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 Preface
 
 Biodeterioration can be defined as the breakdown of food by agents of microbiological origin, either directly or indirectly by products of their metabolism. This book examines how the agents of food biodeterioration operate and the commercial methods available to counteract these agents and produce safe, wholesome foods. Contamination of foods can arise from microbiological, chemical and physical sources, but it is the microbiological sources – micro-organisms and the enzymes they produce as part of their metabolic processes – that are the focus of this book. Food preservation aims to extend the shelf life of foods. In most cases, it is the growth of either spoilage or disease-causing micro-organisms that limits the length of time a food can be kept, and most preservation techniques are primarily based on reducing or preventing this growth. However, other factors limit shelf life such as the action of naturally-occurring enzymes within the food, or natural chemical reactions that occur between the constituents of the food. These must also be taken into consideration. The introductory chapter, which sets the scene for the more detailed chapters to follow, describes the many types of enzymes and micro-organisms responsible for biodeterioration of foods. Food preservation originated with traditional methods such as curing, salting and sugaring, all of which are still important commercial methods. Major advances in preservation technology were the introduction of the canning and freezing processes, and these methods still form a substantial part of the food preservation business. Even the most effective food preservation treatments cannot ensure the consistent manufacture of foods with a guarantee of absolute safety. For this reason, food companies use Hazard Analysis Critical Control Point (HACCP) systems to control their manufacturing processes, and the effective implementation of an HACCP plan is the surest way of delivering safe food. Any book on controlling food biodeterioration or food preservation would be incomplete without the inclusion of an HACCP chapter. This describes how a food company should
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 Preface
 
 approach HACCP as the means of ensuring that food is manufactured with the greatest probability of being free from biological, chemical or physical hazards. There are many methods that can be used to preserve foods, and the remaining chapters of the book are dedicated to the most widely used commercial methods: thermal processing, chilling, freezing, drying and controlling the atmosphere around a food. Each method approaches microbiological control in foods in a different way, which results in food products of quite different organoleptic and keeping properties. Choice of the appropriate preservation method depends on a number of factors. It is becoming increasingly common for preservation methods to be used in combination in order to reduce the severity of any individual method. This is referred to as ‘hurdle’ technology and there is a chapter dedicated to this subject. For example, thermal processing is often used as part of a combination process designed to present ‘hurdles’ to microbial growth. One of the traditional preservation hurdles is acidity, used in the manufacture of fruits, jams and preserves. The low pH in the fruit prevents Clostridium botulinum spores from germinating, and so the thermal process needs to be effective only upon less heatresistant organisms. The main advantage of hurdle technologies is that the milder treatments can lead to the production of better quality foods. There is a growing interest in using new or novel technologies for food preservation where a quality improvement or economic benefit can be made. The final chapter deals with those new technologies that have attained some commercial application, including ohmic and microwave heating, irradiation and high-pressure treatment. These technologies may have benefits in allowing foods to be more minimally processed, thus retaining more of their inherent attributes such as texture, colour and nutritional content. Gary S. Tucker
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 1
 
 Control of Biodeterioration in Food
 
 Susan Featherstone
 
 1.1
 
 OVERVIEW All food undergoes deterioration to some degree once harvested or slaughtered. The deterioration may include loss of nutritional value, organoleptic and colour changes, and most importantly, safety may become compromised. It is the challenge of the food industry to control this deterioration and maintain the safety of the food, while making sure that the food is as convenient, nutritious and available as it can possibly be. Biodeterioration is defined as any undesirable change in the property of a material caused by the vital activities of organisms.1 It is applicable to many materials e.g. food, wood, paper, leather, fuels, cosmetics, building materials and building structures. Biodeterioration may be as a result of the metabolic processes of one of many micro-organisms or it cay be caused by insect, rodent or bird damage. An incredibly broad and diverse field, all biodeterioration has as a common theme that it affects materials and substances that we need and value, and that it can largely be controlled by proper understanding of the materials and the possible spoilage organisms and mechanisms. Biodeterioration is also specifically different from biodegradation in that the changes are ‘undesirable’. Biodegradation occurs when complex materials are broken down by micro-organisms to form simple endproducts. Within a biological ecosystem, there are micro-organisms that produce a host of enzymes that can biodegrade natural as well as some synthetic products; this is very important for maintaining the stability of the ecosystem and is extremely important for water purification and sewage treatment, and is widely used in the food industry. The main differences between biodeterioration and biodegradation are the undesirability and uncontrollability of the former.2 Another important feature of biodeterioration is that it is caused by organisms. According to the definition, it is not the degradation that occurs
 
 9781405154178_4_001.qxd 9/3/07 14:25 Page 2
 
 2 Food Biodeterioration and Preservation
 
 naturally in some organic materials or foods caused by intrinsic enzymes, i.e. those enzymes present in the product that cause degradation or decay after death. For example, loss of food quality by intrinsic enzymes is an important topic as it can cause quality deterioration and render food unacceptable. Reactions due to these enzymes will not be considered in this text, but are important to bear in mind as their activities can make nutrients from the product available and accessible to micro-organisms so that biodeterioration reactions can follow.2,3
 
 1.2 A SUMMARY OF THE DIFFERENT KINDS OF BIODETERIORATION 1.2.1
 
 Chemical biodeterioration
 
 There are two modes of chemical biodeterioration. Both have a similar result, i.e. the material becomes spoilt, damaged or unsafe, but the cause or biochemistry of the two is quite different:2,4 ●
 
 ●
 
 Biochemical assimilatory biodeterioration – the organism uses the material as food i.e. an energy source. Biochemical dissimilatory biodeterioration – the chemical change in the food is as a result of waste products from the organisms in question.
 
 1.2.2 ●
 
 ●
 
 Physical biodeterioration
 
 Mechanical biodeterioration – this occurs when the material is physically disrupted/damaged by the growth or activities of the organisms. Soiling/fouling – with this kind of biodeterioration the material or product is not necessarily unsafe, but as its appearance has been compromised, it is rendered unacceptable. The building up of biofilms on the surface of a material can affect the performance of that material.
 
 See Table 1.1 and Fig. 1.1. Living organisms can be divided on the basis of their nutritional requirements into autotrophs and heterotrophs (see Table 1.2). Autotrophic organisms see all inorganic materials as a potential source of nutrients, while heterotrophic organisms can only use organic matter. The organisms responsible for biodeterioration of food are usually chemoheterotrophs, however it is important to realize that even the packaging that the food is stored in and the warehouses themselves, can be a source of nutrients for some micro-organisms, and it is therefore important to control the humidity, temperature and duration of storage of food, as far as possible.4,6
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 Control of Biodeterioration in Food 3 Table 1.1
 
 Examples of the diversity of biodeterioration.
 
 Affected material
 
 Example
 
 Type of biodeterioration
 
 Stone, marble, concrete
 
 Deterioration of stone monuments
 
 Chemical assimilatory: where calcium and other minerals are used as a food source Chemical dissimilatory: where acid by-products dissolve the surfaces Mechanical: where root damage can undermine and weaken structures Fouling: where biofilms can affect the aesthetics of the structure
 
 Wood
 
 Rotting of wooden floorboards and timber structures
 
 Chemical assimilatory: where the cellulose and lignin in the wood are used as food by fungi and other organisms Dissimilatory: where acid and other byproducts result in breakdown of the structure
 
 Leather
 
 Loss of strength and structure of leather objects
 
 Chemical assimilatory: by proteolytic bacteria, which break down the proteins
 
 Paper
 
 Degradation of books
 
 Chemical assimilatory: most commonly by fungi
 
 Paint
 
 Water-based paints
 
 Chemical assimilatory: by bacteria and fungi, results in thinning of the paint and production of off odours
 
 Museum artefacts
 
 Discoloration and degradation of valuable relics
 
 Chemical assimilatory and chemical dissimilatory: by bacteria and mould, resulting in weakening of structures and discoloration of the objects
 
 Food
 
 All foods: animal matter and vegetable based
 
 The most important is chemical assimilatory: the food is used as a food source as it is nutritionally compromised and can have toxins associated with it as by-products of the microbial activity
 
 Metal
 
 Biodeterioration of the wreck of the RMS Titanic
 
 Chemical assimilatory: attack on the steel by communities of bacteria and fungi
 
 Fuels
 
 Fuels in tanks
 
 Chemical assimilatory: most commonly the C-10 to C-18 hydrocarbons are broken down to form shorter chain hydrocarbons that, together with the biofilms, can clog fuel lines
 
 Lubricants
 
 Lubricants in metal working lines
 
 Chemical assimilatory: resulting in the loss of lubricating properties and therefore functionality
 
 Teeth
 
 Tooth decay
 
 Chemical dissimilatory: waste products from oral acidogenic bacterial growth cause tooth decay
 
 Glass
 
 Leaching, staining of stained glass windows
 
 Chemical dissimilatory: by waste products from growth of fungi and Cyanobacteria Mechanical: filamentous organisms can cause stress cracking
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 (a)
 
 (b)
 
 (c)
 
 (c)
 
 Fig. 1.1 Some common biodeterioration problems. (a), Mouldy bread; (b), mould on antique book; (c), rotten floorboards; (d), soft rot on apples. See also Colour plate 1.
 
 1.3 KINDS OF LIVING ORGANISMS INVOLVED IN BIODETERIORATION Living organisms that can cause biodeterioration are referred to as biodeteriogens.2 Animals, insects and higher plants can be easily identified by visual observation and by examining their morphological and physiological characteristics. Organisms like bacteria, fungi and algae are less easy to identify and need to be isolated to be examined. Growth of these organisms under laboratory conditions is often difficult and specialized methods using fluorescent dyes and antibodies or examination using a scanning electron microscope must be used. In some instances, identification can only be made using DNA techniques.
 
 1.3.1
 
 Bacteria
 
 Bacteria are a large diverse group of microscopic, prokaryotic, unicellular organisms. They can be of various shapes (spherical, rod-like or spiral) and may be motile or non-motile. They include both autotrophic and
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 Classification of micro-organisms on the basis of their nutritional requirements.
 
 Nutritional classification
 
 Source of energy
 
 Source of carbon
 
 Examples of organisms
 
 Autotrophs Photoautotroph (photolithotroph)
 
 Sunlight (light energy)
 
 Carbon dioxide (CO2)
 
 Redox reactions (chemical energy)
 
 Carbon dioxide (CO2)
 
 Aerobic Algae Cyanobacteria Purple sulphur bacteria Green sulphur bacteria Aerobic Hydrogen bacteria Sulphur-oxidizing bacteria Nitrifying bacteria Iron bacteria
 
 Sunlight (light energy)
 
 Organic carbon or carbon dioxide (CO2)
 
 Redox reactions (chemical energy)
 
 Organic carbon
 
 Chemoautotroph (chemolithotroph)
 
 Heterotrophs Photoheterotroph (photo-organotroph)
 
 Chemoheterotroph (chemo-organotroph)
 
 Aerobic Photosynthetic bacteria Anaerobic Purple non-sulphur bacteria Aerobic Respiratory bacteria Fungi Anaerobic Fermentative bacteria Sulphur reducing bacteria Denitrifying bacteria
 
 heterotrophic species, and can be aerobic or anaerobic, and many species can thrive under either condition. They have relatively simple nutritional needs, and are easily adaptable and can readily change to suit their environment.
 
 1.3.2
 
 Fungi
 
 Fungi are a large group of small chemoheterotrophic organisms. They do not contain chlorophyll and therefore cannot make their own food by using sunlight. They are, however extremely adaptable and can utilize almost any organic material. Their growth is characterized by unicellular or multicellular filamentous hyphae, which can often be the cause of physical biodeterioration.
 
 1.3.3
 
 Algae, mosses and liverworts
 
 Algae, mosses and liverworts are eukaryotic unicellular or multicellular organisms. They are photoautotrophic and need moisture, light and inorganic nutrients to grow.
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 1.3.4
 
 Higher plants
 
 Higher plants are photoautotrophic organisms with specialized tissues and organs that show functional specialization.
 
 1.3.5
 
 Insects
 
 Insects include a large group of aerobic heterotrophic organisms. They need to feed on organic matter, but as a group are diverse in what they can consume. They can feed off all processed and unprocessed foods, as well as non-food items like binding materials and adhesives. Since some insects are attracted to the tight, dark places that abound in storage areas, and since stored foods and materials are handled infrequently, insects may do significant damage before they are discovered. Some examples of insect pests are silverfish, psocids, cockroaches, borer beetles, weevils and moths. Insects can be infected by disease-causing organisms such as bacteria, viruses and fungi. Besides causing significant biodeterioration themselves, insects can contaminate food or other organic matter.
 
