more opportunity there is to optimise the
thermal process since the degree of overcook can be better controlled. In
general, modern retorts are expected to achieve cook temperatures to better than
+0.5°C from process to process and retort to retort, and better than +£1°C from
point to point in a given retort regardless of load, generally within two minutes
of first achieving cook temperature.

9.3.4 Commercial sterility

An empirical approach is generally used to investigate the efficacy of a thermal
process in a given practical situation, to determine if commercial sterility is
achieved. Temperature measuring equipment is positioned at the point of
slowest heating within a container (the point where the probability of survival
for a given organism is greatest) and a method of ‘lethal rate summation’ at that
point is used to determine the actual delivered lethality and hence the probability
of survival of a target organism. This approach is used to develop thermal
process designs to suit new products, packages and process systems. The
approach is also used to establish and qualify new production scenarios ahead of
commercial use and is used to validate all processes at regular and frequent
intervals during the lifetime of the specific production and on every occasion
when critical process parameters change.
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CCFRA (1997b), CCFRA (1997¢c) and DHSS (1994) present the approach in
practical detail and discuss the microbial connections between practical heat
transfer and achieved lethality. Specialist instrumentation has been developed to
assist process evaluation. Devices have been developed to measure temperature
and pressure inside a container, to measure the deflection of container surfaces as
they respond to changes in differential pressure (note: the physical and
mechanical properties of most plastic containers are a function of their tempera-
ture) and to measure rotation. Further specifics can be obtained from equipment
suppliers, contact details for one of the major suppliers is given in section 9.8.3.

A wide range of variables influence actual delivered lethality and each must
be accounted for in the series of experiments that comprise the empirical
approach described earlier. The series of experiments should extend to provide
an understanding of all the variables connected with the thermal process, the
package format and all the interactions with products and upstream/downstream
processes. It is the duty of food processors to exercise Due Diligence in the
establishment of thermal process regimes and to ensure their Duty of Care to the
consumer is properly fulfilled.

A HACCP study conducted by those with a full understanding of both the
HACCP concept and the thermal process situation may help determine which
variables are most significant in a given situation. CCFRA (1997a) presents an
example HACCP study for sterilising or pasteurising foods in a raining water/
spray water retort.

9.4 Using plastic packaging in retort operations

Food packaging is evolving, conventional cylindrical cans are changing shape
and becoming thinner and so more susceptible to damage by inappropriate
differential pressure during retorting. Retortable plastics are becoming
commonplace and a growing number of new products are appearing in heat
sealable semi-rigid plastic containers with multi-layer plastic lids or multi-layer,
heat-sealed flexible pouches. Consequently, retort technology is evolving to
match.

Process styles and process control systems are comprehensive and
sophisticated and the ‘furniture’ of retorts (container specific trays, transport
crates, etc.) is custom designed to accommodate many specific package shapes
whilst maintaining adequate fluid spaces around packages to ensure the basic
design criteria are met in terms of minimum permitted variation in achieved
lethality from any point to any other point within the retort. These trends in
packaging and retort styles are in line with the drive towards lower
manufacturing cost and higher integrity processes to match the insatiable drive
towards retail product differentiation and market share. Typically, retortable
plastic containers are produced from co-extrusions or laminates of various
polymers, including polypropylene, oriented polyamide, polyethylene-
terephthalate (PET) and polyethylene. They generally have polymer oxygen
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and moisture barriers and have sophisticated peel systems and other easy open
features.

The use of semi-rigid and flexible plastic packaging adds to the list of
potential variables that influence achieved lethality. The interactions between
product, package and process add still further to the list, making a thorough
understanding of the situation even more necessary if sub-lethal processes are to
be avoided. At one end of the scale is the potential to breach the heat seal and so
induce leaks, by inappropriate differential pressure (both positive and negative
differential pressure) whilst at the other is the need to achieve and maintain a
predetermined container geometry to allow the movement of heating and
cooling fluids around the outside of the container and to achieve expected heat
transfer rates within the container. To further complicate the situation, variations
in filled weight, headspace volume, headspace gas density, container volume,
the physical behaviour of the container materials within the retort and other
aspects of the pre-retort process and the package design, interact with the retort
environment to produce influences on achieved lethality that have the potential
to change an otherwise optimised thermal process into a sub-lethal process, with
all the attendant risks to public health.

Whilst achieved lethality is a function of the interactions between the
product, package, pre-retort production line processes and the delivered thermal
process, semi-rigid and flexible plastic packaging formats have a greater
influence on achieved lethality than rigid and metal containers simply because
their geometry is not necessarily predictable or constant and is influenced by so
many of the package and production line variables. It is true that the geometry of
rigid metal containers is also sensitive to many of the same variables, but the
influence of these variables on achieved lethality in rigid containers is generally
far less significant.

The following discussion outlines some of the interactions between products,
pre-retort processes, plastic packages and the retort process and relates them to
their influence on achieved lethality. It should be noted that the relative
significance of these variables and their influence on achieved lethality is
specific to each production line, product and package.

9.4.1 Package geometry

The overall shape of a package can be such that it contributes to reducing the
detrimental effects of the retort process on certain aspects of product quality, by
minimising the time required to achieve target delivered lethality by reducing
the distance heat is required to travel to reach the target site. This is particularly
evident with flexible pouches where the surface to volume ratio is high and the
overall thickness of the package is relatively thin. Semi-rigid containers, perhaps
to a lesser extent, achieve the same effect. They tend to be basically flat
cylindrical or rectangular shapes, some of which are multi-compartment trays
that further increase the heating surface area and reduce the distance to the
slowest heating point.
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The headspace in flat cylindrical or rectangular shaped semi-rigid containers
tends to have a large surface area contact with the food product and whilst the
headspace volume may not be large compared to the volume of the container, it
will have an insulating effect, resisting heat transfer to the upper surfaces of the
product and so reducing the surface area of product in direct contact with the
heated sidewalls of the container. The effect is reduced when semi-rigid
containers are arranged ‘lid down’ whilst in the retort, particularly since the
headspace volume will be contained in the smaller proportions of the base of
the container. Faster heating and cooling and the consequentially reduced
detrimental effects of heat on certain aspects of quality are often regarded as
opportunities to claim improved production rates (shorter retort cycle times)
and improved product quality compared to the same product in a cylindrical
can.

The container designer and the food processor need to consider the likely
changes to container geometry during retorting if container shape is to be
optimised. It is therefore necessary to fully understand and control the variables
that influence container geometry during retorting. A number of common
variables and their means of control are included in later discussion. The
following list outlines some of the variables considered most significant:

e Headspace volume (derived from container volume, filled volume, area of lid
applied to a semi-rigid container, position of the heat seal on a flexible pouch
relative to the edges of the plastic laminate).

o Headspace gas pressure (derived from flush gas pressure, sealing machine
vacuum cycle (if any), gas composition (since some gases dissolve into the
product), product fill temperature).

e Mechanical and physical properties of component polymers with temperature
and with differential pressure (tendency to stretch or shrink, adjusting
enclosed volume).

e Gas content of product (gas tends to be driven out of some products during
retorting, adding to the gas pressure in the headspace).

e Retort pressure and temperature.

9.4.2 Interaction between temperature and pressure

Fundamental laws of thermodynamics link temperature and pressure. Of
particular interest here is the saturated steam pressure for a given temperature
since retort processes generally involve air, water and steam. Overpressure is
generally regarded as that pressure applied by the retort above the saturated
steam pressure appropriate for the environment temperature, at that moment in
time. Overpressure may thus be constant even when retort pressure is a variable
with time. In general, overpressure is applied either by the pressure of steam
supplied into a gas space above water in a water immersion process vessel (for
instance in a Stock Rotomat) or is applied by compressed air either mixed with
steam in a process vessel (for example in a LaGuarde retort) or applied directly
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to the process vessel in the presence of heated water in a water spray style retort
(for instance a Barriquand retort).

It is possible to superheat water in a retort. That is to maintain water as a fluid
at temperatures above 100°C. Water spray retorts and water immersion retorts
are operated at pressures above saturated steam pressure for the required retort
temperature. Typically, a Barriquand retort circulates water at 121°C and about
3 ba (bar absolute) — according to the needs of the container (note: saturated
steam pressure at 121°C is 2ba so a retort pressure of 3 ba provides 1 ba
overpressure).

9.4.3 Influence of pressure generated within a container

The absolute pressure generated inside a container is a function of the initial
pressure in the headspace at the time of sealing (sometimes a vacuum is
achieved) and the temperature achieved within the container (and other
variables). The gases in a container headspace heat faster than the product
and so it is likely that a pressure is generated within the container almost as soon
as the retort temperature exceeds that of the headspace gases. The container
walls and seals take the strains produced by this internal pressure. Given that
seal strength is sometimes reduced at retort temperatures as plastics soften as
they get hot, it is possible to breach the seal during the first few minutes of the
retort cycle. The container may be ‘inflated’ during this part of the retort cycle
and may be constrained by elements of the retort ‘furniture’. This may help
reduce the strain otherwise taken by the container walls, particularly if the
container is a flexible pouch. The strain applied to the seals during this period of
the retort cycle is likely to be increased if the retort overpressure is not yet
established or adequate to maintain stable geometry. As the retort cycle
progresses, entrapped gases are ‘expanded out’ of the product cellular structure
and join the gases in the headspace already expanding and acting on the
container, adding to the strains applied to the container walls and seals. As the
product temperature passes 100°C, water begins to turn to steam and further
pressure is developed in the headspace.