 1.3.6
 
 Birds, mammals and reptiles
 
 Birds, mammals and reptiles are aerobic heterotrophic organisms that have fairly sophisticated food requirements. They can be very resourceful in their acquiring of food and can cause extensive physical damage. Their waste products can also serve as a source of nutrients for other biodeteriogens and can also be corrosive.
 
 1.4
 
 FOOD BIODETERIORATION From Man’s earliest history, control of biodeterioration of food has been a concern. The basic principles for control that were applied thousands of years ago are still applicable today: ● ● ●
 
 Eat food as soon after harvesting as possible. Physically protect food from pests by storing in sealed containers. Preserve by drying, salting or adding spices.
 
 In our modern, urbanized world we find it impractical to eat food immediately after harvesting and there are times that it must travel thousands of kilometres to get to our plate. Therefore other appropriate methods of food preservation have been developed. Food is made up from water, proteins, fats, carbohydrates and a host of vitamins and minerals. Each of these can be a target for micro-organisms
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 and pests, and as a result each must be considered in the method of food preservation and of storage used. Some micro-organisms are better adapted to food spoilage than others and hence knowing and understanding food and the organisms that can cause biodeterioration will certainly help in ensuring that they do not get an opportunity to thrive and cause any spoilage of the food.7 All of the issues mentioned above will be considered in this text. In addition to the microbiological aspects of food biodeterioration it is important to ensure that food is not degraded, spoiled or rendered susceptible to further or unnecessary spoilage owing to poor procedures and hygiene in farming, harvesting, storage and distribution. The impact of insects and mammals on the damage to cereals and other dry staples and on fruit and vegetables is enormous. These infestations are also initiation points in that their action renders the food susceptible to microbial attack. This is particularly relevant to developing economies in less well resourced parts of the world where dependence on primary staples is critical. Some general examples of this sort of biodeterioration include borers, worms, pecking, gnawing, physical bruising, etc. Some examples include: ●
 
 ● ●
 
 flies that carry pathogenic bacteria, but which can also cause damage because they lay eggs, the larvae of which then invade the meat or foodstuff causing further deterioration snails on salad leaves aphids on various crops.
 
 1.4.1
 
 The composition of food
 
 Food can be of animal or plant origin. It is made up mainly from varying proportions of carbohydrates, fats and proteins which provide energy and are the building blocks for growth and are essential for maintaining a healthy body. There are also small amounts of vitamins and minerals that are also essential for the body to function properly. Water is also an important component of food and is vital for cellular functions (Table 1.3). 1.4.1.1
 
 Water
 
 Water is essential for life and is abundant in all food products (unless there have been steps taken to remove it or formulate it without water). As micro-organisms cannot grow without water, the presence or absence of water is very important to the status of food and its potential for
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 The composition of some common foods.
 
 Food
 
 Fruit Apple (fresh) Banana, flesh only (ripe, fresh) Grapes (fresh) Cherries (fresh) Cherries (glace) Peaches (fresh) Raisins Vegetables Baked beans (canned in tomato sauce) Carrots (raw, young) Potato (raw) Pumpkin (raw) Sweet potato (raw) Meat/Fish Bacon, streaky Beef, rump steak (raw) Beef, salted and dried Cod fillets (raw) Pilchards, in tomato sauce (canned) Miscellaneous Bread, white Butter Cheese, Cheddar Eggs (chicken) Flour, white, plain Milk, cows, whole
 
 % % Water Protein
 
 % Fat
 
 % Carbohydrate
 
 % Sugar
 
 % Starch
 
 87.7 75.1
 
 0.3 1.2
 
 0.1 0.3
 
 8.9 23.2
 
 8.9 20.9
 
 trace 2.3
 
 81.8 82.8 23.6 88.9 13.2
 
 0.4 0.9 0.4 1.0 2.1
 
 0.1 0.1 trace 0.1 0.4
 
 15.4 11.5 66.4 7.6 69.3
 
 15.4 11.5 66.4 7.6 69.3
 
 0.0 0.0 0.0 0.0 0.0
 
 71.5
 
 5.2
 
 0.6
 
 15.3
 
 5.9
 
 9.4
 
 88.8 81.7 95.0 73.7
 
 0.7 1.7 0.7 1.2
 
 0.5 0.3 0.2 0.3
 
 6.0 16.1 2.2 21.3
 
 5.6 1.3 1.7 5.7
 
 0.2 14.8 0.3 15.6
 
 41.8 66.7 29.4 82.1 70.0
 
 14.6 18.9 55.4 17.4 18.8
 
 39.5 13.5 1.5 0.7 5.4
 
 0.0 0.0 0.0 0.0 0.7
 
 0.0 0.0 0.0 0.0 0.6
 
 0.0 0.0 0.0 0.0 0.1
 
 37.3 15.6 36.0 75.1 14.0 87.8
 
 8.4 0.5 25.5 12.5 9.4 3.2
 
 1.9 81.7 34.4 10.8 1.3 3.9
 
 49.3 Trace 0.1 Trace 77.7 4.8
 
 2.6 Trace 0.1 Trace 1.5 4.8
 
 46.7 0.0 trace 0.0 76.2 0.0
 
 Data from McCance and Widdowson’s The Composition of Foods, 5th Edition.
 
 biodeterioration. Many food processing techniques use the modification of water as the basis for preservation – by making it unavailable to the micro-organisms so that they cannot grow, e.g. drying, salting, freezing, emulsification, making pectin gels, etc.7,8 The chemical formula for water is H2O. Each molecule of water is made up from two hydrogen atoms and one oxygen atom. A strong covalent bond holds the hydrogen atoms to the oxygen atom, but as the oxygen atom attracts the electrons more strongly than the hydrogen, the bond is slightly ionic, with the hydrogen being slightly positively charged and the oxygen being slightly negatively charged. As a result of this, the water molecule is polar and there are weak bonds (hydrogen bonds) between the negative and positive charges between molecules. The hydrogen bond, although weak, is very important as it is what causes water to be a liquid
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 at room temperature and influences much of its chemistry and allows it to bond with sugars, pectins, starches and proteins. Another important characteristic of water, as far as food science is concerned, is that frozen water is less dense than liquid water. (In liquid water the molecules are free to pack together closely and ‘slide’ past each other, whereas in ice the molecules form more-or-less rigid bonds with their neighbours, which creates the solid structure but also holds them further apart.) This means that ice floats on liquid water, but more importantly, when food is frozen, the volume increases by about 9%. 1.4.1.2
 
 Carbohydrates
 
 Carbohydrates are organic compounds that contain carbon, oxygen and hydrogen. They can be simple sugars or complex molecules. They have the general formula CnH2nOn. Food carbohydrates include monosaccharides (e.g. glucose), disaccharides (e.g. lactose, sucrose) and polysaccharides (e.g. dextrins, starches, celluloses, pectins). Monosaccharides and disaccharides are also referred to as sugars. They are readily digested and metabolized by the human body to supply energy, but can also be easily metabolized (fermented) by micro-organisms. 1.4.1.3
 
 Fats
 
 Fats are the second most important source of energy in the diet, after carbohydrates. The yield of energy from fats is greater than that of carbohydrates, with fats yielding more than double the amount of energy as an equivalent weight of carbohydrate. They are also an essential part of the diet, and are utilized in membrane, cell, tissue and organ structures. Fats or oils (triglycerides) are a group of naturally occurring organic compounds – esters comprised of three molecules of fatty acid covalently bonded to one molecule of glycerol. The properties of a fat are determined by the type and length of fatty acids that are bonded to the glycerol molecule. Fats are designated as saturated or unsaturated, depending on whether the fatty acid moieties contain all the hydrogen atoms they are capable of holding (saturated) or whether they have capacity for additional hydrogen atoms (unsaturated). To put it another way, all the carbon–carbon bonds are single bonds in saturated fats, but unsaturated fats/oils have at least one carbon–carbon double bond. Saturated fats are generally solid at room temperature; unsaturated and polyunsaturated fats are liquids. Unsaturated fats may be converted to saturated fats by the chemical addition of hydrogen atoms (hydrogenation).
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 1.4.1.4
 
 Proteins
 
 Proteins are the most abundant molecules in cells, making up about 50% of the dry mass. Protein molecules range from soluble globules that can pass through cell membranes and set off metabolic reactions (e.g. enzymes and hormones) to the long, insoluble fibres that make up connective tissue and hair. Proteins are made up from amino acids, of which 20 are used by living organisms. Each amino acid has specific properties, depending on its structure, and when they combine together to form a protein, a unique complex molecule is formed. All proteins have unique shapes that allow them to carry out a particular function in the cell. All amino acids are organic compounds that contain both an amino (NH2) and a carboxyl (COOH) group. Proteins are very important foods, both nutritionally and as functional ingredients. They serve primarily to build and maintain cells, but their chemical breakdown also provides energy, yielding almost the same amount of energy as carbohydrates on a weight-for-weight basis. 1.4.1.5
 
 Minerals and trace elements
 
 Living organisms need countless numbers of minerals and trace elements for them to be able to function adequately. Among these are calcium, iodine, iron, magnesium, manganese, phosphorus, selenium and zinc.
 
 1.5 A DESCRIPTION OF THE MECHANISMS OF FOOD BIODETERIORATION 1.5.1
 
 Fermentation
 
 Many different types of fermented foods are consumed worldwide (See Fig. 1.2). Many countries have their own unique types of fermented food, representing the staple diet and the (raw) ingredients available in that particular place. Some of the more obvious fermented fruit and vegetable products are the alcoholic beverages: beer and wine. However, several fermented fruit and vegetable products arise from lactic acid fermentation and are extremely important in meeting the nutritional requirements of a large proportion of the global population.10 Food fermentation can be brought about by bacteria, yeasts or moulds. When micro-organisms metabolize and grow, they release by-products. In food fermentation some of the by-products have a preserving effect in the food by lowering the pH and/or producing alcohols. Most food spoilage organisms cannot survive in either alcoholic or acidic environments,
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 Fig. 1.2 Examples of foods derived from fermentation. See also Colour plate 2.
 
 therefore the production of these by-products can prevent a food from spoilage and extend the shelf life. The fermentation by-products also change the texture and flavour of the food substrate, e.g. in the case of milk, the acid causes the precipitation of milk proteins to solid curd.11,12,13,14 The most important bacteria in desirable food fermentation are the Lactobacillaceae, which have the ability to produce lactic acid from carbohydrates, and the acetic acid producing Acetobacter species. Yeasts play an important role in the food industry, e.g. in the leavening of bread and the production of alcohol and invert sugar. The most beneficial yeasts in terms of desirable food fermentation are from the Saccharomyces family, especially S. cerevisiae. Moulds do not play a significant role in the desirable fermentation of fruit and vegetable products, however, some do impart characteristic flavours to foods and others produce enzymes, e.g. moulds from the genus Penicillium are associated with the ripening and flavour of cheeses. Moulds are aerobic and therefore require oxygen for growth. They produce a large variety of enzymes, and can colonize and grow on most types of food. Many of the changes that occur during fermentation of foods are the result of enzymes produced by micro-organisms. Enzymes are complex proteins produced by living cells to carry out specific biochemical reactions. They initiate and control reactions, rather than being used as part of a reaction. They are sensitive to temperature, pH, moisture content, nutrient concentration and the concentration of any inhibitors. Enzymes each have specific requirements for optimum performance. Extremes of temperature and pH will denature the protein and destroy enzyme activity. In food fermentation enzymes have several roles: the breakdown of starch, the conversion of sugars and the modification of proteins.
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 Most food fermentation is the result of more than one micro-organism, either working together or in a sequence. There are very few pure culture fermentations. Different species of bacteria, yeasts and moulds all have their own optimum growing conditions. An organism that initiates fermentation will grow until the by-products that it produces inhibit further growth and activity. During this initial growth period, other organisms develop that are ready to take over when the conditions become favourable for them. Generally, growth is initiated by bacteria, followed by yeasts and then moulds. Fermentation usually results in the breakdown of complex organic substances into simpler ones. Food fermentation includes many important chemical reactions, e.g. the enzyme lactase, produced by bacteria, causes the lactose in milk to be converted into lactic acid, in alcoholic fermentation. Similarly zymase, secreted by yeast, converts simple sugars (e.g. glucose and fructose) into ethyl alcohol and carbon dioxide. Some fermentation reactions are desirable, but others are not, e.g. the formation of butanoic acid when butter becomes rancid and that of acetic acid when wine turns sour. Fermentation is generally desirable in food as: ●
 
 ● ●
 
 Many desirable flavours and odours are generated as part of the fermentation reactions. It makes the nutrients more available. Micro-organisms are anabolic as well as catabolic, i.e. they also synthesis nutrients like riboflavin and other vitamins.
 