It is important to apply the appropriate amount of overpressure early enough
to maintain container geometry and to reduce the differential pressure to
minimise strains on heat seals. Appropriate overpressure is also required to
prevent the component films of semi-rigid container lids and flexible pouches
from stretching beyond their elastic limit (where deformation may be permanent
or where the material may break) or beyond a point where internal strains are
applied within the structure that may reduce or even overcome the bond
strengths of adhesives that maintain the laminate integrity. Local or widespread
delamination may occur in the laminate if bond strengths are exceeded by these
internal strains, which will add to the risk to package integrity and may reduce
the performance of barriers otherwise provided by the laminate.
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9.4.4 Pressure considerations during cooling

At the onset of cooling several pressure-related aspects may change
dramatically. Steam within the retort environment is likely to condense at the
moment cold water is introduced so that retort pressure may fall dramatically if
not otherwise controlled. In severe cases, the collapsing steam develops a
vacuum within the retort suddenly increasing the differential pressure across
container walls and seals by significant amounts (likely to be at least 1 bg and
could be as high as 2bg). The risk to seal integrity is very high if this occurs.
Therefore, commercial retorts control the transition from heating to cooling very
carefully and generally introduce an intermediate step to replace the pressure of
live steam in the retort with air pressure.

The steam environment inside the container is also just as likely to collapse at
the onset of cooling, however this collapse is likely to occur a few moments after
cooling starts (assuming the seal has not been breached already by collapsing
retort pressure) since the hot product will tend to replace heat taken out of a
gaseous headspace by retort cooling water and will thus support headspace
pressure. The containers most at risk are those very close to the cooling water
entry where they may receive a ‘direct hit’ from inrushing cooling water. The
gentle nature of commercial retorts generally ensures that incoming cooling
water is distributed evenly throughout the retort and is cooled slowly from
cooking temperatures to avoid just this situation.

Overpressure is generally maintained during cooling to avoid sudden retort
pressure changes and to continue to act upon the container since, once the initial
shock of the onset of cooling has passed, the still hot product inside the
containers is likely to continue to generate steam or expand headspace gases and
hence support headspace pressure for several minutes. The plastics of the
container are also undergoing change during cooling. Just before cooling begins
the plastics are likely to be under stress, either inflated because internal pressure
is greater than retort pressure or deflated if the pressures are applied the other
way round. Flexible plastic laminates are likely to be under tension or may even
have stretched (but hopefully below their elastic limit) by the end of the heating
phase.

At the onset of cooling, the thin plastic laminates of semi-rigid container lids
and those of flexible pouches are ‘frozen’ at their current size and shape. If
cooling continues and the laminates remain cold (likely as cooling progresses),
the new ‘shape and size’ is likely to be fixed. If semi-rigid container lids are
stretched when cooling water reaches them, they are likely to remain at this new
surface area and so appear to be loose at the end of the retort cycle. Flexible
pouches that may have been close fitting around the product may later appear
looser too for the same reasons. Some polymer laminates may recover after a
few days, depending on their structure and the degree to which they were
stressed and may sometimes return to their pre-retort size and shape.

The relative size of the lid and its semi-rigid container is sometimes
exaggerated if the container shrinks during the retort cycle. Round
polypropylene container diameters may shrink as much as 5% depending on
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retort temperature and the residual stresses remaining in the structure from
thermoforming. Shrinkage is often non-linear too, so that a round container may
shrink more in one direction than another — leaving the container oval post
retort. Thus even if the laminate of the lid recovers post retort, it still may appear
‘looser’ than it would otherwise.

In some situations, where internal pressure is significantly higher or
significantly lower than retort pressure, the walls of semi-rigid containers may
also stretch beyond their elastic limit, stretching either inwards or outwards.
When the internal environment settles some time after retorting, the stretched
area may appear as a dent in the container wall. Note that this dent may be the
consequence of too much overpressure and so the cure for this situation is not
always to increase overpressure as may be the cure for similar situations with
cans!

Given the complexities of temperature and stress related plastic behaviour at
the onset of cooling and during cooling, it is usual to maintain retort over-
pressure, to attempt to retain the container geometry, until the temperature at the
slowest cooling point within the container (not always the same point as that
which heats slowest given the geometry changes that may have taken place
during heating) falls below about 80°C and then to slowly reduce overpressure
until about 0.3 bg remains to the end of cooling. This remaining pressure is often
used to ‘assist’ the water from the retort during draining and so may help reduce
cycle time.

9.5 Dealing with variables during processing

The degree of interaction between production line variables, achieved lethality
and container integrity is specific to individual situations and in principle may
be different for every single container, given the high number of influential
variables and the wide range of conditions encountered along a commercial
process line. The sensitivity of the retort process to these variables must be such
that achieved lethality and container integrity is not compromised and so two
things must be achieved for reliable commercial sterility.

e Production line variables must be monitored and controlled within prescribed
limits.

e The retort process must be designed with sufficiently wide operating
tolerances so that production line variables are not permitted to compromise
container integrity and achieved lethality.

This generally requires in-line control systems to be established and maintained
and generally implies a degree of overprocessing (extended cooking beyond the
point at which Commercial Sterility is otherwise achieved) is included to
account for the ‘worst case’ lethality scenario. The following discussions
provide a guide to some of the most often-encountered influential production
line variables that need to be considered when establishing an effective thermal
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process and when investigating process difficulties experienced from container
to container.

9.5.1 Containers

Variations in container volume may influence headspace volume which, in turn
may influence heat transfer rates and differential pressure across the container
walls and hence package geometry during retorting and so ultimately may
influence achieved lethality and pose a risk to seal integrity. The brim-full
volume of semi-rigid containers is generally closely controlled by the thermo-
forming or injection moulding process, nominal values and acceptable
tolerances usually form part of the supplier’s specification and so variations
in brim-full volume are not normally significant sources of headspace volume
variations. However, the total enclosed volume of a semi-rigid container can
often become a significant variable if the area of lid applied during sealing is not
a constant. This is discussed later with respect to filling since it is possible for
filling conditions to influence the area of lid applied to the semi-rigid container.
The brim-full volume of flexible pouches is also usually well controlled. In
practice, there are sometimes small differences in brim-full volume between
batches but variations in brim-full volume should not be significant sources of
headspace volume variations.

The total enclosed volume of flexible pouches may be a larger variable since
the position of the final (usually top) seal usually depends on the means by
which the pouch is located in the sealing machine’s sealing jaws, the geometry
of the pouch when filled and the position of the gusset (in the case of a stand-up
pouch) and hence its contribution to pouch volume, at the moment of sealing.
Variations in the total enclosed volume of pouches may also occur because of
variations in the position or efficacy of the guides or formers which help shape
the pouch on its route through the sealing machine. Significant variations are
also likely if no means are used to ‘fix’ or define filled pouch shape or total
enclosed volume.

9.5.2 Filling

In general, containers are either filled by weight or by volume. The bulk density
of the product and the relative size of the product particulates compared to the
container, influence the filled volume of those containers filled by weight.
Consequently headspace volume and headspace gas pressure (including effects
due to variations in the volume of gas trapped in variable amounts of product)
will be influenced. The filled weight of those containers filled by volume is
likely to be influenced by the specific density of the product and so the heating
characteristics of the product may be influenced. Containers filled by counting
particulates into the container are likely to be influenced by both sets of
variables, given that natural food products can rarely be cut into particulates
with uniform volume and weight. Whichever filling method is adopted, under
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weight and over weight filling will influence the headspace volume and hence
headspace gas pressures. Gross over filling may also cause product to stack
above the normal fill level and may influence the shape of a pouch at the
moment of sealing or even add to the surface area of a semi-rigid container lid,
‘draped’ over a too-high product.

At its simplest, under and over filling may influence the final container shape
(e.g., loose lids, oversize pouches) but at its most severe, over filling may slow
down heating rates to the point where the prescribed retort cycle fails to deliver a
sufficiently lethal process. Both conditions are likely to threaten seal and
container integrity.

e Additional product in over filled containers will carry with it additional
entrapped gases that may occupy a smaller than normal headspace volume
inducing higher than normal headspace pressures.

e Very large headspace volumes and lower than normal product levels in under
filled containers, are less likely to support the concave shape of lids on semi-
rigid containers during periods of overpressure in the retort, which may be
stressed beyond their elastic limit (to the point where the material may
permanently deform or may fail) or produce significant stresses at the heat
seals.

In general most products comprise both solids and liquids. Variations in the solid
to liquid ratio are likely to influence the rate of heating and hence delivered
lethality.

9.5.3 Sealing conditions

The strength of the seal achieved in the sealing machine varies with changes in
sealing conditions; seal time, seal face temperature and pressure applied during
sealing. In situations where the production rate changes or when a production
line stops and starts frequently, it is possible for the heat delivered to the seal
face to change as the (usually) electrical heaters respond to changing demands
for energy. This variable heat flux is particularly significant if the temperature
controller has a simple ‘proportional-only’ or a rudimentary ‘on/off” control
response.

The valve sequences that perform gas-flushing operations during the sealing
cycle generally rely on a combination of electronic control and pneumatic
actuation via pilot valves. These pilot valves control air signals that are sent to
actuate process valves and so control the flow of flush gases, the application of
vacuum and the subsequent release of vacuum. The relative timing of these
valves influences the conditions achieved within the container headspace.

The time taken for the electronics to pass electrical signals to the valves may
be generally regarded as a constant; it is unlikely that there will be any
significant variation in the timing of these signals unless a component fails.
However, the same is not true of the pneumatic systems actuated by these
signals, since the speed at which they respond is a function of internal
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lubrication, cleanliness and wear of moving parts and the cleanliness of
connecting pipes supplying flush gases and vacuum. It is likely that worn valves
or those with dirty or inadequately lubricated moving parts, influence headspace
pressure, the blend of headspace gases (where more than one flush gas is used)
and, where sealing heads and sealing chambers are moved by air-actuated
cylinders, the actual seal time and seal pressure may also be influenced. In
addition, if vacuum release systems are slow to re-pressurise the sealing
chamber at the end of a vacuum sealing cycle and the chamber is opened
mechanically, the sudden inrush of atmospheric pressure may damage the still
hot and ‘wet’ seals, significantly reducing the newly-formed polymer bonds and
weakening the seal. Similarly partially blocked air, gas and vacuum routes may
influence headspace conditions and seal strength since the expected volumes of
air/flush gases will not pass through the system. Good machine maintenance is
the key to reducing these hidden but sometimes very significant production line
variables and becomes important when the assumptions about worse case
scenarios for delivered lethality are developed and when retort process
conditions are defined.

Lethality variations as a consequence of mechanical variations at the heat
sealer are often included in a food processor risk assessment or HACCP study.
Generally, the critical control points and a set of operating tolerances and action
limits are established. However, they are not always considered when
establishing worst-case scenarios to test delivered lethality and to validate
thermal processes.

9.5.4 Headspace control prior to sealing
When container and filling variables are controlled to the point where variations
in headspace conditions are within controlled limits and they are no longer the
source of unexpected variations in achieved lethality and seal integrity, aspects
of the product pre-treatment and the sealing operation need to be considered and
controlled to minimise their influence on achieved lethality and seal integrity.
Headspace variables are essentially headspace volume, headspace pressure
(vacuum) and headspace gas composition. Headspace volume is a function of
container volume, filling variables, the performance of sealing machine valve
sequences and the influences of retort pressure and retort ‘furniture’ design on
container geometry, discussed earlier. Headspace volume is also a function of
the gas content of food products (usually air) at the time of sealing and if
required, the gases used to flush the headspace immediately prior to sealing.
If the product is likely to carry large or variable amounts of gas into the
container, either trapped within the cell structure or dissolved in the liquid
fractions, it is sometimes necessary to de-aerate the product. For most solid
products, this may be achieved during the blanching or pre-cooking process that
may also be used to pre-treat the products ahead of retorting (baked beans,
recipe sauce products). For most liquid products, gentle heating may achieve de-
aeration and gentle handling may avoid re-aeration. This too may also be part of
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the pre-treatment ahead of retorting (pre-cooking recipe sauces, formulations for
soups, preparation of brine).

It is therefore necessary to ensure these pre-treatments achieve consistent
effects on the volume of entrapped gases carried by food products into the
container, so that variations in entrapped volumes of gases that later escape into
the headspace, do not influence headspace volume or headspace pressure and
hence container geometry and achieved lethality and seal integrity during
retorting.

Headspace gas pressure prior to retorting is a function of the gases initially
present in the food, the process that evacuates and/or flushes the headspace and
the gas pressure at the time the container was closed.

In general, and assuming whatever pre-treatments are necessary to regulate
gases contained within the products are complete, sealing machines adjust the
headspace gas pressure and usually replace headspace oxygen with an inert gas
(usually nitrogen). This may be achieved by evacuating the container before
flushing with inert gases and controlling headspace pressure at the time sealing
occurs. After sealing, when the sealing chamber is opened and atmospheric
pressure is applied to the container surfaces, the headspace volume will adjust to
the point where external atmospheric pressure is balanced by any residual
internal partial pressure and stresses taken by the container, its contents and, in
the case of semi-rigid containers, its lid. Generally, atmospheric pressure or a
slight vacuum is achieved inside the container at the moment of sealing and the
headspace gas is slightly compressed as atmospheric pressure is applied when
the sealing tool opens. Usually this means that flexible pouches form themselves
around the product and the lids of semi-rigid containers become dish shaped,
perhaps supported by the product surface.

It is possible that atmospheric pressure will also induce dents in the sidewalls
of semi-rigid containers, particularly if the headspace volume is large or if the
material distribution in the container walls is poor. Alternatively, gas density
may be adjusted according to the selection of flush gases since some gases may
be dissolved into some products (e.g., CO,), vacating the headspace after sealing
and so lowering the partial pressure and increasing the likely compression when
atmospheric pressure is applied to the outside of the container. Although this
approach is sometimes used to balance the gas exchange that may take place
post retort (when entrapped gases are released from the product into the
headspace), it should be noted that it is likely these gases will all be present in
the headspace during retorting, in addition to any escaping from the food
products and so the design of the retort time/temperature/pressure control
profiles needs to account for their contribution to headspace volume and the
likely changes in headspace gas properties.

9.5.5 Heat seal integrity and retorting
The importance of the relationship between seal integrity and retorting is
obvious and some areas of the relationship have been explored already.
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However, a number of heat seal machine related aspects are discussed here. The
heat seal needs time to cool before it may be strong enough to cope with the
differential pressures and temperatures of the retort cycle. During this cooling
time, the polymer bonds produced by the sealing process become stronger as the
polymers revert to a solid phase. Some flexible pouch sealers include a cooling
and seal-ironing stage to ensure the polymer bond strength is sufficient before
the pouch is released for further processing.

Handling systems between sealing machines and retorts, need to be designed
to permit sufficient seal cooling time and to induce least stress at the heat seal,
particularly while the seal may still be hot and relatively weak. These systems
include orientation, buffering and loading systems used to load the crates used in
batch retorts. If a semi-rigid container is bumped into another along a conveyor
or is pushed against a stop, then the container is likely to distort. The points of
contact on the periphery of the container will be pushed closer together at the
moment of impact. At this same moment, two points on the heat seal
perpendicular to the contact points will be pushed further apart as the container
distorts. The consequential shearing action at the seal between the lid and the
container flange is likely to damage the seal, perhaps breaking some of the new
polymer bonds and reducing seal strength or, in severe cases, the shearing action
may cause the seal to break.

Post-retort inspection should detect those containers with broken seals (loss
or gain in weight, seal damage, etc.). Those seals that have been weakened may
be less easy to detect and given that subsequent handling in the factory,
distribution chain, retail situation and consumer handling may not always be
very gentle, weakened seals provide a greater risk to public health than those of
normal strength. It is normal to measure seal strength prior to retorting. Usually
a destructive test is carried out on containers sampled according to a prescribed
plan and taken from production. The Burst Test is normally achieved by
inflating the containers with air using a prescribed protocol, until the seal either
supports a minimum pressure or fails. The test result is used to reflect container
material properties and sealing conditions and is used to indicate that the seal is
strong enough to survive subsequent handling and the retort process without
presenting a risk to public health post-retort. The burst pressure, defined as a
minimum — or a positive result, needs to be established in conjunction with the
retort time/temperature/pressure profiles and with an understanding of the
differential pressures likely to be applied to the seal during the retort process.
Details of a company who builds Burst Testers is given in section 9.8.4. DHSS
(1994) discusses a range of seal tests and integrity concerns.

9.5.6 Time between sealing and retorting

Whilst it is important to allow a period of time between sealing and retorting to
permit minimum seal strength (polymer bond strength) to be achieved, delays
between sealing and retorting can also influence initial product conditions and so
influence achieved lethality. The effects of delays and hence changes in initial
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product temperature and the in-container temperature gradients, whilst perhaps
waiting for a full retort load of containers to be prepared, are likely to increase
the range of delivered lethality.

In some situations it is necessary to introduce a waiting period before the
retort process can begin, for instance, if there is a need to allow time for product
components to interact at filling temperatures (e.g., partial re-hydration of dried
ingredients to establish expected heat transfer rates or expected levels of water
activity) or if a contact time between components is required to establish an
equilibrium (e.g., acidification). Variations in headspace conditions may also
occur during the period between sealing and retorting, particularly if the
headspace contains gases that may be absorbed by the product changing the
volume of gases, gas density and pressure in the headspace. The detail of these
situations must be taken into account when establishing worst-case scenarios,
analysing risks, conducting HACCP studies and establishing and validating
thermal processes.

9.6 The strengths and weaknesses of batch retorts

Batch retort manufacturers appear adept at meeting the challenge of new
container types and materials, the concerns for the environment and energy
conservation, the growing demand for automation and the need to reduce
product manufacturing costs. It is likely that the basic principles of energy
transfer via condensing steam, perhaps via a heat exchanger and automatic batch
control systems will be available to the food processor for many years to come.
Food researchers and microbiologists are likely to keep pace with product
developers and package designers to ensure that the food processor has the
expertise available to ensure that coming generations of new food products,
thermal processes and package formats will not pose a risk to public health.