 Undesirable reactions that render the food inedible or unsafe can also take place. Some examples of specific fermentations and examples when they change from being useful to being biodegradation reactions are as follows:15 1.5.1.1
 
 Pickles
 
 Pickling (corning) is the process of preparing a food by soaking it in brine containing salt and acid, resulting in a product that would otherwise be perishable being stable for months. The resulting food is called a pickle. The preservation of food by lactic acid bacteria fermentation has been one of the most important methods of food conservation for thousands of years. Pickled products are made from many different fruits and vegetables (e.g. cucumbers, olives, cabbages, peppers, green tomatoes, okra, carrots, mangoes, etc). If the food contains sufficient moisture, a pickling brine may be produced simply by adding dry salt to the vegetables to draw out excess water, then allowing natural fermentation to create an acidic
 
 9781405154178_4_001.qxd 9/3/07 14:25 Page 13
 
 Control of Biodeterioration in Food 13
 
 brine solution containing lactic acid (e.g. sauerkraut). Other pickles are made by placing the vegetable in a brine solution (e.g. cucumbers) and allowing enough time for the subsequent fermentation reactions to take place. The salinity of the brine solution, the temperature of fermentation, the exclusion of oxygen and the acidity of the brine all determine which micro-organisms dominate, as well as the flavour of the end product. For example when the salt concentration and temperature are low, Leuconostoc mesenteroides dominates, producing a mix of acids, alcohol, and aroma compounds. When the temperature is higher, Lactobacillus plantarum dominates, which produces primarily lactic acid. Many commercial pickles have starter cultures added and start with Leuconostoc, and change to Lactobacillus with higher acidity. The manufacture of cucumber pickles The cucumber is one of the oldest vegetables cultivated by man and is thought to have had its origin in Asia more than 3000 years ago. Pickled cucumbers are sold commercially worldwide. While many different recipes are popular, the basic method of manufacture from traditional fermentation is as follows. Immature cucumbers are picked and care is taken not to bruise or damage them. The washed cucumbers are placed in large tanks and 4.0–5.3% salt brine (15–20° by salometer) is added. The cucumbers are submerged in the brine, ensuring that none float on the surface. The strong brine draws sugars and water out of the cucumbers. This reduces the salinity of the solution, which must be monitored daily, and more salt should be added when necessary (the concentration of salt must be maintained above 3.1% (12° by salometer) or spoilage will occur through putrefaction and softening). Shortly after the cucumbers have been placed in the brine the fermentation process, which generates heat and acids, begins. During fermentation visible changes take place that are important in judging the progress of the process. The colour of the surface of the cucumbers changes from bright green to a dark olive green as acids interact with the chlorophyll. The interior of the cucumber changes from white to a waxy translucent shade as air is forced out of the cells. The specific gravity of the cucumbers also increases as a result of the gradual absorption of salt and they begin to sink in the brine rather than floating on the surface. In the primary stage of fermentation there are many micro-organisms, but after a few days Gram-positive cocci, e.g. Leuconostoc mesenteroides, predominate. This species is more resistant to temperature changes and tolerates higher salt concentration than the competitor and subsequent species. As fermentation proceeds and the acidity increases, Lactobacilli
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 and Pediococcus take over from the Leuconostoc. After about 10–14 days all extraneous and undesirable micro-organisms should have disappeared. A complete fermentation lasts for between 10 and 30 days, depending upon the temperature of the fermentation. The optimum temperature for Lactobacilli cucumeris is 29–32°C. During the fermentative period, the acidity increases to about 1% (as lactic acid) and the pH can go as low as 3.3. If sugar or acetic acid is added to the fermenting mixture during this time it increases the production of acid. Some problems encountered in the production of pickled cucumbers Softening: Soft texture can result from many conditions such as excessive aeration, poor salting procedure and varying temperatures. When the normal sequence of bacterial growth is altered or disturbed, it can result in a soft product. There are three main pectolytic enzymes responsible for softening: polygalacturonase, pectin methylesterase and polygalacturonic acid trans-eliminase. These can be produced by a host of bacteria and sometimes fungi, including various species of Bacillus and Achromobacter, Aerobacter and Escherichia. Factors that have been found to contribute to the softening of cucumbers include unusually high numbers of pectinolytic bacteria in the initial microbiological population, pH of brine above 5.5, delay in lactic acid fermentation and brine concentrations of 5–8%. Floaters/bloaters: Gas producing micro-organisms (yeasts and bacteria) can grow inside the cucumbers causing internal cavities, loss of structure and texture. Shriveling: Excessive amounts of acid during the fermentation, causing the pickles to shrivel. 1.5.1.2
 
 Yogurt
 
 Yogurt is made when bacteria ferment milk sugar (lactose) to lactic acid, which lowers the pH and causes the characteristic curd to form. The acid also restricts the growth of food-poisoning bacteria. During the fermentation of yogurt flavours are produced that give it its characteristic taste. To be named yoghurt, the product should at least contain the bacteria Streptococcus salivarius ssp. thermophilus and Lactobacillus delbrueckii ssp. bulgaricus. Often these are co-cultured with other lactic acid bacteria (L. acidophilus, Lactobacillus casei and Bifidobacterium species) for either taste or health effects (probiotics). It is thought that yogurt fermentation was discovered – probably by accident – by Balkan tribes several thousands of years ago. Yogurt remained
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 mainly a food of eastern Europe until the 1900s, when the biologist Mechnikov postulated the theory that Lactobacilli bacteria in yogurt are responsible for the longevity of Bulgarian people. Many types of yogurt are manufactured commercially and each type and manufacturing company have their own recipes. A basic method of manufacture is as follows. A mixture of pasteurized fat-free, low-fat or fullcream milk, usually with some milk solids added and, depending on the type of yogurt, with sweeteners and stabilizers, is inoculated with a starter culture of Streptococcus thermophilus and Lactobacillus bulgaricus. The mixture is held at 30–43°C for 3–16 hours. Typical problems that can be found with yogurt are flavour related (i.e. the lack of flavour development, or too intense or unnatural flavours), slimy texture or lack of body. 1.5.1.3
 
 Bread
 
 Bread is one of the oldest prepared foods. Part of the manufacture of bread is called leavening, which is the process of adding gas to the dough before baking, to produce a bread that is lighter in texture. Leavening can be done chemically or by yeast. The development of leavened bread possibly began in prehistoric times, however the earliest archaeological evidence is from ancient Egypt, where scientists using scanning electron microscopy have detected yeast cells in some ancient Egyptian loaves. The yeast used for leavening bread is Saccharomyces cerevisiae, which ferments carbohydrates in the flour, producing carbon dioxide. Flour (made from grain that has been ground into a powdery consistency) is the main ingredient, wheat flour being the most common. Some other common grains are rye, barley and maize. Besides starch flour contains three water-soluble protein groups – albumin, globulin, proteoses – and two non-water soluble protein groups – glutenin and gliadin. When flour is mixed with water the water-soluble proteins dissolve, leaving the glutenin and gliadin to form the gluten and the structure of the resulting dough. There is a large variety of breads made from many different ingredients. A basic method of bread manufacture is as follows. Firstly flour, salt and fat are mixed with yeast and warm liquid to form an elastic dough. This is then kneaded to develop the gluten. In the fermentation stage the dough is left to ‘prove’ in a warm environment, which allows the carbon dioxide gas to permeate and stretch it, giving the dough structure and shape. The dough is kneaded again to ensure that the bubbles of carbon
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 dioxide are of uniform shape, and then it is left to prove again, usually to double its size. Finally, the bread is baked at a high temperature (about 220°C). Microbiological spoilage that is possible in bread includes surface mould growth usually promoted by Rhizopus. Ropiness in bread is cause by Bacillus subtilis and is characterized by stringiness in the dough. 1.5.1.4
 
 Wine
 
 Wine is an alcoholic beverage produced by the fermentation of the sugar in fruit, typically grapes, though a number of other fruits are also quite popular. A brief description of how wine is made (in a modern winery) is as follows: ●
 
 ●
 
 ●
 
 ●
 
 ●
 
 ●
 
 Once the grapes reach the winery, they are crushed. Inside the crusher there is a perforated, rotating drum. The holes in the drum allow the juice and the skins of the grapes to pass through, but keep the stems inside the drum. The crushed grapes and juice are called ‘must’. Red-grape must is sent directly to the fermentation tanks. White-grape must is sent first to a wine press, where the juice is separated from the skins. Fermentation tanks are large, airtight, stainless steel vessels. They are cooled to about 4°C. The winemaker adds sugar and yeast to start the process of fermentation. The type of yeast and the amount of sugar added depend on the type of grape. When the yeast gets mixed into the must, the concentration of glucose (C6H12O6) is very high. The yeast breaks down the glucose via a metabolic process called glycolysis. The products of glycolysis are two three-carbon sugars, called pyruvates, and some ATP (adenosine triphosphate). ATP supplies energy to the yeast and allows it to multiply. The pyruvates are then converted by the yeast into carbon dioxide (CO2) and ethanol (CH3CH2OH), which is the alcohol in wine. The fermentation process takes about two to four weeks. During this time, the winemaker samples the fermenting must and measures the pH or acid levels to determine whether the fermentation process is proceeding as it should. Once the fermentation process is completed, red wines are sent to the press to separate the skins from the wine and are then filtered to remove the yeast. White wines are allowed to settle and are filtered to remove the yeast. Once the yeast has been removed, the wines are stored in either stainless steel storage tanks or oak barrels (oak gives many wines a characteristic flavour) depending on the type of wine. In some red wines, a second type of fermentation, called malolactic fermentation, is
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 ●
 
 undertaken while in storage. In malolactic fermentation, the winemaker adds a bacterium to the wine that breaks down malic acid, a byproduct of aerobic metabolism, into lactic acid, a byproduct of anaerobic metabolism. Lactic acid is a milder acid than malic acid. The ageing process can be anywhere from three months to three years. After the wine has aged sufficiently, as determined by the winemaker, it is time to bottle and package it for sale.
 
 A wine fault or defect is an unpleasant characteristic of a wine often resulting from poor winemaking practices or storage conditions. Some examples are listed below: ●
 
 ●
 
 ●
 
 ●
 
 ●
 
 Acetaldehyde production is associated with the presence of surface film-forming yeasts and bacteria, such as acetic acid bacteria, which form the compound by the decarboxylation of pyruvate. Acetaldehyde is an intermediate product of yeast fermentation; however, it is more commonly associated with ethanol oxidation catalysed by the enzyme ethanol dehydrogenase. Wine with levels above 100–125 ppm can be described as ‘green apple’, sour and metallic. Acetic acid in wine, often referred to as volatile acidity or vinegar taint, can be contributed by many wine spoilage yeasts and bacteria. This can be from either a by-product of fermentation, or due to the spoilage of finished wine. Acetic acid bacteria, such as those from the genera Acetobacter and Gluconobacter, produce high levels of acetic acid. Ethyl acetate is formed in wine by the esterification of ethanol with acetic acid. Therefore wines with high acetic acid levels are more likely to see ethyl acetate formation, but the compound does not contribute to the volatile acidity. It is a common microbial fault produced by wine spoilage yeasts, particularly Pichia anomala, Kloeckera apiculata and Hanseniaspora uvarum. High levels of ethyl acetate are also produced by lactic acid bacteria and acetic acid bacteria. Low levels of ethyl acetate can give an added richness and sweetness to the wine, but above about 150–200 ppm an aroma characteristic of nail polish remover, glue, or varnish can be detected. Hydrogen sulphide (H2S) is generally thought to be a metabolic byproduct of yeast fermentation in nitrogen-limited environments. It is formed when yeast ferments via the sulphate reduction pathway. Hydrogen sulphide can further react with wine compounds to form mercaptans and disulphides. Geosmin is a compound with a very distinct earthy, musty, beetroot, even turnip flavour and aroma and has an extremely low sensory threshold of down to 10 ppt. Its presence in wine is usually derived as a metabolite from the growth of filamentous actinomycetes such as
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 ●
 
 ●
 
 ●
 
 ●
 
 Streptomyces, and moulds such as Botritis cinerea and Penicillium expansum, on grapes. Geosmin is also thought to be a contributing factor to cork taint. Lactic acid bacteria have a useful role to play in winemaking by converting malic acid to lactic acid in malolactic fermentation. However after this function has been completed the bacteria may still be present within the wine, where they can metabolize other compounds and produce wine faults. Wines that have not undergone malolactic fermentation may be contaminated with lactic acid bacteria, leading to refermentation of the wine and its becoming turbid, ‘swampy’ and slightly effervescent. Lactic acid bacteria can also be responsible for wine taints. Ropiness is manifested as an increase in viscosity and a slimy or fatty mouth-feel of a wine. It is caused by the production of dextrins and polysaccharides by certain lactic acid bacteria, particularly of the genera Leuconostoc and Pediococcus. Mousiness is a wine fault most often attributed to Brettanomyces, but it can also originate from the lactic acid bacteria Lactobacillus brevis, Lactobacillus fermentum and Lactobacillus hilgardii. The compounds responsible are lysine derivatives, and the taints are not volatile at the pH of wine, and therefore not obvious as an aroma. However, when mixed with the neutral pH of saliva they can become very apparent on the palate especially at the back of the mouth, as ‘mouse cage’ or ‘mouse urine’ flavour. Refermentation/secondary fermentation is caused by yeasts refermenting the residual sugar present within bottled wine. It occurs when sweet wines are bottled in non-sterile conditions, allowing the presence of micro-organisms. The most common yeast to referment wine is the standard wine fermentation yeast Saccharomyces cerevisiae, but has also been attributed to Schizosaccharomyces pombe and Zygosaccharomyces bailii. The main issues associated with the fault include turbidity, excess ethanol production, carbonation and some coarse odours.
 