It seems likely that the current momentum in these research and development
areas, the growing public awareness of the risks of food poisoning and the
commercial pressures to produce more and more high-quality, shelf-stable food,
will encourage more computerised retort process control systems where the
degree of over-cooking, normally associated with product and process
variations, will be trimmed and optimised for the sake of product quality and
process efficiency. It is probable that new forms of preservation may be
combined with conventional retorting to further optimise the delivered lethality
and maximise product quality whilst reducing manufacturing costs. Current
developments in high-pressure pasteurisation are driven by the low energy cost
and low manufacturing cost. Adding a pre-heat process and using ‘adiabatic
heat’ is extending the application of high-pressure processing towards
sterilisation so it seems likely that retort technologies and those of high-
pressure processing may be combined to produce an energy-efficient, apparently
continuous and automatically controlled sterilisation system.
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9.6.1 Strengths

History supports batch retorts. Their longevity is testimony to their adaptability
and their suitability for food pasteurisation and sterilisation. A new food
processor can minimise his capital investment by purchasing only the processing
capacity required to meet current production forecasts and can easily expand as
demand rises. A food processor can reduce the heat treatment component of his
manufacturing costs by adding automation and increasing capacity to the point
where a collection of batch retort systems are synchronised to function as a
continuous process facility, he can add ‘artificial intelligence’ to the loading and
unloading systems to allow the process facility to handle several different
products at one time with the minimum of human interaction and maximum
process assurance.

It is also possible for food processors to mix and match retort styles to suit a
particular range of products and package formats, without losses in overall
operational efficiency. Engineering developments make it possible to improve
plant reliability to the point where the utilisation of pumps, valves,
instrumentation and support services (steam, air, water) is at a maximum,
where components have built-in self-check systems to indicate the need for
recalibration, maintenance or repair and where critical components are
duplicated and arranged to switch over in the event of a malfunction. So when
such systems support batch retorts, the utilisation and reliability of the retorts
will also increase.

When things do fail, when process definitions are incorrect or inadequate to
deliver a sufficiently lethal process, or component systems fail and give rise to
concerns that adequate lethality was perhaps not delivered, the batch nature of
the retort means that the number of containers is limited to those exposed to the
risk — which in turn is a function of how early the risk was noticed. It is at this
point that real-time modelling systems can recover their investment since they
are likely to indicate a change in the risk to public health on a batch-by-batch
basis so that those products that pose unacceptable risk are not released into the
post-retort product flow. There are already some systems that will detect a
process deviation in real time and will attempt to correct the deviation in real
time, so reducing the risk to public health and the financial exposure of the food
processor.

9.6.2 Weaknesses

Whilst the batch nature of retorts is one of their biggest strengths, it is also one
of their biggest weaknesses; the stop/start arrangement of a retort process and
the constant need to move from one environment to another inside the pressure
vessels that comprise a bank of retorts will never reach the steady state
efficiency of a continuous process in which an environment can be allowed to
reach optimum stability as a constant procession of containers moves through.
This implies both thermal and operational inefficiencies since retort pressure
vessels and their supporting subsystems increase heating and cooling loads and
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the additional time required to provide these loads adds to cycle times. Both
aspects contribute to additional processing costs.

The supply of steam, compressed air and cooling water requires considerable
capital investment and adds to manufacturing overheads since each function
requires maintenance and operational staff. Given that the inactivation of
microbial populations in foodstuffs by heat remains the preferred approach, then
other heating systems may prove to be of lower cost, particularly for those food
processors new to the process. For instance, ohmic heating (in which a current is
induced through a continuous stream of moving food product and heating is a
function of electrical resistance) coupled to an aseptic filling system, has a
potentially lower capital cost and a lower manufacturing cost — for a limited
range of products and package types.

As the scale of retort vessels increases to improve operational efficiencies,
process capacities or to improve the capacity/capital investment ratio, the
difficulty of achieving the basic principles of temperature control and heat
distribution become greater. Additional costs may be due to the additional
means of distributing energy evenly throughout the process vessel. Process times
and/or process temperatures may need to be increased to deliver a sufficiently
lethal process to all the enclosed containers. This may impact on the quality of
foods processed in these systems, since the lengthened process cycle or the
higher than otherwise required process temperatures, may detract from heat-
sensitive quality aspects (flavour, nutrition, texture) of the food products and is
likely to limit operational and energy efficiencies.

Another major strength of the batch process may also be seen as a weakness
since the ever increasing complexity of retort ‘furniture’ required to maintain the
geometry of flexible and semi-rigid containers will add to the heating and
cooling loads within the retort system, will add to investment and maintenance
costs and will add to the complexity of loading and unloading handling systems.

9.7 Future trends

Given that the list of weaknesses is considerably smaller than it would have been
some years ago, it is likely that batch retorts will continue to be developed since
they appear to solve more problems than they create and seem to offer a reliable,
generally low-cost means of delivering a sufficiently lethal thermal process to
render most foodstuffs in most containers, safe for public consumption.

It is likely that the number of system-wide controls based on ‘artificial
intelligence’, will increase to add to process assurance and to provide real-time,
on-line process repeatability in terms of delivered lethality rather than a
prescribed time/temperature profile. They may even model or monitor other heat
sensitive attributes of the food so that they are optimised along with delivered
lethality (given that the latter has priority) or may link with sub-systems
distributed within the process vessel, to confirm that the required lethality has in
fact been delivered.
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The growing needs to control pressure and differential pressure in order to
sustain the requirements of heat seals, the growing number of easy-open features
and thinner-walled, perhaps more fragile semi-rigid and flexible plastic
containers are likely to be addressed in the nearer future.

The many significant interactions between pre-retort processes, the package
and the product are under current investigation and are likely to be more widely
understood as these package-formats mature and evolve. Further economic and
ecological pressures are likely to be reflected in more efficient process systems,
improved energy recovery via downstream sub-systems and more widespread
automation.

The skill and ingenuity of the retort manufacturer and rigorous attention to
detail by the food processor will be required to ensure that an adequately lethal
thermal process is delivered to every container in every process so that the
reputation that heat processed food has achieved for public health and safety is
maintained — or even improved.

9.8 Sources of further information and advice

9.8.1 Batch retort system suppliers
The following list of batch retort suppliers is intended as a guide and is not
exhaustive.

Company details Process styles

Barriquand Steriflow Snc
32 Rue de Cambrai
75019 Paris

France

Tel: +33 (1) 40 37 08 45
http://www.steriflow.com

Raining/water spray
Static and rotary
Handling systems

ECPS SA

Steritech

Z1 du Kochersburg

1 Rue De Furchhausen

F — 67700 Saverne

France

Tel: +33 388 710433
http://www.steritech-fr.com

Steam/air
Static and rotary

FMC FoodTech

Food Processing Systems Division
Breedstraat 3

B-9100 Sint Niklaas

Belgium

Tel +32 3 780 1398
http://www.fmcfoodtech.com

Raining/water spray
Process modelling
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http://www.steritech.eu.com/
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H G Molenaar & Co Ltd ® Water immersion
PO Box 5, Paarl

7622 South Africa

Tel: +27 21 868 2210

Hermann Stock Maschinenfabrik GmbH ® Water immersion
Rendsburger Strasse 93, ® Water spray

D — 24537 Neumunster ® Static and rotary
Germany ® Handling systems
Tel: +49 4321 1880

http://www.stocksterilisation.com

Hisaka Works Ltd. ® Raining/water spray
Konoike Plant ® Water immersion
2-1-48 Higashi-konoike-cho Higashi ® Handling systems
Osaka City

Osaka

Japan

Food & Chemical Machinery Division

Phone:81-729-62-1457

http://www.hisaka.co.jp

Maconse Maquinaria Conservera del Segura SA ® Raining/water spray
30500 Molina de Segura ® Water immersion
Murcia, Spain ® Static and rotary
Tel: +34 968 38 6030

http://www.maconse.com

Societe Lagarde ® Steam/air

Z.1. Les Plaines ® Hot water spray
N°S bis ® Full water immersion
26780 Malataverne ® Static and rotary
France ® Handling systems
Tel: +33 4 75 90 58 58

http://www.lagarde-autoclaves.com

Surdry S.L. ® Raining/water spray
P.I. Tranapadura, ® Static and rotary
S/n E — 48220 ® Handling systems
Abadiano,

Vizcaya

Spain

Tel +34 94 6814171
http://www.surdry.com

9.8.2 CCFRA

The Campden and Chorleywood Food Research Association is a centre of
technical excellence for the food industry and has a wealth of expertise available
to support food processors in all aspects of food technology and related sciences,
in particular in connection with thermal processing and retort use.
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http://www.hisaka.co.jp/english/index.html
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Campden and Chorleywood Food Research Association,
Chipping Campden,

Gloucestershire, GL55 6L.D

UK.