 1.5.1.5
 
 Beer
 
 Beer is one of the oldest beverages humans have produced, dating back to at least the 5th millennium BC, and recorded in the written history of Ancient Egypt and Mesopotamia. It is most likely that beer-like beverages were independently developed among various cultures throughout the world. Beer is produced by the fermentation of many starch-based materials, though commonly barley, cassava, millet, sorghum, potato and agave are used. Because the ingredients and processes used to make beer differ dramatically, characteristics such as taste and colour also vary.
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 Beer manufacturing methods vary depending on the type of raw material used. A method for commercial beers with the basic ingredients water, malted barley, yeast (Saccharomyces cerevisiae or Saccharomyces uvarum) and hops is as follows: ●
 
 ●
 
 ●
 
 ●
 
 ●
 
 ●
 
 ●
 
 Malt is formed from barley by soaking it in water, allowing it to start to germinate, and then drying the germinated grain in a kiln. Malting the barley produces the enzymes that will eventually convert the starches into fermentable sugars. Mashing: The first phase of brewing, in which the malted grains are crushed and soaked in warm water in order to create a malt extract. The mash is held at a constant temperature for long enough for enzymes to convert starches into fermentable sugars. Lautering is the separation of the extracts formed during mashing from the spent grain. It is achieved in either a Lauter tun, a wide vessel with a false bottom, or a mash filter, a plate-and-frame filter designed for this kind of separation. It has two stages: first wort run-off, during which the extract is separated in an undiluted state from the spent grains, and sparging, in which extract which remains with the grains is rinsed off with hot water. Boiling: The wort is boiled along with any remaining ingredients (excluding yeast), to remove excess water and kill any micro-organisms. The hops are added at some stage during the boil. Fermentation: The yeast is added and the beer is left to ferment. After primary fermentation, the beer may be allowed a second fermentation, which allows further settling of yeast and other particulate matter that may have been introduced earlier in the process. Some brewers may skip the secondary fermentation and simply filter off the yeast. Packaging: At this point, the beer contains alcohol, but not much carbon dioxide. The brewer has a few options to increase carbon dioxide levels. The most common approach by large-scale brewers is force carbonation, via the direct addition of CO2 gas to the keg or bottle. Smaller-scale or more classically-minded brewers will add extra sugar or a small amount of newly fermenting wort to the final vessel, resulting in a short refermentation known as ‘cask-’ or ‘bottle conditioning’. After brewing, the beer is usually a finished product. At this point the beer is kegged, casked, bottled, or canned.
 
 Lager is the English name for bottom-fermented beers. Lager yeast is a bottom-fermenting yeast, and typically undergoes primary fermentation at 7–12°C (the ‘fermentation phase’), and then is given a long secondary fermentation at 0–4°C (the ‘lagering phase’). During the secondary stage, the lager clears and mellows. The cooler conditions also inhibit the natural production of esters and other byproducts, resulting in a ‘crisper’ tasting beer.
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 Ales are brewed with top-fermenting yeasts. Ale is typically fermented at temperatures between 15°C and 24°C, at which temperatures yeast produces significant amounts of esters and other secondary flavour and aroma products, and the result is often a beer with slightly ‘fruity’ compounds resembling, but not limited to, apple, pear, pineapple, banana, plum, or prune. Typical ales have a sweeter, fuller body than lagers. The important distinction for ales is that they are fermented at higher temperatures and thus ferment more quickly than lagers. Problems encountered in beer making A stuck fermentation is a fermentation of wine or beer that has stopped before completion, i.e., before the anticipated percentage of sugars has been converted by yeast into alcohol. It may be caused by: (1) insufficient or incomplete nutrients required to allow the yeast to complete fermentation; (2) low temperatures, or temperature changes which have caused the yeast to stop working early; or (3) an alcohol content too high for the particular yeast chosen for the fermentation. Conditions like ropiness (beer becomes viscous and pours as an oily steam), sourness (caused by elevated levels of acetic acid) and turbidity are just some of the conditions caused by undesirable microbiological activity. 1.5.1.6
 
 Cheese
 
 Cheese is an ancient food, the origins of which are debated; estimates range from around 8000 BC (when sheep were domesticated) to around 3000 BC. It was probably discovered in Central Asia or the Middle East and taken from there to Europe. The earliest cheeses would probably have been quite sour and salty, similar in texture to feta. When basic cheese-making found its way into Europe, the cooler climates meant less aggressive salting was needed for preservation. With moderate salt and acidity, cheese became a suitable environment for a variety of beneficial microbes and moulds, which are what give aged cheeses their pronounced and interesting flavours. Cheese is a solid food made from the milk of cows, goats, sheep, buffalo or other mammals. Their milk is curdled using some combination of bacterial acidification and the enzyme rennet (or a rennet substitute). Bacteria that turn milk sugars into lactic acid acidify the milk and play a role in defining the texture and flavour of most cheeses. Some cheeses also feature moulds, either on the outer rind or throughout (See Fig. 1.3). Cheese making ●
 
 Curdling: This is the only strictly required step in making any sort of cheese and results in separating the milk into solid curds (protein) and
 
 9781405154178_4_001.qxd 9/3/07 14:25 Page 21
 
 Control of Biodeterioration in Food 21
 
 Fig. 1.3 Sample of typical cheeses. See also Colour plate 2.
 
 ●
 
 ●
 
 liquid whey. This is done by acidifying the milk (usually by starter bacteria from the Lactococci, Lactobacilli, or Streptococci families) and adding the enzyme rennet. The starter bacterium converts milk sugars into lactic acid and the enzymes that they produce play a large role in the eventual flavour of aged cheeses. Some fresh cheeses are curdled only by acidity, but rennet is also used in most cheeses. Rennet sets the cheese into a strong and rubbery gel (compared to the fragile curds produced by acidic coagulation alone). Curd processing: At this point, the cheese has set into a very moist gel. Some soft cheeses are now essentially complete: they are drained, salted, and packaged. For most of the rest, the curd is cut into small cubes. This allows water to drain from the individual pieces of curd. Salt has a number of roles in cheese besides adding a salty flavour. It preserves cheese from spoiling, draws moisture from the curd, and firms up a cheese’s texture in an interaction with its proteins. Some cheeses are salted from the outside with dry salt or brine washes. Most cheeses have the salt mixed directly into the curds. Ageing/ripening: A new cheese usually has a salty bland flavour, and the harder varieties are rubbery in texture. Cheeses are usually left to rest under carefully controlled conditions. This ageing period can last from a few days to several years. As cheese ages, micro-organisms and enzymes transform its texture and intensify its flavour. This transformation is largely a result of the breakdown of casein proteins and milk fat into a complex mix of amino acids, amines, and fatty acids.
 
 There are many potential problems associated with cheese making, as for each cheese type there are many very specific parameters that have to be complied with, e.g. pH control in the initial fermentation is significant in the control of curdling. At many stages there can be the development of off or uncharacteristic flavours as well as uncharacteristic textures.
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 Flavour defects include: ●
 
 ● ●
 
 Sourness/acidity caused by excessive fermentation and/or inadequate washing of the curds. Bitterness caused by abnormal protein degradation. Fruity and fermented flavour caused by anaerobic spore-formers. This occurs when the pH is high and the salt content is low.
 
 Texture defects include: ●
 
 ● ● ●
 
 Corky, caused by inadequate acid development of and/or excessive washing of the curds. Weak/pasty, caused by too much moisture or too little salt. Gassiness, caused by the growth of various bacteria and yeasts. Openness, caused when whey is trapped between curds (and the opening remains after draining).
 
 1.5.2
 
 Fermentation biochemistry
 
 Prokaryotic and eukaryotic cells share a major metabolic pathway in which glucose is catalysed to pyruvate through several enzymatic pathways. The pyruvate is further broken down to compounds like ethanol and lactic acid. This requires no oxygen and produces energy in the form of adenosine triphosphate (ATP). Although this is not a very efficient way of producing energy, it is fast.16,17 Metabolically fermentation is a process that is important for an organism in anaerobic conditions when there is no oxidative phosphorylation to maintain the production of ATP by glycolysis. During fermentation pyruvate is metabolized to various different compounds. Homolactic fermentation is the production of lactic acid from pyruvate; alcoholic fermenta-tion is the conversion of pyruvate into ethanol and carbon dioxide; and heterolactic fermentation is the production of lactic acid as well as other acids and alcohols (see Fig. 1.4).16 Biochemically, fermentation is the anaerobic metabolic breakdown of carbohydrate nutrients, like glucose, without net oxidation (see Fig. 1.5).16 Fermentation does not release all the available energy in a molecule; it merely allows glycolysis to continue by replenishing reduced coenzymes. Depending on where it is taking place, fermentation may yield lactate, acetic acid, ethanol, butyric acid, acetone and other reduced metabolites. Food fermentation uses the term more broadly, and fermentation refers to the anaerobic or aerobic growth (see Fig. 1.6) of micro-organisms on a substrate. It refers to the chemical changes in
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 ATP (yield is greater than that obtained from glycolysis) Fig. 1.4 Metabolization of glucose (glycogen) via pyruvate.
 
 (a)
 
 C6H12O6 → 2 C2H5OH + 2CO2 + Energy released glucose ethanol carbon dioxide
 
 (b)
 
 C6H12O6 glucose
 
 →
 
 2 CH3CHOHCOOH + Energy released lactic acid
 
 (c)
 
 C6H12O6 glucose
 
 →
 
 CH3CHOHCOOH + C2H5OH + 2CO2 + Energy lactic acid ethanol carbon dioxide
 
 Fig. 1.5
 
 C2H5OH ethanol
 
 Examples of anaerobic fermentation.
 
 + O2 → CH3COOH oxygen acetic acid
 
 + H2O + Energy released water
 
 Fig. 1.6 An example of aerobic fermentation.
 
 organic substances produced by the action of specific enzymes, produced by micro-organisms such as moulds, bacteria, and yeasts.
 
 1.5.3
 
 Putrefaction
 
 Putrefaction is the breakdown of proteins by microbial enzymes, usually produced by anaerobic spoilage micro-organisms. It results in ‘off’ odours
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 24 Food Biodeterioration and Preservation decarboxylase Lysine → H2N(CH2)5NH2 cadaverine Fig. 1.7 Production of cadaverine.
 
 decarboxylase Ornithine or arginine → H2N(CH2)4NH2 putrescine Fig. 1.8 Production of putrescine.
 
 referred to as putrid odours. The odours are caused by the diamines cadaverine (pentamethylenediamie) (Fig. 1.7) and putrescine (butanediamine) (Fig. 1.8) and which are end-products of spoilage. Putrefaction occurs in protein rich products like meat, fish and certain vegetables.
 
 1.5.4
 
 Lypolysis
 
 Lypolysis is the breakdown of fat into glycerol and free fatty acids. Lipolysed fat has a rancid taste and smell. The lypolysis reaction is controlled by enzymes called lipases, which are produced by microorganisms. As with many enzymatic reactions, high storage temperatures encourage lipolysis. In foods like fatty fish, the fish oils are largely composed of glycerol combined with fatty acids to form glycerides. Splitting of the glycerides of the oil and formation of free fatty acids (FFA) result in reduced quality of the oil with serious economic consequences. In dairy products, where the fat component is a significant part of the whole product, much effort has to be taken in processing, storage and distribution to ensure that lypolysis is minimized.
 