Tel: +44 (0) 1386 842 000

www.campden.co.uk

9.8.3 Data acquisition equipment

Ellab A/S Ellab (UK) Ltd
Krondalvej 9, 3, Dundee Court,
Roedovre, Hamburg Way,
DK-2610 King’s Lynn, PE30 2ND
Denmark UK

Tel: +45 44 94 92 11 Tel: +44 1553 769 143
www.ellab.dk ellab.uk@virgin.net

9.8.4 Burst test equipment
INSTeng Process Automation

Unit 3, Moy Road Industrial Estate,
Taffs Well,

Cardiff, CF15 7QR

UK

Tel: +44 29 2081 5000
www.insteng.co.uk
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Combining heat treatment, control of water
activity and pressure to preserve foods

L. Beney, J.M. Perrier-Cornet, F. Fine and P. Gervais, ENSBANA
(Université de Bourgogne), France

10.1 Introduction

To ensure a secure and steady food supply, food needs to be preserved and
stabilised so it can be stored for extended periods. Extending food products shelf
life requires inactivation of the spoilage or toxic microorganisms they contain and
avoiding their subsequent proliferation. Food preservation thus implies exposure of
microorganisms to hostile conditions. Heating is one of the most practical, efficient
and inexpensive methods of disinfection and sterilisation. Thermal treatment leads
either to pasteurisation, when only vegetative microorganisms are destroyed, or
sterilisation, when spores are also destroyed. Heat treatments are characterised by
the level of temperature reached in the product and by its duration.

However, thermal inactivation data are generally established in set conditions
for water activity (A,), pH, and pressure. A new era of research is to identify the
potential synergies between these operating parameters. Synergies are
particularly interesting because combination of processes, i.e., hurdle
technology, are a promising means of enhancing safety whilst retaining food
quality. In this chapter, special attention will be focused on the effects of
temperature-a,, and temperature-pressure interactions on microbial destruction.
After a brief introduction to the thermal destruction of microorganisms, the
second part of the chapter is devoted to the combined actions of water activity or
pressure with temperature.

10.2 The thermal destruction of microorganisms

This section deals with the general characteristics of the thermal destruction of
microorganisms, from the statistical destruction of individuals in a population to
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Fig. 10.1 Schematic representation of three types of microbial survival curves,
representing the number of viable cells against time of exposure to heat. Curve type
number 1 is typical of an homogeneous population of microorganisms homogeneously
heat treated. Curve type number 2 is typical of a composite population of cells where
thermosensitive and thermoresistant cells coexist. Curve number 3 is typical of
microorganisms that are activated by short exposure to heat (e.g., germination of spores,
fragmentation of chains).

the structural causes of cellular death under heating. The influence of water
activity and of pressure conditions on cells and their implications for heat
resistance will then be presented

The impact of heat treatment on microorganisms is estimated from the
measurement of surviving cells against heating time. The destruction profile that
is obtained allows the determination of the characteristics of resistance of the
microorganism that are the basis for the designation of the operational
requirements of a thermal process. Traditional estimations of the efficiency of
preservation and disinfection processes are based on the assumption that
microbial death follows a known evolution. As each species has its own
particular heat tolerance, thermal operating conditions are determined
experimentally and data are presented as the number of surviving organisms
(generally judged according to the ability to multiply) or viable spores against
the exposure time at a given temperature. Curves generally represent the log 1
of surviving cells as a function of time. In many cases this representation gives a
linear relationship (Fig. 10.1) that implies that the thermal destruction
phenomenon is a first order reaction. However, deviation from the linearity of
thermal death curves are frequently observed and thermal death curves can also
be characterised by shoulders and tails (Fig. 10.1). Deviation from linearity can
be related to the composition of the microbial population, to the germination of
sporulated forms or to the heterogeneity of the thermal treatment. Coexistence of
strains having different thermoresistance (Cerf, 1977) gives segmented curves
(line 2 in Fig. 10.1). Thermal activation of germination is responsible for
maintaining the initial cell number (line 3 in Fig. 10.1). Adaptation to heat also
leads to curve tailing (for a detailed review see Smelt et al., 2002). In the straight
part of these plots, the number of cells thermically destroyed at temperature 7
and during the time interval Af (s) is given by the following equation:

X(t+At)—X(t)=—k-X(t)- At 10.1
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where X is the number of living cells and  the destruction rate (s~ ).
So, from this equation:

X=Xy e 10.2

Where Xj is the number of cells (more exactly, unity forming colony) initially
present and X the number of survivors. ¢ corresponds to the exposure time and &
is the destruction rate (s~'). Early research introduced the D-value, defined as
the decimal reduction time (average time of exposure needed to reduce the
number of microorganisms by a factor 10) which leads to the following relation:

X=X,-10 10.3

z (°C) is another characteristic value, corresponding to the increase in
temperature that induces a reduction of D-value by a factor 10, and is given
by the following equation:

T— Tref

D =D,y - 10 —
h z

10.4
Where T (°C) is the treatment temperature, D,.¢ the thermal reduction time at the
reference temperature 7, Reactions that have small z values are highly
temperature dependent.

Thermal calculations thus involve the need for knowledge of the
concentration of microorganisms to be destroyed, the acceptable concentration
of microorganisms that can remain, the thermal resistance of the target
microorganisms (e.g., the most heat-tolerant pathogenic ones), and the
temperature-time relationship required for destruction of the target
microorganisms.

10.2.1 Destroying pathogenic microorganisms and retaining product
quality

In milk, the pasteurization treatment required is determined from the heat
resistance of Mycobacterium tuberculosis, the most resistant pathogen in milk,
and gives the temperature/exposure time values proposed in Table 10.1.

Table 10.1 Thermal inactivation barems of Mycobacterium tuberculosis

Temperature (°C)  Exposure time Remarks
(seconds)
62.8 1800 Barem used in the low-temperature long-time
pasteurisation method of milk
71.7 15 Barem used in the high-temperature
short-time method
90 0.5
100 0.01
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Fig. 10.2 Relative changes in time-temperature profiles for the inactivation of

microorganisms and vitamins. The shadowed area represents the region where thermal
parameters allow preservation of vitamins and destruction of microorganisms.

Pasteurisation of milk which still retains the nutritional and sensory qualities of
the product is achieved by taking into account the heat resistance of other milk
components. There are specific D and z values for the thermal inactivation and
destruction of enzymes, vitamins, pigments, etc., and the differences in z and D
values between unwanted elements (pathogenic cells, toxins, enzymes) and
desirable ones (such as nutrients, flavour and colour) are exploited in order to
optimise thermal treatments (see Fig. 10.2). For example, typical z values of
10°C are characteristic of pathogenic bacteria whereas z values of enzymes,
vitamins and pigments are generally contained in the range 20 to 70°C. This
difference allows the manufacturers to determine an optimal thermal process
(temperature/exposure time). In the case of milk, for example, High
Temperature Short Time (HTST) corresponds to the shadowed area located
between the curves of pathogenic microorganisms and vitamins in Fig. 10.2.

10.3 The effects of dehydration and hydrostatic pressure on
microbial thermotolerance

Knowing the exact mechanisms of death induction by heat of microorganisms is
clearly important in optimising thermal processes but, as we will see, these
mechanisms are not fully understood. According to Moats (1971), cell death
results from the denaturation or inactivation of numerous critical sites (or a large
number of the same site) in cells. Because target sites are not strictly identified
and because numerous cellular structures are considered as critical sites a
question emerges. Is there a cellular structure that is more critical than others?

In 1971, Rosenberg ef al. demonstrated the existence of a good numerical
correlation between some thermodynamic parameters in protein denaturation
and in death rates of bacteria, yeast, viruses and drosophila. Information about
the causes of thermal death also came from another approach that looked at the
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differences between thermophiles and other microorganisms. These studies also
confirmed the potential role of proteins. However, many components in
thermotolerant cells exhibit a particularly high resistance to elevated
temperatures, suggesting that each of them should be a target of heating.
Among them, one structure is of particular interest because it is exposed first to
heat and may be seen as an indicator of thermal stress: the plasma membrane
(Beney and Gervais, 2001). The structure of membrane components is known to
be strongly influenced by temperature (Chapman et al,, 1967, Luzzati et al,,
1968, Chapman, 1994) and heating is particularly implied in the transition from
lamellar to non-lamellar organisation of membrane lipids which alters the
selective permeability properties of the membrane (Russell et al., 1995). An
interesting idea about the induction of cell death is given by Smelt ef al. (2002).
They distinguished between two temperature ranges, first between the normal
physiological temperature and approximately 65°C, where proteins are not
denatured and membrane lipids may be the main targets, and the second
corresponding to temperatures above 65°C where both proteins and lipids are
denatured. Additional arguments implying membrane denaturation in the first
temperature range come from the dependence of cell survival to heat on heating
rates (Gervais and Martinez de Maranon, 1995).