 1.6 MICRO-ORGANISMS INVOLVED IN BIODETERIORATION REACTIONS 1.6.1
 
 Factors that affect microbial growth
 
 There are many complex reactions and conditions that either inhibit or encourage microbial growth. The availability of oxygen, the temperature (hot or cold), light and other radiation, moisture and dryness, the activity of natural enzymes and the amount of spoilage micro-organisms that are present will all affect the growth of spoilage organisms. A few of the basic physical properties of the food or the storage environment are discussed briefly below.14,15
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 1.6.1.1
 
 pH
 
 pH refers to the hydrogen ion concentration of a solution, a measure of the solution’s acidity. It is defined as the negative logarithm of the concentration of H+ ions. pH = −log10[H+ ] +
 
 (Eqn. 1.1)
 
 +
 
 where [H ] is the concentration of H ions in moles per litre. Most micro-organisms grow best at neutral pH and only a few are able to grow at a pH lower than 4.0. Bacteria are more fastidious about their pH requirements than are yeasts and moulds. The fact that pH can limit microbial growth is a basic principle of food preservation and has been used for thousands of years. Fermentation and pickling extend the shelflife of food products by lowering the pH. The fact that no known sporeforming pathogenic bacteria can grow at pH < 4.6 is the basis for the food sterilization principle for low acid and acid foods. See Fig. 1.9 for examples of pH growth ranges of various micro-organisms. The pH of some food is inherently low and therefore the kinds of organisms that can cause biodegradation of that food is limited. Some foods are
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 Fig. 1.9 pH growth ranges for selected micro-organisms.
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 The pH of selected foods.
 
 Food
 
 pH
 
 Fruit Apple Banana Cherries Grapes Grapefruit Lemon Peaches Pineapple Fish and meat Fish Beef Pork Lamb Chicken
 
 3.3 – 4.0 5.0 – 5.3 3.3 –3.6 3.5 –3.8 3.0 – 3.8 2.0 –2.6 3.3 – 4.1 3.2 – 4.0 5.8 – 6.8 5.1– 6.2 5.3 – 6.9 5.4– 6.7 6.2 – 6.4
 
 Food
 
 pH
 
 Vegetables Asparagus Avocado Beans (soy) Beans in tomato sauce Carrots Mushrooms Olives Olives, fermented Peas Sweet potatoes Tomatoes
 
 6.0 –6.7 6.3 –6.6 6.0 –6.6 5.3 5.9 –6.4 6.0 –6.7 6.0 –7.5 3.6 –4.6 6.2 –6.8 5.3 –5.6 4.0 –4.9
 
 Food
 
 pH
 
 Miscellaneous Bread, white Bread, whole wheat Cheddar cheese Cottage cheese Eggs Egg, white Egg, yolk Honey Ketchup Milk, cow’s Marmalade Peanut butter Tea
 
 5.0–6.2 5.5–5.9 5.9 4.7–5.0 6.6 7.9 6.1 3.7–4.2 3.9 6.4 –6.8 3.0 –3.3 6.3 7.2
 
 acidified to preserve them, or as one of the food preservation hurdles. See Table 1.4 for some examples of the pH of foods. 1.6.1.2
 
 Moisture content of the food
 
 Micro-organisms cannot grow in a water-free environment, as enzyme activity is absent, and most chemical reactions are greatly slowed down. Fresh vegetables, fruit, meat, fish and some other foods naturally have a high moisture content, which averages about 80%. Drying is one of the oldest methods of food preservation. Drying reduces the availability of moisture, thereby limiting the number and types of micro-organisms that can grow and reducing the rate at which they can do so. A measure of this parameter is called water activity and is defined by the ratio of the water vapour pressure in the food substrate to the vapour pressure of pure water at the same temperature, and is denoted by aw. aw = p/po
 
 (Eqn. 1.2)
 
 Where p = vapour pressure of solution po = vapour pressure of solvent (usually water) Water activity is a measure of the water that is available to micro-organisms. Pure water has a water activity of 1.0 while most fresh foods have a water activity of about 0.99. In general bacteria require a higher aw than yeasts and moulds. Most spoilage bacteria cannot grow at aw < 0.91, with Clostridium botulinum having a minimum growth level of 0.94. Staphylococcus aureus, has, however, been found to grow at aw as low as
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 0.84. The lowest reported aw value for a bacterial growth is 0.75. Most spoilage moulds cannot grow at aw < 0.80. The lowest reported aw for any mould growth is 0.65, and for yeasts it is 0.61. 1.6.1.3
 
 Humidity of the environment
 
 The humidity of the environment is important as it affects the aw of the food as well as the moisture on its surface. Food can pick up moisture from the atmosphere. Under conditions of high relative humidity storage (e.g. in a refrigerator), surface spoilage can take place, unless food is adequately protected by packaging. 1.6.1.4
 
 Temperature
 
 Storage temperature can be considered the most important factor that affects biodegradation of food; however, the relative humidity and availability of oxygen must also be controlled. Micro-organisms have been reported to grow over a wide temperature range; the lowest reported is −34°C and the highest is 90°C. All micro-organisms do, however, have an optimum temperature as well as a range in which they will grow. This preference for temperature forms the basis of dividing micro-organisms into groups. ●
 
 ●
 
 ●
 
 Psychrotrophs have an optimum from 20 to 30°C, but can grow at or below 7°C. Mesophiles have an optimum of 30–40°C, but can grow between 20 and 45°C. Thermophiles grow optimally between 55 and 65°C, but can grow at a temperature as low as 45°C.
 
 Just as moulds are able to grow over a wide range of pH values and moisture conditions, they can also tolerate a wider temperature range than bacteria. Many moulds can grow in the refrigerator. Yeasts are not usually found growing in the thermophilic temperature range, but prefer psychrotrophic and mesophilic temperatures. While lower storage temperature generally slows down microbial growth, it is not suitable to store all foods in the freezer (−18°C) or even the refrigerator (9 >12 >12 >9 >9
 
 Having taken great care to freeze as rapidly as appropriate to preserve food quality and safety, equal care and consideration are needed to preserve the ice crystals formed within the food during the longer period of frozen storage. Even at a consistently low frozen storage temperature, there will be a tendency for ice crystals to reduce in number and increase in size. This is a natural consequence of the surface energy that exists between the ice crystal and the unfrozen matrix and the need for the system to achieve an equilibrium that minimizes the active surface area between the two phases.6 This will occur at both steady and fluctuating frozen storage temperatures, although the effect is greatly accelerated when temperatures are subjected to change. The resulting growth in the size of ice crystals can significantly influence the damage that occurs within foods during frozen storage. A further effect that may occur during frozen storage under fluctuating temperatures is that temperature
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 gradients will be established throughout the food. This has the detrimental effect of promoting the migration of moisture from areas of high water vapour pressure to areas of lower pressure. In practice, the migration will tend to be towards the surface of the food material, where temperatures are most likely to be highest. The accumulation of moisture at the surface of the product and on the inside surface of any packaging material associated with the product is one factor that limits the practical storage life of many foods and is a consideration when determining the shelf life and best-before dates on product packaging.
 
 5.3
 
 THE EFFECT OF FREEZING ON MICRO-ORGANISMS Although it is widely accepted that freezing and frozen storage have some beneficial effect on the inactivation of micro-organisms, and it is true that some cells may be killed or undergo sub-lethal or metabolic injury, other cells may suffer no detrimental effects. Freezing, frozen storage and thawing cannot be considered as a means of reliably inactivating microorganisms. The different categories of micro-organisms are affected differently by the freezing process. Many micro-organisms are resistant to the freezing (and thawing) process, such as bacterial spores and fungal spores, where survival after freezing and storage often exceeds 90% and 80%, respectively. Relatively resistant micro-organisms include Gram-positive Staphylococci, Streptococci, Bacillus, Clostridium, Lactobacillus, Micrococcus, Staphylococcus, Streptococcus and Listeria, with reported survival rates between 50 and 70%. There are, however, some micro-organisms that can be described as sensitive to the combined effects of freezing and frozen storage. Gram-negative bacteria such as Escherichia and Pseudomonas are not resistant and can sometimes be destroyed during processing. In general, higher organisms are much more sensitive to freezing than bacteria; parasitic protozoa and nematodes are very sensitive and are killed after a period of frozen storage, often 2 weeks or less at temperatures of −18°C or lower. This effect is sometimes beneficially used in the food industry, e.g. freezing preservation is used as a means of destroying Anisakis in the fish-processing sector.7 It has been suggested that the detrimental effects of freezing on microorganisms can be attributed to a number of factors, including: ● ●
 
 ●
 
 thermal (cold) shock injury to the micro-organism increased cell dehydration as a result of the liquid–solid phase transformation and osmotic dehydration through cell walls increased concentration of solutes within the extracellular food matrix to create an unfavourable environment for the micro-organism
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 ●
 
 ●
 
 increased concentration of solutes with the cells, creating an increasingly toxic environment for the micro-organism formation of ice within the cell walls and its physical and mechanical impact on adjacent micro-organisms contraction of cell volume resulting from dehydration during freezing.
 
 Cold shock is most commonly associated with Gram-negative bacteria, and it has been suggested that many yeasts and moulds are not susceptible to cold shock. Cold shock has also been suggested as having only a sub-lethal effect on a wide range of micro-organisms. This is of importance to the food manufacturer as it is well known that if the cause of sub-lethal injury (e.g. cold shock) is removed or reduced, then the microorganisms can recover and continue to grow normally under the less severe conditions. Further, under the conditions of post-injury recovery, partially viable micro-organisms can become more susceptible to chemical agents and therefore may be more difficult to detect in a frozen product when selective media are used for recovery and enumeration. It may also be true that injured micro-organisms will ultimately die if conditions are not favourable, although the time required for complete cell death to occur may exceed the practical storage lifetime of the frozen food.2 The removal of water from within cells and extracellular space and the associated increasing concentration of solutes also have a significant effect on microbial destruction during freezing and the creation of an inhospitable environment during frozen storage. Micro-organisms need water to maintain their metabolic function, and the availability of water in a food, frozen or otherwise, can be expressed in terms of its water activity, which is the ratio of the water vapour pressure of the food to that of pure water (or ice in the case of a frozen food) at the same temperature. Table 5.3 illustrates the relationship between temperature and water activity.
 
 Table 5.3
 
 Effect of frozen temperatures on water activity.
 
 Temperature (°C) 0 −2 −5 −10 −15 −20 −30 −40 −50 Source: Golden and Arroyo-Gallyoun.2
 
 Water activity 1.0 0.981 0.953 0.907 0.864 0.823 0.746 0.680 0.620
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 The table above would suggest that microbiological activity in frozen food systems takes place at an aw below that which exists in the same food in the unfrozen state. The table, however, relates to the idealized case of a pure water substrate. Foods are complex systems containing both water and solutes such as salts that can also contribute to increasing aw. Consequently, some micro-organisms can grow at frozen temperatures despite the low levels of water activity at those temperatures. These figures, when compared with experimental observations of microbial growth characteristics, suggest that consideration of aw alone cannot account for the inhibition of microbiological activity in frozen foods, otherwise some micro-organisms would continue to grow at water activities down to 0.6 and, consequently, at temperatures below −50°C. The formation of ice within the cell walls has a physical and mechanical impact on adjacent micro-organisms. As freezing progresses, the liquid water is converted into solid ice during the period of release of latent heat, and micro-organisms distributed throughout the previously liquid matrix then become progressively more concentrated in the unfrozen phase of the food matrix. If freezing is slow, then ice crystals will predominantly form in the extracellular space and there will be migration and diffusion of water from within adjacent cells to support the growth of the ice crystal during continued freezing or frozen storage. The effect is that cell contents become dehydrated and more concentrated. Microbial cells may show distortion and loss of membrane integrity. Such damage to the cell membranes can result in leakage of intracellular constituents and the cell will ultimately lose its ability to maintain its characteristic internal environment. Similarly, intracellular ice crystals formed within microbial cells during more rapid freezing will be small enough to disrupt the cellular membrane. Contraction of cell volume will also result during freezing, partly as a result of thermal contraction of cell membranes, and partly as a result of the volumetric expansion of water during its transformation from liquid to solid. Souzu et al.8 suggested that freeze-induced injury in microbial cells is due primarily to the dehydration of lipid-rich membranes. It has been suggested that the principal cause of microbial destruction during the freezing process is the physical deterioration of the microbial cell membrane and the resultant leakage of internal cell material through the disrupted membrane. Additionally, it is thought that the cell membrane may lose many of its barrier properties at temperatures below −15°C.7 However, there is still little known of the actual mechanisms, as most studies on the influence of freezing and thawing on the death kinetics of micro-organisms have been based on model experiments. Such experimental
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 studies are on a much smaller scale than commercial food freezing applications and, consequently, it is possible to use much faster rates of freezing and thawing than can be achieved in commercial practice. One conclusion that emerges from all experimental work is that the survival of micro-organisms depends on many factors, including both freezing and thawing rates. In practice, it is difficult to achieve freezing so rapidly that intracellular ice crystals are formed homogeneously throughout the food. Consequently, although parts of a food product, e.g. the surface layer directly exposed to a low-temperature cryogen, may achieve relatively rapid freezing, the bulk of the food will not freeze at the same rate. It is for these reasons that freezing and frozen storage cannot be relied upon to reproducibly destroy micro-organisms present in the food. Prior to freezing, food materials need to have the same degree of control of raw materials, hygienic handling and processing and compliance with good manufacturing practice (GMP) and Hazard Analysis and Critical Control Point (HACCP) principles as food materials destined for chilled or fresh markets. Freezing and frozen storage do not constitute reliable biocides for foods.
 
 5.4
 
 FOOD FREEZING OPERATIONS A number of different refrigeration systems exist and the correct choice of system will allow the food manufacturer to achieve maximum product quality and flexibility in operation, minimal operating costs and waste generation, and a return on investment.9 Food freezers can be classified in several ways, e.g. by the source of refrigeration, the speed of freezing or the mode of freezer operation. The choice of freezing system for food manufacturers will be either mechanical freezers (such as air-blast freezers or contact plate freezers) or cryogenic freezers, utilizing liquid nitrogen or liquid carbon dioxide as the refrigerant. The choice between mechanical and cryogenic freezing operations involves considering both the technical and economic factors governing the design, installation, operation, maintenance, manufacturing costs and technical support to the freezing installation. To a large extent the type of food to be frozen will dictate the choice of appropriate freezing system. For small food components such as quick frozen vegetables or seafoods, the most appropriate freezing equipment will be either a mechanical freezer of the fluidized bed design, or a cryogenic immersion freezer. For larger food items such as whole poultry or meat carcasses, then liquid immersion freezing in brine or a liquid cryogen will be the most appropriate method. For whole fish or fish fillets, the uniform slab-like shape lends itself well to freezing using a contact or
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 plate freezer. It is often true that the rate of temperature change needed by a food product during freezing will also have an influence on the choice of freezing equipment, e.g. the freezing of chicken immediately after cooking will need to reduce the temperature within a defined timescale to comply with the requirements of relevant legislation and industry codes of practice. The choice of freezing system is also governed by the process economics. Although recognized as having low running costs, mechanical freezing systems are generally considered to require a significant capital investment – this may be an acceptable criterion for an already established food product, but will be a major commercial risk for a new food product line or where a food product may have regular changes to format, shape or packaging. Cryogenic food freezers are considered to have low capital costs and are often a good choice for new food product lines that are not yet established in the market, but they are also noted for relatively high running costs, because the liquid nitrogen (or liquid CO2) used for refrigeration is irreversibly expended during the freezing process and needs to be replenished by delivery from the gas supplier at regular intervals. The most common type of freezers used throughout the food industry are blast freezers, which include the well-known variants of belt freezers, tunnel freezers and spiral freezers. These are available for both mechanical (air-blast) and cryogenic freezing modes. The freezer is a simple design, consisting of a conveyor belt made from perforated stainless steel or high tensile, temperature-tolerant plastic. Electric fans mounted above or adjacent to the conveyor circulate the freezing air over the surface of the product, through the perforations in the belt and back to the refrigeration plant for recirculation through the system. Fig. 5.2 shows a schematic
 
 Insulated enclosure Evaporator coils
 
 Circulation fans airflow
 
 airflow
 
 Product
 
 Conveyor belt
 
 Fig. 5.2
 
 Principles of a blast freezing operation.
 
 airflow
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 representation of the principles of blast freezing. Such systems are used for a wide range of foods, including individual items such as chicken fillets, pizzas and ready meals. Heat transfer to the food product is predominantly via convective heat transfer between the freezing air and the surface of the food product. Mechanical air-blast systems use freezing air at a temperature of −40°C, and cryogenic systems have gas temperatures closer to the temperature of boiling of liquid nitrogen (or liquid CO2), typically −196°C (or −98°C). The mode of heat transfer relies upon good thermal contact between the food surface and the cooling medium, and a well-designed circulation system to ensure that the cryogenic gas passes over all the available surfaces of the food material to be frozen is essential for efficient operation. The aim of the freezing operation is to create a turbulent zone at the product surface so that heat transfer is maximized, and this is often achieved by utilizing relatively high air velocities perpendicular to the surface of the food. There are also contributions to heat transfer from the lower surface of the food, but this will normally be dominated by conductive heat transfer between the food and the conveyor belt, which is itself cooled by convection from the freezing air. Some variants of this mode of freezing utilize a solid stainless steel belt to convey the food product; in this case the belt is cooled by spraying with cooled brine solution, and the process of heat conduction becomes much more dominant in the heat transfer process. Mechanical air-blast freezers often have extremely large capacities, from 200 kg/hour to more than 5000 kg/hour, and a large system might extend to a length of over 25 m. The food remains on the conveyor until a temperature of, usually, lower than −15°C is achieved at the warmest point within the food; in modern commercial systems the length of time on the conveyor would be just a few minutes. Fig. 5.3 shows a typical air-blast mechanical freezing system designed to operate with high air velocities normal to the food product surface to achieve rapid freezing. The cryogenic version of this freezing system replaces the mechanical freezing coils of the evaporator with an array of spray nozzles to inject liquid nitrogen or liquid carbon dioxide into the freezing chamber and, as much as possible, directly onto the surface of the food. The very low temperature of the cryogen (−196°C for liquid nitrogen and −98°C for liquid CO2) has a large temperature difference to the surface of the food and, consequently, a rapid cooling effect. This is further enhanced by evaporation or sublimation of refrigerant from the surface of the food product. Fig. 5.4 shows a modern cryogenic food-freezing tunnel. A significant disadvantage with conventional blast freezing tunnels is the amount of floor space that they take up in the food factory. For larger food
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 Mechanical air-blast food freezing system. (Image courtesy of FMC FoodTech.)
 
 EXHAUST PRECOOL
 
 SPRAY
 
 EQUILIBRATION
 
 TURBULENCE FANS
 
 PRODUCT
 
 GAS
 
 CONVEYOR BELT
 
 Fig. 5.4
 
 Cryogenic food-freezing tunnel. (Image courtesy of Air Products PLC.)
 
 freezing operations, the straight belt of the tunnel is replaced with a verticalaxis spiral, which reduces the floor area considerably, although the complexity of mechanical conveying of the product is increased. Spiral freezers are one of the commonest freezer types in the food industry, and capacities can extend up to 10,000 kg/hour with a factory footprint now extending to only some 5 m in length. Fig. 5.5 illustrates a typical spiral freezer installation.
 
 9781405154178_4_005.qxd 9/3/07 14:27 Page 132
 
 132 Food Biodeterioration and Preservation
 
 Fig. 5.5
 
 Spiral freezer configuration. (Photograph courtesy of BOC Gases Ltd.)
 
 Other types of freezer installation are more specialized and tend to be directed towards individual applications. Plate freezers, once the mainstay of the fish processing industry, are now much less common. These utilize flat metal plates, themselves cooled by direct contact with a closed-circuit circulating refrigerant, which are placed in direct contact with the food to be frozen. Heat transfer is purely conductive and for large blocks of food, or foods packaged in regularly shaped containers, this can be an extremely good method of freezing. High heat transfer coefficients are possible. Immersion freezers, in which the food products come into direct contact with the liquid refrigerant, are also used for some specialist food freezing operations. The liquid refrigerant can be liquid nitrogen or liquid CO2, but can also be aqueous solutions of low-freezing point solutions such as brines. The immersion process consists of soaking the foodstuff in the cooled solution. Binary brine solutions (such as sodium chloride or calcium chloride brines) are generally used, although ternary or more complex freezing solutions such as mixtures of water, salts and ethanol have also been used.10 The advantages claimed for immersion freezing systems include shorter processing times, energy savings and improved food quality when compared with conventional blast freezing techniques. However,
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 immersion freezing is not yet widely used and it has been suggested that the major difficulty is the problem of uncontrolled penetration of the freezing liquid into the food material.10
 
 5.5 MONITORING THE QUALITY AND SAFETY OF FROZEN FOODS An overview of the factors necessary for maintaining the safety and quality of foods in the frozen food chain is given by Bøgh-Sørensen.7 Effective monitoring of the freezing process and the period of frozen storage can be summarized in a series of key recommendations: ●
 
 ●
 
 ●
 
 ●
 
 ●
 
 The microbiology of frozen foods is not very different from the microbiology of the fresh (unprocessed) or chilled counterpart. Frozen foods have the great advantage that micro-organisms do not grow at the low temperatures associated with frozen storage of foods, provided that the food is maintained in the frozen state during the storage period. The degree of monitoring of frozen food for safety and quality should be the same as would be the case for the monitoring and control of chilled food. This will include an HACCP assessment of the safety issues that are likely to occur during freezing and frozen storage. While the temperatures associated with frozen storage are not capable of supporting the growth of micro-organisms, the presence of microorganisms or bacteria within the food prior to freezing will lead to potential food safety issues as the food is thawed or regenerated. Freezing is an excellent means of preserving foods – but it is also an excellent means of preserving micro-organisms. Hygiene rules for frozen food production are just as necessary as for all other food production processes. The particular control point for frozen foods is the freezing process. It is important to ensure that there is as little delay as possible and practicable in initiating the freezing process. It is also important to ensure that the freezing time is sufficiently short, i.e. the freezing rate is sufficiently high to ensure rapid and uniform temperature reduction within the food material. A critical control point for the safety of frozen foods that is often overlooked is the thawing process. Thawing is not merely the reverse of freezing, and the thawing process may expose the surface of the food material to relatively high temperatures, well above the food freezing point, for long periods of time. This is a time when the growth of micro-organisms at the surface of the product needs to be well controlled. The growth characteristics of micro-organisms in thawed foods are thought to be the same as those found in unfrozen foods, although there
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 is little scientific information available to confirm or refute this general guideline.
 
 5.6
 
 CONCLUSIONS Freezing is an effective preservation technology because of the role of temperature in biosystem stability and the reduction of moisture levels within foods after freezing and during frozen storage. Both factors combine to significantly slow down the chemical, physical and biological reactions that govern the deterioration of foods. The process of freezing involves the removal of heat from a food material accompanied by a phase change as liquid water becomes solid ice. Both product and process factors dictate the success of the freezing process, and the rate of formation of ice crystals (nucleation), the subsequent increase in ice crystal size (growth) and the rate of propagation of ice throughout the food govern the quality and safety of frozen foods. Attention in recent years has focused on freezing as rapidly as possible, so that a large number of small ice crystals are formed within the food material, minimizing disruption and damage to the cellular structure of the food. The effects of freezing on micro-organisms vary according to the species being considered and, ultimately, freezing by itself cannot be considered a reliable biocide. Many micro-organisms are resistant to damage from the effects of freezing, e.g. bacterial and fungal spores. Others are partly resistant, such as most Gram-positive bacteria including Bacillus, Clostridium, Lactobacillus, Micrococcus Staphylococci, Streptococci, Listeria, Staphylococcus and Streptococcus. Some micro-organisms can be described as sensitive to the combined effects of freezing and frozen storage. This category includes Gram-negative bacteria such as Escherichia and Pseudomonas. Generally, higher organisms are much more sensitive to damage by freezing than bacteria. The effects of freezing on micro-organisms can be attributed to a number of factors, including thermal (cold) shock injury, increased cell dehydration and increased concentration of solutes within cells, formation of ice within the cell walls and the contraction of cell volume resulting from dehydration during freezing. It is evident that the destruction of microorganisms by the freezing and thawing processes themselves is unreliable and that, consequently, pre-freezing treatment of foods needs to ensure the same degree of care and attention to hygiene and microbial decontamination as would be the case for either freshly-prepared or chilled foods. Industrial codes of practice in the area of frozen food production stress the need to comply with rigorous programmes of HACCP and GMP
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 to control and maintain the excellent safety record of frozen foods. Commercial food freezing systems are geared towards freezing foods as rapidly as possible both to achieve high-quality frozen foods and to minimize the length of time that foods spend in the range of temperature most capable of supporting the growth of bacteria.
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 Drying as a Means of Controlling Food Biodeterioration
 