10.3.1 Effects of dehydration on cellular structures and constituents
Hydration of a food product is generally quantified by means of its water
activity. This term corresponds, for ideal solutions, to the mole fraction of water
in solution. In complex solutions and media, it is assumed to be equal to the
relative humidity of the gaseous phase equilibrated over these media or
solutions. As food products are represented across the whole water activity range
(from 0 to 1), we will describe the main cellular input of partial and total
dehydration. The influence of water activity on cells is complex because as we
will see, hydration changes modify the entire cellular structure, from the
cytoplasmic volume to the conformation of the molecular constituents.
Microbial cell structure and composition are closely dependent on the degree
of hydration. The effects of dehydration on whole cells are first manifested by a
volume decrease corresponding to an osmotic exchange, that can then be
followed by a metabolic adaptation of cells. Placing microorganisms in low ay,
media results in passive and active mechanisms of adaptation. The adaptative
response is mainly based on the intracellular accumulation of solutes that allows
water retention in cells (Brown and Edgley, 1980, Blomberg and Adler, 1992).
This response occurs at relatively high water activities (1 to 0.6, depending on
cell type and growth phase) whereas cell metabolism is ineffective in more
dehydrated media. The accumulation of carbohydrates and amino acids during
adaptation to dryness may account for an increased thermotolerance (Piper,
1993, Benaroudj et al, 2001, Canovas et al., 2001). During adaptation to
dehydration, protein synthesis and phospholipid modification also occur and
may also contribute to better resistance to heat (Santos et al., 1998). Saccharide-
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like trehalose, accumulated during dehydration of some microorganisms, have a
protective action on proteins and membranes against heating.

Osmotic exchanges are related to the osmotic pressure gradient between cells
and the medium in which they occur (Gervais and Beney, 2001). They mainly
consist of a water outflow from the cells that allows the restoration of the hydric
potential equilibrium between cells and the medium. Volume decrease can be
extremely important, representing more than 50% of the yeast physiological
volume and up to 85% of bacterial volume (Marechal and Gervais, 1994, Poirier
et al., 1998). In case of marked medium dehydration, reduction of the cellular
volume through water loss leads to increased internal solutes and structured
concentration. Low internal water content has been related to thermoresistance
and, accordingly, low water content in sporulated forms would explain their
thermal resistance (Nakashio and Gerhardt, 1985, Beaman and Gerhardt, 1986).

Proteins have a structure and activities which are closely related to hydration.
Optimal water activity levels depend on enzyme type. Lipase are known to
optimally function in low a,, media, for example, whereas ATPase have optimal
activities in highly hydrated media. In general, studies of the thermostability of
proteins in media with various ay, show that the reduction of the water content
induces a conformational modification of proteins (rigidification) that enhances
their resistance. Hendricks ef al. (1992) studied the influence of a,, (between 0.1
and 0.9) on the thermal stability (between 140 and 160°C) of a peroxydase. They
observed an increased stability at low a,, and a maximal z value of 44°C at a,,
around 0.8. Zaks and Klibanov (1988) and then Klibanov (1989) showed that,
without water or hydrogen bonds-forming solutes such as glycerol or
formamide, the conformational flexibility of enzymes is reduced. These studies
emphasise the fact that the thermal denaturation of enzymes requires an
important conformational mobility and thus a sufficient hydration.

Phospholipids are the main constituents of microbial membranes
(McElhaney, 1984, 1989) and also adept in response to water activity in their
environment. Phospholipids can undergo phase changes in response to external
parameters such as hydration and temperature (Luzzatti and Husson, 1962;
Chapman et al.,1967) (Fig. 10.3). These phenomena, widely studied in pure
phospholipids, correspond to the transition from the fluid crystalline phase to the
gel phase under cooling, drying or increased pressure and may account for the
lethal effects of dehydration (Becker and Rapoport, 1987). Transitions from
lamellar into non-lamellar configuration (Cullis and de Kruijff, 1979; Gawrisch
et al., 1992; Shaelev and Steponkus, 1999) have also been reported with drying
and heating. Many authors describe the potential importance of these responses
in cell activity (Lindblom and Rilfors, 1989; Lohner, 1996; De Kruijff, 1997,
Luzzati, 1997). These could be implied in cell death caused by heating or
dehydration (Russell et al., 1995, Steponkus, 1999).

Dehydration can be detrimental to cells if it is extreme and rapid (Beney et al.,
2001). It is interesting to note that microorganisms are sensitive to the kinetics of
osmotic pressure variation and that rapid variations are more detrimental to cells
than gradual ones (Gervais et al., 1992, Poirier et al., 1997). Adaptative
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Fig. 10.3 Schematic and general organisation of phospholipids as a function of
hydration and temperature.

mechanisms can occur during gradual dehydration, leading to cell content
modification (accumulation of osmoprotectants) and also to cell remodelling (e.g.,
change in protein content and membrane composition). Gradual dehydration may
also prevent cells from too rapid a decrease in volume, allowing cells to achieve
smaller volumes without lethal damage (Marechal and Gervais, 1994). From a
general point of view, dehydration is thought to stabilise proteins and cells and to
preserve them against thermal effects. However, structures like membranes suffer
from extreme dehydration and require a minimal quantity of water to adopt their
functional structure. These opposite effects emphasise the complex influence of
hydration on cell thermoresistance. Rapid and extreme dehydration can therefore
be deleterious for cells. However, slow dehydration before thermal treatment can
enhance the thermoresistance of microbial flora (adaptation to dryness) and, with
their low water content, make them more difficult to eradicate.

10.3.2 Effects of hydrostatic pressure on cellular structures and
constituents
Change in treatment temperature can modify high pressure effects on biological
structures. The effects of hydrostatic pressure have been well described and
reviewed (Heremans, 1982). They can be divided on two targets: biomolecules
and biomembranes. This section provides an overview of the effects of
hydrostatic pressure on both these structures.

Biomolecules, especially proteins, are structurally and functionally modified
by the combined effects of pressure and temperature. The role of heat and
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Fig. 10.4 Extended phase diagram for myoglobin. The diagram includes both
denaturation and aggregation phenomena, and therefore contains several metastable
phases (enclosed in parentheses). N, native; D, denatured; A, aggregated; I, intermediate
(adapted from Smelt ez al., 2002).

pressure in the denaturation of proteins is well known and is shown in Fig. 10.4
(Smeller, 2002). Similar patterns in synthetic polymer phase separation (Kunugi
et al., 2002) and starch gelatinisation (Douzals et al., 2001) curves suggest the
role of hydrogen bonds in the response to pressure-temperature effect. The
similarity in the pattern of microorganism inactivation and protein denaturation
suggests the role of different pressure-sensitive microbial protein structures like
ribosomes (Niven et al., 1999), metabolic enzymes (Simpson and Gilmour,
1997) and transport systems (Ulmer et al., 2002) in microbial inactivation. There
is a parallel between virus inactivation and protein denaturation especially at
low temperature and high pressure (Oliveira ef al., 1999). However, most of the
studies on these structures were undertaken in vitro and a greater resistance
would be expected in vivo due to the interactions of proteins with intracellular
solutes or membrane phospholipids.

Membrane damage has also been suggested as the main effect of pressure or
temperature treatment. For these two parameters, phenomena like
permeabilisation (Perrier-Cornet et al., 1999a, Gervais and Martinez de
Maranon, 1995), vesiculation (Steponkus and Lynch, 1989) and lysis (Asami
and Yamaguchi, 1999, Gershfeld and Murayama, 1988) have been identified in
different cellular models. Modifications of membrane structures, i.e., phase
transition, are generally reported to be at the origin of this membrane damage.
However, pressure could counterbalance the effects of elevated temperature.
The pressure dependence of phase transition temperature is about a constant
increase of 0.2°C/MPa (Macdonald, 1984). Ulmer and coworkers have recently
shown a relation between the phase transition temperature of the membrane, the
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temperature of hydrostatic treatment and the inactivation of Lactobacillus
plantarum (Ulmer et al., 2002). Moreover the lysis of yeast spheroplasts induced
by high pressure is also enhanced at subzero temperature (Beney et al., 2003).
These findings suggest a combined effect of pressure and low temperature on
membrane related structure. Indeed, synergistic effects between pressure and
temperature could probably affect cellular targets differently at low and high
temperature. However, the molecular basis of this interaction is evidently much
more complex on the whole cell than on isolated proteins. As an example, the
functionality of integral proteins like carriers depends on both the structure of
their lipidic environment and on their own structure, each of these structures
being influenced by hydrostatic pressure.

10.4 Temperature variation and microbial viability

An intrinsic characteristic of thermal treatments that influences the viability of
microorganisms is related to the kinetics of temperature variation. The
phenomenon is discussed in the following section because it is essential to the
optimisation of thermal treatments.

10.4.1 Heat shocks improve thermal death

In most studies, the determination of heat resistance involves the addition of a
small volume of microbial suspension to large volumes of a heating medium.
Cells are then removed at desired intervals and cooled. This means that, at the
laboratory scale, the kinetics of temperature variation during a thermal process
are often not considered as a technological variable.

As a result, contrary to temperature level and exposure time, literature dealing
with the influence of the temperature variation rate on cellular resistance is
scarce, Dowben and Weidenmuller (1968), who showed that the mesophilic
bacteria B.subtilis can grow at elevated temperatures (72°C) after a progressive
increase in temperature. Gervais and Martinez de Maranon (1995) have shown a
variation in the resistance of the yeast S.cerevisiae (Fig. 10.5) when exposed in an
optimal liquid media to a heat shock or to an optimal heat slope (0.42°C.min"")
from 25 to 50°C. Such an observation showed that heat perturbation can lead to
cell reactions and adaptation. In the case of heating rates slower than 0.42°C.
min~', a decrease in viability is observed. The influence of the kinetics of
temperature variation results from the effects of two opposite actions.