 Xiao Dong Chen
 
 6.1
 
 DRYING TO MINIMIZE BIODEGRADATION Why drying? Drying is one of the oldest methods of food preservation against microbiological spoilage as well as pathogens. Drying helps to maintain the edible status of foods and, generally speaking, extends their shelf life. The required level of moisture content to prevent spoilage achieved in a drying process depends on the micro-organisms present. Sometimes, pre-drying operations such as osmotic dehydration, evaporation– concentration, freeze concentration or membrane concentration are employed to reduce the water concentration to the desired level. Drying itself usually refers to the process of liquid water being evaporated from the surface of the product or from the pores within the product, the water vapour subsequently being removed by, e.g., hot air. Additional heat is usually required to accelerate the drying process. The heat can be supplied in many ways, such as solar energy, microwave/ radio-frequency radiation, hot gas stream (including superheated steam), etc. The dryers are often named according as to how heat is supplied or what the drying or heating medium is, e.g., solar dryer, superheated steam dryer, microwave dryer and so on. Heat can be supplied through direct contact conduction, e.g. drum drying. Radiation is also frequently used as the way of heating, e.g. infrared drying. It is clear that a microbial cell is not a simple osmometer that stops working as soon as the moisture level has been reduced.1 In many cases food-borne poisoning bacteria can outlive drying. For instance, Salmonella can survive spray-drying processes.2 A semi-qualitative illustration of the effect of water activity (aw) on micro-organisms is shown in Fig. 6.1, which is modified from Roos3 after Rockland and Beuchat.4 In a diagram proposed by Roos3 for dairy products, the structural transformation was the phenomenon of glass-transition of amorphous sugar. To the right of the structural transformation line stickiness, caking, structure
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 Fig. 6.1 Stability diagram for food materials.
 
 collapse and crystallization of a sugar phase can be expected. The structural change is significant insofar as it affects how the material becomes more exposed to oxygen (owing to the opening up of more channels or cracks) to induce a greater degree of oxidation of the lipids. Usually, when structural collapse occurs, the fat that is encapsulated in the matrix made up of sugar and protein is more exposed to oxygen, causing an oxidative flavour development. The most important point arising from this diagram is that as the water activity (relative humidity of the air) increases to beyond a certain level (generally higher than 0.6), the growth of micro-organisms can cause significant problems to maintaining food quality and safety. At high water activities (>0.6) micro-organisms have finite growth rates that can take off to affect the product quality (the food would ‘go off’). This has been the primary drive for employing drying operations to reduce the water content – and hence aw – to lower than this threshold level. Basically, when food materials have been dried to a water content lower than the critical limit, and kept in this environment or in sealed packages so that no reabsorption of water (vapour) can occur, the food is said to be safe from microbial spoilage for a defined shelf life (for example, six months or 12 months, etc.). Microbial spoilage in food after it has been dried may be termed post-process behaviour or growth/storage behaviour (see Fig. 6.1). A given micro-organism has different levels of resistance to heat treatment when the water activity of the system is different. It is also dependent on
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 the food system that the organism lives in. The thermal resistance of B. stearothermophilus spores, known to be a highly thermal resistant microbe, is strongly affected by the water activity.5 For example, in the food system egg albumin powder, when experiments were conducted under controlled humidity and temperature conditions, it was found that at aw = 0.98 (20°C), the decimal reduction time, D – the time required at a constant temperature to reduce a population of spores by 90% – is 15 min; at aw = 0.68 (20°C), D = 51 min; at aw = 0.33 (20°C), D = 460 min; and at aw = 0 (20°C), D = 7 min. Therefore the initial reduction in water content increases the thermal resistance of cells in the dried product, but when the water content is very low, lower than the tolerance of the cells, one should expect a rapid death of the microbes. Thus drying food to a low water content level can prevent the extensive growth of micro-organisms. The drying process itself may be viewed as a thermal processing step, and microbial deactivation is said to be in-process.6 However owing to the retarding effect of evaporation, which can delay or minimize temperature rise, food-drying procedures usually do not induce elevated temperatures. Drying is not as lethal for micro-organisms as is thermal processing, where the temperature of a liquid food can reach 121°C and be held there for some time. Drying does not usually lead to high temperatures within the material except when carried out using superheated steam. Drying or, more precisely, a low water content slows down significantly the (further) development of any microbial-related spoilage problem. High temperature thermal processing, though effective in deactivating unwanted bacterial activity, also degrades other active food ingredients such as vitamins.7
 
 6.2
 
 DRYING PROCESSES AND DRYING EQUIPMENT There are numerous methods or processes for drying food materials, whose merits can be judged by energy efficiency, time to dry, product quality achieved, etc. A balance among these factors is often required to achieve the economic aim of the manufacturing procedure while ensuring that safe and tasty food is delivered to the consumer. In general, dehydration processes may be divided in two large groups: in-air or in-vacuum. In-air processes can be generalized to include those where a gas other than air is used as the drying medium. Vacuum processes are useful for removing water vapour when the products are best treated in the absence of air and where relatively low temperatures are preferred. In-air processes can involve elevated temperatures, which are used to achieve high rates of drying. Vacuum drying is, perhaps, more useful for preserving
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 micro-organisms rather than destroying them, as in cases when probiotic bacteria are involved and the maximum level of activity of the microbes is desired in the product.
 
 6.2.1
 
 Air drying
 
 No matter what the mechanism of the heat supply – e.g. as microwave, conduction, convection, radiation – air is frequently used as the medium to convey water vapour away from the moist material. Water vapour would have to diffuse through still air (molecular diffusion) without a significant momentum exchange, a slow process, so usually air flow with a high velocity relative to the food product being dried is employed to increase mass and heat transfer. As mentioned earlier, it is necessary to transfer heat to the moist, porous material and to infuse it into the material in order to transport water (vapour) away from it. ‘Infusion’ can be achieved by using microwave or radio-frequency radiation or the ohmic heating method, where the material is easily penetrated and heat absorption (or generation) occurs more-or-less uniformly within the material. Hot-air drying is the most common method used in the industry for largescale operations such as spray drying, fluidized bed drying, tunnel or tray drying, etc. Hot air is directed at the material in order to remove water by causing it to evaporate, as shown schematically Fig. 6.2. At the product’s surface, the water vapour flux Cv (kgm−2s−1) can be expressed as follows for the situation illustrated in Fig. 6.2: C v = hm ( ρv,s − ρv,∞ )
 
 Heat input
 
 Water vapour Point B (on the surface)
 
 Hot air
 
 Point A (at the centre) Moist porous material Fig. 6.2 Schematic diagram of hot-air drying of a moist, porous material.
 
 (Eqn. 6.1)
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 where hm is the mass transfer coefficient for the convection boundary (ms−1) and is usually taken as the average value over the sample geometry and size; ρv,s is the vapour concentration at the surface (kgm−3); and ρv,∞ is the vapour concentration in the gas medium (hot air for instance) (kgm−3). hm can be readily calculated based on the mass transfer correlations for Sherwood number (Sh) that have been established for various geometries.8 When hm is not dependent much on the boundary layer humidity, and the temperature at the interface is more-or-less constant, equation 6.1 represents a ‘constant-rate of drying’. This means that the surface vapour concentration ρv,s remains relatively constant. It also means that the surface relative humidity remains constant at near 100%, a level that can be maintained at the surface for some period of time when the water content of the surface remains high (see Fig. 6.3). This is related to the concept of the constant drying rate period. More in-depth analysis about this period of drying has been explored by Schlunder9,10 and related to cell level information on food surfaces by Chen.11 Sometimes a drying rate that is not based on surface area – e.g. the rate per kg water per unit time – has been used, giving results that can be misinterpreted as not having a constant drying rate period. In fact, when
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 Fig. 6.3 Equilibrium relationship (isotherm) for surface water content and the relative humidity (RH) of the drying medium at constant temperature of the material being dried (for example the wet-bulb temperature). The dashed line indicates the probable actual RH at the surface as it gets dried and warmed up. Xs,c is a critical surface water content below which RH is lower than 100%. The region to the left of Xs,c represents the falling drying flux period and to the right of Xs,c is the constant drying flux period.
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 taking into account the area change (due to shrinkage) in vegetables, for example, it is found that a constant drying rate period does exist.12 May and Perre12 suggest that the term constant drying flux period may be better than constant drying rate period. In general, the drying rate for the whole material may be expressed as: dA ms · = −C v · A = −hm · A · (ρv,s − ρv,∞) (Eqn. 6.2) dt where A is the surface area that changes as drying takes place (m2) and ms is the dry mass in the material (kg). One can see that when the concentration is maintained constant, the unit area based drying rate remains constant. The Sherwood number is usually established in relation to the Reynold’s number, Re, and Schmidt number, Sc: hm L ⎛ ρuL υ⎞ = f ⎜ Re = , Sc = Sh = (Eqn. 6.3) ⎟ Dv Dv ⎠ µ ⎝ Some standard correlations are given in Appendix I as examples. One can also work out the heat transfer coefficient h using these correlations by replacing the Sherwood number by the Nusselt number, Nu, and the Prandtl number, Pr, by the Schmidt number, Sc. When the vapour concentration difference is positive in equation 6.1, water vapour is being removed from the material (product) and the material gets dried. When this difference becomes zero, no more drying takes place. Wetting or vapour re-absorption occurs when this difference becomes negative. Drying ceases when the surface water vapour concentration reaches the equilibrium level that corresponds to the drying medium conditions. This driving force for drying is sometimes expressed in terms of the difference between the surface water content and the equilibrium water content, X∞, that corresponds to the drying medium conditions:13 C v = β (Xs − X∞)
 
 (Eqn. 6.4)
 
 This is qualitatively correct. X∞ is the equilibrium water content corresponding to the drying medium conditions in terms of temperature and relative humidity. The mass transfer coefficient, β, in this case is not a straightforward parameter that can be a non-linear function of some sort, and is not well defined as hm. Its relationship to the convective vapour transfer coefficient hm may be written as follows, by combining equations 6.1 and 6.2:
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 ⎛ ρ − ρv,∞ ⎞ β = hm ⎜ v,s ⎟ ⎝ Xs − X∞ ⎠
 
 (Eqn. 6.5)
 
 Unless the ratio in the brackets remains constant, it is hard to see that β would become constant for a practical range of drying conditions. Nevertheless equations 6.1 and 6.2 convey the same message qualitatively – that water removal in drying processes is due to the difference between the actual and the equilibrium conditions. In cases when Sh (equation 6.3) is approximately constant, the following equation may be used to illustrate water loss with time: ms ·
 
 dA ≈ −β · A · (Xs − X∞) dt
 
 (Eqn. 6.6)
 
 It can be seen that water loss is high at the beginning of drying, as the surface water content is at its highest in the early stages. The surface water content, however, reduces fairly quickly at first and the rate of drying falls as water is removed from the material. This represents the falling drying rate period, when drying rate per unit area is used in the calculations. As mentioned earlier, the constant drying rate period is well represented by equation 6.1 as the surface vapour concentration can be at the saturated level, i.e. ρv,s = ρv,sat(Ts), which is a function of the surface temperature Ts only. This often corresponds to a so-called wet-bulb temperature (i.e. Ts ≈ Twb), at which temperature the heat input is balanced by the evaporative heat loss. Constant drying flux period may be a better fundamental term to use. Before the surface reaches the constant drying flux stage, a warming up period (initial drying rate is lower than the constant one) or cooling down period (initial drying rate is higher than the constant one), though they are generally of short duration, may be encountered depending on the initial product temperature (Fig. 6.4). If the initial water content of the material is quite low, for example in the secondary drying stage such as fluidized bed drying after spray drying, the constant drying rate period, whether based on unit area or not, does not exist. The saturated vapour concentration can be maintained for some time even after the surface water content reduces to some extent. This is determined by the equilibrium relationship between the liquid water content and the relative humidity of the drying medium (see Fig. 6.3). When the surface vapour concentration is below the saturated level, a so-called falling drying rate period or falling drying flux period starts to occur, provided there is not much increase in surface temperature (Fig. 6.3). Different materials exhibit different equilibrium relationships, called the equilibrium isotherms (Figs 6.5 and 6.6). These equilibrium isotherms are commonly
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 Fig. 6.4 Schematic diagram of the drying periods defined using the relationship between the drying flux and average water content (the surface water content Xs,c is lower than Xc under the same drying conditions).
 
 Relative humidity
 
 1.0
 
 Increased hygroscopic nature
 
 0.0
 
 Water content
 
 Fig. 6.5 Qualitative equilibrium isotherms for various types of food material (crystalline sugar is an example of a ‘nearly non-hygroscopic’ material while its amorphous form is an example of a ‘hygroscopic porous medium’).
 
 correlated using a GAB model, parameters of which for many food materials are summarized by Rahman.14 Based on the psychrometric charts of gas–vapour systems, measurement of dry- and wet-bulb temperatures can be used to work out the relative humidity of a drying medium.1 The vapour concentration in the drying gas
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 Water activity Fig. 6.6 Equilibrium isotherms of a number of typical food materials (modified from Aguilera and Stanley15).
 