On the one hand a positive effect related to the slowness of the temperature
variation may be linked to cell remodelling or adaptation, and on the other hand
the negative influence of the exposure of cells over the critical temperature
range which is located around 45°C (Coote et al., 1991). These results show that
between 25 and 50°C, the D and z values of S.cerevisiae are influenced by the
rate of temperature variation during heating. Moreover, when the cell volume of
the yeast S.cerevisiae was measured against an optimal heat slope and during a

©2003 Woodhead Publishing Limited and CRC Press LLC



100% 60°C  100% 60°C

Heat slope
0 p 0 0 Heat shock 0

0 120 min. 0 60 min.

Fig. 10.5 Evolution of temperature (dashed line) and viability of S.cerevisiae
(continuous line) during a heat slope (0.42°C min~ ") and a heat shock from 25 to 50°C
followed by an exposure of one hour at 50°C (from Gervais and Martinez de Maranon,

1995).

thermal shock, a difference in behaviour was observed. In the case of a heat
shock, an important decrease in cell volume (20-25%) can be seen during the
first hour after the heat exposure. This observation is probably related to the
influence of heating on membrane structure as shown by experiments which
reveal an important increase in fluidity and a release of internal solutes
following exposure of cells to elevated temperatures (Laroche et al., 2001;
Gervais and Martinez de Maranon, 1995). For the case of the heat slope, the
volume decrease is less important (10%) and occurs much more progressively.
When ion leakage from S.cerevisiae is measured after a heat shock or after an
optimal heat slope a significant difference is observed (Fig. 10.6). Heat shocked
cells lose an important part of their ion content. These results have been
interpreted as the consequence of the influence of the heating kinetics on the
regulation of fluidity and permeability characteristics of the plasmic membrane
of S.cerevisiae. The similar influence of heating rate on the viability of E.coli
has been reported by Morozov and Petin (1998). These results strongly suggest
that membrane rupture or permeabilisation is the first cause of S.cerevisiae and
E.coli death under heat shock in the temperature range 25 to 50°C. In
complementary experiments (Martinez de Maranon et al., 1999), it has been
demonstrated that the critical temperature range where heating rate is critical is
between 40 and 50°C (Fig. 10.7). These experiments have demonstrated that
controlling the heating rate in a small temperature interval of 10°C was essential
for cell destruction or preservation. This observation, if extended to other
bacteria, suggests one way of enhancing the performance of thermal treatments.

Yeast membrane destruction under heating shares a common characteristic
with cell viability, a dependence on the level of temperature and the heating rate.
The basis of this dependence on temperature kinetics may originate in the
multitude of physico-chemical changes in the membrane in response to
temperature in curvature and shape, in physical state and in spatial repartition
of molecules. The membrane hypothesis is supported by studies of protein
thermal denaturation (Grinberg ef al., 2000); (Burova ef al., 1990). This research
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Fig. 10.6 lon leakage from S.cerevisiae immediately after a heat shock and after a heat
slope (0.42°C.min~"). Initial temperature was 25°C and final one was 50°C. The
viabilities of the yeast populations at the moment of the measurement were 96% for the
shock and 82% for the slope (from Martinez de Maranon et al., 1999).
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Fig. 10.7 Influence of the temperature variation profile on the viability of S.cerevisiae.

indicates that protein denaturation under thermal shock occurs at higher
temperature than under progressive heating. This characteristic suggests that the
dependence of the survival of microorganisms on the heating rate is not
governed by an analogous dependence in proteins.
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10.4.2 Applications: controlling the Kkinetics of heating to improve the
performance of thermal processes

A direct consequence of this research is that powerful heating systems with high
heat transmission capacity are expected to achieve more efficient thermal
destruction of cells. Fast heating methods based on radio frequency and
microwave energy application on food products could present high sterilisation
efficiency compared to conventional methods. Results obtained by Tajchakavit
et al. (1998) by heating S.cerevisiae and L.plantarum by a conduction/
convection system, with a heating rate of approximately 1-2°C min™', or by
microwave (10°C min~ '), showed that an important decrease in D-values (Table
10.2) was observed between conventional and microwave heating methods.
Values corrected by the exact time of exposure in both systems show that the D-
value is 5 to 12 times higher for conventional heating than for microwave
(Tajchakavit et al., 1998). As the enhanced thermal effects associated with
microwaves are still not clear they could at least partly be related to the
influence of high heating rates. This phenomenon could also allow the reduction
of the level/duration barems and improve the residual physicochemical quality
of food products. The influence of kinetics of heating on the survival of
microorganisms must be considered in slow heat transfers where the survival of
microorganisms could be higher than expected.

10.4.3 Controlling the temperature variation rates to improve powder
decontamination

Powder decontamination is a specific problem, firstly because any micro-
organisms present are adapted to low a,, and consequently more thermotolerant
and secondly, because heating powders is more complicated than heating
liquids. One application of the influence of the kinetics of heat stress on the
destruction of dried microorganisms is based on the use of very short stresses
(around a few seconds) at high temperatures (in the range 200 to 300°C)
followed by an instantaneous cooling with a cold gas. The first hot step destroys

Table 10.2 Comparison of the D-values at different temperatures for S.cerevisiae and
L.plantarum exposed to heat in a water bath or in a microwaves system (Data from
Tajchakavit et al., 1998)

Microwave Water bath
Time corrected D-values/temperature Time corrected D-values/temperature

S.cerevisiae 4.8s/52.5°C 58s/50°C
2.1s/55°C 25s/55°C

1.1s/57.5°C 10/60°C

L.plantarum 14s/57.5°C 52s/55°C
3.85/60°C 22 /60°C

0.79s/62.5°C 8.4/70°C
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Fig. 10.8 Variation of temperature level during a run in a HTST process (Gervais et al.,
2002). In this case, the heating step was performed using gas heated at 200°C and the
following cooling step used CO,.

a large number of yeasts, moulds, bacteria and spores without burning treated
powders. The cold step stops further damaging heat conduction into the product.
A typical thermal profile is given in Fig. 10.8, where a heating rate of 50°C.s ™"
was obtained and led to the destruction of total mesophilic flora of pepper or
corns in the range 3 and 5 log. After treatment, residual yeasts, moulds and
enterobacteria were below 50 per gram, whereas the organoleptic qualities of the
decontaminated product were preserved. This process of decontamination of
powdered products using the influence of heating rates is protected by a patent
(Gervais et al., 2002, French Patent no. FR02/00873).

As seen in the preceding section, thermal destruction, which is assumed to be
a first order reaction, is generally related to temperature level and exposure time.
However, we have shown that the kinetics of temperature variation, which is
often not fully considered, is a key parameter influencing process efficiency. In
the following section we will additionally see how other physical parameters,
such as water activity and pressure, can influence thermal treatment efficiency
and so how the classic models of destruction by heat may need to be modified.

10.5 Combining heat treatment, hydrostatic pressure and
water activity

In this section, the combined effects of temperature, a,, and hydrostatic pressure
will be considered in order to show how they affect the input of heat on
microbial destruction.
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10.5.1 Combining a,, and temperature actions on cell viability

Water activity has a well known influence on microbial activity. Lowering water
activity by elimination of water or addition of solutes is extensively used in
order to preserve food products (drying, salting or sugaring, for example) at
ambient temperature. When heat treated products are dried their microbial
stability is increased, thus improving shelf-life. The combined actions of
temperature and water activity on the viability of microorganisms will be
described in the next section, firstly considering the influence of a,, on the
thermal resistance of microorganisms and secondly the influence of temperature
on resistance to dehydration.

10.5.2 Thermal death is related to medium hydration

It is generally observed that reducing the water content of microbial cells
induces an increased thermal resistance. As an example, the survival of bacterial
vegetative forms of Salmonella typhimurum is greatest at a,, lower than 0.2 and
decreases with increasing a,, (Corry, 1975). The phenomenon is generally
attributed to the stabilising or rigidifying effect of water removal from molecular
structures.

However, more complex relations between temperature and hydration levels
on cell inactivation have also been observed. Murrel and Scott (1966), observed
that survival of bacterial spores to heat treatments achieved in the water activity
range 0 to 0.998 exhibited a maximal resistance between 0.2 and 0.4. Their
results, shown in Table 10.3, show that the D value of Clostridium
stearothermophilus spores was greatest for water activity in the range 0.2 and
0.4. Similar results were obtained by Angelotti ef al. (1968) and by Pfeiffer
(1992) for Bacillus subtilis spores. Recently, we have obtained similar results
with vegetative cells of Saccharomyces cerevisiae and Lactobacillus plantarum
dried on flour and powdered milk. These microorganisms exhibited maximum
heat resistance in the a,, range 0.3 and 0.4 (Fig. 10.9). These thermal destruction
curves show that the relation between temperature and hydration is complex and
involves more than molecular stabilisation by water removal. If the increase in
cell thermoresistance that is observed when a,, is lowered from 0.9 to 0.4 can be
attributed to the decrease of intracellular water content (which reduces the
conformational flexibility of molecules), no explanation dealing with the low

Table 10.3 D-values (seconds) of two sub-species of Clostridium spores determined in
different a,, ranges (from Murrel and Scott, 1966)

ay, ranges

Near 0.0 0.2-04 Near 1

Clostridium botulinum 0.3 110 0.001
Clostridium stearothermophilus 23 800 35
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Fig. 10.9 Destruction of Lactobacillus plantarum dried on wheat flour as a function of
a,, and heat duration at 300°C. For 30 seconds of treatment, the destruction level can
reach more than 8 log for a,, =0.15 and 0.6 whereas ‘intermediate’ a,, values limited

microbial destruction to 4 log for the same treatment conditions.

thermoresistance observed at very low a, levels is available. It can only be
speculated that drastic dryness could enhance the oxidation of cells. Enzymatic
oxidation is influenced by a, and is low at intermediate a,, values (between 0.3
and 0.5) (Labuza, 1975, Leung, 1987). An alternative hypothesis is based on the
fact that extreme dehydration can destabilise the lamellar structure of cell
membranes (see Fig. 10.3).

10.5.3 Low temperatures enhance resistance to dehydration

Experiments in our laboratory with S.cerevisiae help to clarify the role played by
cell membranes in the combined effects of temperature and hydration (Beney et
al., 2001). The extent of S.cerevisiae survival by exposure to osmotic stress of
100 MPa was increased by a factor of 2.5 after cooling of cells from 25°C to
10°C prior to osmotic stress (Fig. 10.10). Such enhancement of yeast
osmoresistance was attributed to the fact that that the cooling step at 10°C
reduced the osmotic destabilisation of the membrane by inducing a membrane
phase change. This assumption is supported by the phase transition temperature
of hydrated yeast membrane, estimated at 12°C by Crowe and Crowe (1992).
Parallel estimation of the yeast plasma membrane fluidity through fluorescence
and FTIR measurements suggests a direct relation beween yeast destruction
during dehydration and the occurrence of a membrane phase change during
contraction. New results obtained with other microorganisms shows that the
temperature at which osmotic shock occurs influences cell viability.
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Fig. 10.10 Viability of S.cerevisiae after hyperosmotic shocks to 100 MPa achieved at
temperatures ranging from 4 to 23°C. Depressor used: glycerol. Initial osmotic pressure:
1.38 MPa. Bars represent standard deviation.

Experiments with the gram-negative bacteria Bradirhyzobium japonicum and
Escherichia coli (Mille et al., 2002 ) showed that lowering the temperature prior
to osmotic dehydration enhances cell survival after dehydration. The combined
effects of temperature and osmotic pressure vary, however, depending on the
microorganism considered (Fig. 10.11). Such results suggest the importance of
the control of both a,, and temperature during dehydration. Cell deaths could be
related to the membrane phase changes that occur during dehydration because
viability decreased when membrane phase transition occurred simultaneously
with the cell volume decrease (Beney et al., 2001; Laroche et al., 2001).
Viability was maintained when the membrane phase transition was induced by a
first cooling step achieved prior to the osmotic shock. These results can be used
to help improve preservation techniques where cells need to remain functional
after dehydration, e.g., the production of dried yeasts.

The preceding examples demonstrate the importance of controlling
temperature and a,, during thermal processes. Such examples also illustrate
the complexity that characterises the combined effects of a,, and temperature.
Our recent work on food powders has revealed the existence of optimal a,
values for the thermal destruction of microorganisms, indicating that
intermediate a,, may enhance cell thermoresistance. The major role played by
membrane phase changes in cell survival during dehydration reinforces the
importance of dual control of temperature and a,, in order to avoid membrane
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Fig. 10.11 Viability diagrams of 3 microorganisms in function of a,, and temperature.
Cells were first thermally equilibrated from their physiological temperature (25°C for
S.cerevisiae, 28°C for B.rhyzobium, 37°C for E.Coli) to a desired temperature (between
40°C and 4°C) and then osmotically treated from their physiological ay, (0.99 for all
microorganisms) to a fixed a,, (between 0.99 and 0.05). Cells were rehydrated at
a,, = 0.99, returned to their physiological temperature and viability was assessed. Shaded
areas correspond to the a,, and thermal ranges where viability was found to be higher than
50%.
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phase changes. In the following section, the combined effects of temperature and
hydrostatic pressure are considered.

10.5.4 Combined effects of hydrostatic pressure and temperature on cell
viability
As previously shown for a,,, combining temperature and high pressure can be
used to improve food pasteurisation and even sterilisation. Numerous studies
have shown the temperature dependence of microbial inactivation under
pressure (Ludwig et al., 1992, Patterson and Kilpatrick, 1998, Sonoike et al.,
1992). Microbial resistance to high pressure is optimum at a temperature near to
ambient (Yayanos, 1999). Data for numerous microbial strains gives an elliptic
curve as shown on Fig. 10.12 for Escherichia coli (Smeller, 2002). Increasing
temperature can lead to greater inactivation at constant pressure level. For
moderate temperature (50-60°C), this effect could be used to decrease pressure
holding time or to stabilized non-acid foods (Patterson and Kilpatrick, 1998).
The use of higher temperature (80-130°C) could allow the sterilisation of food
products. Indeed, bacterial spores, which are generally not sensitive to pressure,
could be affected by coupling pressure and high temperature (Wuytack and
Michiels, 2001, Furukawa and Hayakawa, 2000). Nevertheless, even at high
pressure, the temperature level to achieve sterility remains high (>100°C).
Temperature increase obtained by adiabatic compression (about 4°C/100 MPa)
could be used to reduce heating time and subsequent gradients (Meyer, 2000).
Decreasing temperature could also increase the inactivation of
microorganisms. As shown on Fig. 10.13, in order to inactivate the yeast
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Fig. 10.12 The pressure-temperature stability diagram of E. coli, showing a decrease of
bacterial count by two orders of magnitude within 5 min. (Smeller, 2002).
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Fig. 10.13 Inactivation of Saccharomyces cerevisiae for 10 min pressure treatment at
different pressure levels and various temperatures: 25°C (#), 0°C (d), —10°C (A), —15°C
(0), and —20°C (*).

Saccharomyces cerevisiae a decrease of 10°C is equivalent to an increase of
about 50 MPa. The use of subzero temperatures down to —25°C has improved
the antimicrobial effect of pressure in keeping food product quality. Low
temperature processing has not been currently used due to the lack of data on
this treatment. Some experiments on high-pressure freezing do not seem to
enhance spore inactivation significantly. Results vary between different
microorganisms’ nature and conditions before, during and after the treatment
such as water activity (Perrier-Cornet et al., 1999b) or pH (Hayert et al., 1998).
Low pH conditions have been shown to enhance the pasteurisation effect of
pressure-temperature combined treatment (Alpas ef al., 2000). The inactivation
mechanisms induced by pressure-temperature interaction, as well as pressure or
temperature treatment alone are not clearly established. It is obvious that both
pressure and temperature do not affect one specific site but many targets are
involved (Smelt et al., 2002). The combination of pressure and temperature
could help to improve microbial inactivation in food products but before
industrialisation is possible, more research on spore inactivation in different
types of food is necessary.

10.6 Conclusions

This chapter is intended to show that classical inactivation models based on
temperature level and exposure time are heavily influenced by intrinsic and
environmental conditions during thermal treatment. Firstly, the heating rate,
which is generally not taken into account in models of thermal destruction, has
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been found to be a determinant parameter affecting cell survival to heating.
Accordingly, heat shocks were found to be more effective than progressive
heating, enabling the optimisation of the thermal destruction process by
increasing thermal gradients. At a fundamental level, the effects of heating rate
on membrane permeability also emphasise the fact that cell membranes are
probably structurally dependent on heating kinetics.

Secondly, environmental parameters such as water activity or hydrostatic
pressure markedly affect thermal treatment effects on the viability of
microorganisms. Microorganisms appear to be thermally stabilised by
intermediary a,, values (0.3-0.5) and the most favourable hydration conditions
for their destruction correspond to fully hydrated or dehydrated media. As
proteins are generally stabilised by extreme dehydration, we might speculate
that the thermal destruction of cells in dehydrated media is enhanced by
oxidation or by membrane destabilisation favoured by low hydration. The major
role played by membrane destabilisation in the induction of cell death can be
seen in the way that passing through the membrane phase transition using a
cooling step enhances cell resistance to osmotic dehydration significantly. The
main implication of these results is that thermal stabilisation of dehydrated
products can be optimised, especially when high heating rates are used.

We have also shown that the association of hydrostatic pressure with
temperature is an efficient means to control microbial survival. One very
interesting aspect of this interaction comes from the elliptic shape of the
viability curves on temperature-pressure diagrams. These curves, which are
analogous to protein denaturation curves, suggest that the inactivation effects
that are obtained by heating under pressure can be more efficiently obtained by
cooling at negative temperatures under pressure. This cold temperature-high
pressure inactivation effect is surely a promising means to provide safe but non-
thermally affected food products. a, and hydrostatic pressure are two
thermodynamic parameters, rarely taken into account in models of thermal
inactivation, that greatly modify the thermal effects observed in classical
conditions of hydration and pressure (i.e., a,,= 1 and atmosphe