 Fig. 6.7 Possible cross-sections of inter-particle or inter-cell channels or capillaries.
 
 at any location inside a dryer is an important parameter for controlling its performance. The localized evaporation rate within a moist material should be determined by the driving force locally, i.e. the vapour pressure in the dense phase (usually solid structures) and its difference from that in the local ‘headspace’ such as pores or pore-channel space at the same location (Fig. 6.7). The microstructure has a significant impact on how the evaporation zone is distributed, i.e. whether it is sharp or fuzzy.16 Microbial cells themselves can be regarded as a sample unit and the drying process across each cell boundary is itself a topic of interest. Their physical size can vary from
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 about 1 to 20 µm and their shapes vary as well.17 To date modelling or analysis has not gone to this level of detail, but it is expected to move towards this microscopic level in the near future. The transport of water (liquid and vapour) in moist foods can be regarded as transport in porous media, thus many of the recognized principles of heat and mass transfer in such media can be readily used in its analysis. Transport in liquid form is often considered to be capillary flow while vapour flow is diffusive in nature. Transport and vaporization within the material matrix are not easy processes to visualize, and many mechanisms have been proposed; perhaps the best approach may be through the liquid diffusion model.18 In order to provide the latent heat of evaporation, heat must be supplied to the evaporating surface and into the porous material. Fig. 6.2 shows a typical scenario where the heat coming from the hot air is transferred to the product–air interface and subsequently conducted into the moist product. For hot-air drying, the ‘centre and surface’ temperature history of a moist porous material (points A and B, respectively, in Fig. 6.2) and average water loss versus time may be depicted (Fig. 6.8).
 
 Temperature of the drying medium
 
 Temperature/water content
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 X
 
 0.0 Pseudo-wet-bulb period
 
 Time
 
 Fig. 6.8 Qualitative illustration of the temperature–time profiles and moisture content–time profile of a material being dried. (It is assumed that the initial water content is fairly high; for natural food materials, this assumption is generally true as their water contents are in the order of 80% by weight. For highly concentrated materials, such as high solids concentrate droplets such as that in milk drying, the pseudo-wet-bulb period may be very short or not exist). TA, temperature of the centre of the material being dried; TB, temperature of the surface of the material being dried; X, moisture content.
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 Air drying can also be conducted at temperatures below the freezing point of water provided that the water vapour pressure in the air stream is lower than that at the surface of the material being dried. This low temperature operation – which has been investigated only recently – is called atmospheric freeze drying (AFD). Though the surface vapour concentration at 0°C is approximately only 1/20 of that at 20°C, in the presence of air flow it is possible to compensate for this to some extent by increasing the flow velocity (increasing the mass transfer coefficient). Analogously to air drying, one can also use an inert gas such as nitrogen as the drying medium. Industrial nitrogen production, using membranes for gas separation, is not so costly these days so it presents an excellent opportunity to keep foods at high quality levels without the introduction of oxygen. In order to infuse heat more efficiently into the material being dried, microwave radiation is often used. Microwave radiation can penetrate solid materials, and the absorption of energy inside the material is greater where the water content is higher. Liquid diffusion alone may not be the best mechanism to describe this process, as the build-up of pressure inside the material due to a local temperature rise can be significant. The localized formation of vapour bubbles, such as that in bread baking, can be significant, and the bubbles drive liquid ‘columns’ through the capillaries or channels. Superheated steam drying may be a way of achieving high sterility of the dried product as the product temperature reaches a fairly high value (the boiling temperature of water at one atmosphere, for example). The steam sweeping over the product surface can be used like hot air to accelerate mass transfer.
 
 6.2.2
 
 Vacuum drying
 
 Vacuum drying is a process that can be described by equation 6.1, as it is intended that the vapour in the headspace (represented by ρv,∞) be sucked away. This can be conducted at high or low temperatures. Heat is supplied by either radiation or direct contact conduction. The low temperature (sub-zero) operation is called vacuum freeze drying. The heat supplied is intended to provide the heat of sublimation of ice to water vapour. This process is usually intended to preserve bioactivity rather than to reduce it. However, the same purpose is served as far as the post-process effects are concerned. Vacuum freeze drying is usually aimed at the retention of high levels of nutrient values, and the original structure and colour of natural products.
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 6.2.3
 
 Drying equipment
 
 In order to dry moist products, a dryer provides a drying medium (usually hot gas) with a temperature and humidity combination such that the vapour pressure at the product surface is higher than that of the drying medium. A large number of such devices are manufactured today, details of which can be found in Mujumdar’s industrial drying handbook19 and which are summarized by Kudra and Strumillo.20 Some dryers consume large quantities of energy and usually the energy required by a drying system for every kg of water removed is the most important practical criterion. The heat pump principle is employed for processes at moderate drying rates, but for large-capacity operations it is necessary to remove tonnes of liquid water, which necessitates spray-drying devices. The single stage spray dryer is very energy hungry as it is not easy to recover the lower temperature energy in the warm air coming out of it. Incorporation of internal and external fluidized beds into spray-drying devices is now common as it improves the overall energy consumption. In pressure driven devices, on the other hand, such as vacuum dryers and vacuum freeze dryers, there is a higher initial capital investment but the energy required for running them is much lower than for a straight evaporative process. Here, the water vapour pressure around the material being dried is lowered by the vacuum, and lower temperatures can be used.
 
 6.3 BACTERIA DEACTIVATION KINETICS DURING THE DRYING PROCESS (IN-PROCESS PROBLEM) As already mentioned, significant growth of micro-organisms in a food product can be prevented by lowering its water content by an appropriate drying process to below a certain threshold, giving the desired shelf life, i.e. improving the post-process properties. For thermal deactivation of micro-organisms, three stages must be considered: pre-treatment, heat treatment and post-treatment. Similarly, treating the drying process as a thermal treatment process, it is appropriate to discuss the effects of drying on micro-organisms in three stages, i.e. predrying, in-drying and post-drying. There have been many studies carried out on pre-treatment and post-treatment. It was post-treatment studies or, indeed, common practical observations that established the beneficial effect of the drying procedure as a food preservation technique. In this section, the in-process or in-drying stage is treated as a thermal processing operation, where, through the influence of heat and mass transfer
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 going on simultaneously, micro-organisms within the product are deactivated. The in-drying stage may be regarded as a process of inactivation, which generally is good for product safety (of course it is bad for maintaining high levels of useful bioactivity). A fundamental understanding of both sides of the story – heat transfer and mass transfer – can help to improve the quality of the dried product. Living cells are composed of high-molecular-weight polymeric compounds – proteins, nucleic acids, polysaccharides, lipids and other storage materials such as fat, polyhydroxybutyrate and glycogen.21 These – the major structural elements of living cells – are called biopolymers. A typical microbial cell wall is comprised of polysaccharides, proteins and lipids. The cell cytoplasm contains proteins that are mostly in the form of enzymes; in eukaryotes, the cell nucleus contains nucleic acids mostly in the form of DNA. Inorganic salts also form part of the cell content and are crucial for keeping cells functioning normally.21 The macromolecules can only be functional if they are in their proper three-dimensional configurations. The interactions between these molecules are complex. A living cell may be viewed as a chemical reactor in which more than 2000 reactions take place.21 These interactions can be disturbed or influenced by environmental changes in pH, humidity and temperature, or chemical composition. Both pH and temperature have significant effects on the stability of enzymes, with optimal values of the two parameters conferring the highest stability. In some situations the protein molecular structures are altered irreversibly (unfolding and aggregation) and the functions of the living cell cease. Indeed, most of the macromolecules change to some extent when subjected to elevated temperatures or extremes of pH. The death of a particular cell is likely to be due to the thermal denaturation of one or more of the essential proteins.17 The kinetics of the changes in morphology of these molecules may make different contributions to the overall picture of ‘cell death’, and environmental conditions such as pH and water activity all have impacts on cell death. The process is also complicated by the age distribution of the cell populations. As one example, the temperature needed to achieve coagulation of egg protein albumin is very much dependent upon water content.17 (See Fig. 6.9.) The thermal stability of micro-organisms is intimately affected by pH. Heat-induced protein molecular changes and cell surface structure and function all vary with varying environmental pH. The pH of foods ranges from 2 to 7. Micro-organisms of different types have corresponding optimal pH values at which they have their highest heat stabilities. These optimal pH values tend to be on the slightly more acidic side5 (Table 6.1).
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 Approximate coagulation temperature, °C
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 Fig. 6.9 Temperature required for initiating massive irreversible cross-linking of egg protein albumin at different water contents.
 
 Table 6.1
 
 Optimal pH values for selected micro-organisms.
 
 Micro-organism Strept.faecalis Staph.aureus B. subtilis 7.0 –7.5 C. sporogenes C. botulinum
 
 Optimal pH 6.8 6.5 6.6 –7.5 6.7–7.0
 
 Raising or lowering the pH away from the optimal value reduces the thermal stability or the heat resistance of the micro-organisms within a food system. Thermal inactivation of bacteria has been studied extensively for the related kinetics.22,23. In their work on Escherichia coli, they showed that the following model is useful for describing constant treatment conditions (temperature and pH). The first-order inactivation kinetics follow equation 6.7: ln
 
 N = −kt No
 
 (Eqn. 6.7)
 
 where the rate constant, k, is given by: ln k = Co +
 
 C1 C2 + 2 + C3 pH + C4 pH 2 T T
 
 (Eqn. 6.8)
 
 C0 to C4 are −3613, 2.44 × 106, −4.11 × 108, −1.523 and 0.124, respectively, and N and N0 are the numbers of micro-organisms at a given time,
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 1.0
 
 0.0 Water activity
 
 Fig. 6.10 Thermal stability or heat resistance of micro-organisms as a function of water content (or water activity).
 
 and the number at time zero. Experiments on the thermal treatment of micro-organisms at different relative humidity (RH ) or water activity (aw) values have revealed a general trend. As the water content is reduced the thermal stability (survival of the micro-organisms in the pre-equilibrated food system (or product)) increases at first and peaks at a water activity between 0.2 and 0.5, but it then reduces rapidly as the material is dried to a very low water content. (This is considered to be the pre-drying or preheat treatment phase.) (See Fig. 6.10.) Given this trend, it appears that the in-drying deactivation of micro-organisms is a complex phenomenon. As drying proceeds, the concentration of the solute in the material increases, which in some cases can lead to pH changes or osmotic imbalance. The residual water within acidic food materials gets more acidic as drying proceeds. One possibility is that drying fixes or ‘freezes’ the structures of the long-chain molecules, causing changes in their preferred three-dimensional configurations and, hence, irreversible damage. When the water content is reduced, the water that associates with the cell constituents that are considered to be protective of cell functions is less available, thus causing reduced thermal stability or heat resistance. Elevated temperatures can cause denaturation (unfolding) of proteins. The combination of temperature and water content is important in determining the extent of micro-organism deactivation. The two are interactive and may sometimes act synergistically. The effect of fixing or freezing may be viewed simply as a ‘scarring of the burnt tissue’ to make it more visual. The surface of a moist material dries at the fastest rate, and the temperature rise here would be more rapid than anywhere within the material
 
 9781405154178_4_006.qxd 9/3/07 14:28 Page 152
 
 152 Food Biodeterioration and Preservation
 
 Water content
 
 XO
 
 XB
 
 0.0
 
 XA
 
 Time
 
 Fig. 6.11 Qualitative illustration of the moisture content–time profiles at the centre (XA) and at the surface (XB) when the same material as in Fig. 6.8 is being dried.
 
 (see Fig. 6.8). Fig. 6.11 shows in a qualitative way how the water content at the surface and at the centre of a food material varies with time in the drying process. It is to be expected that the water content distribution inside the material being dried and temperature distribution in the same material are both important in influencing the local rate of microorganism deactivation. The deactivation of micro-organisms located at or near the surface would have a different rate profile from that inside the material. Furthermore, the status of mineral components and the possibility of generating insoluble metal compounds may also have an impact on bioactivity.24 The inactivation by drying of the microbial population in food systems is dependent on how it is distributed within the food. The micro-organisms may be totally encapsulated and stay in the core region or they may stay near the boundary region. Also food ingredients or additives can have an impact on protecting the cells from thermal damage during drying.25–27 For example, when trehalose was added to yeast suspension, there was a significant reduction in damage to the yeast cells.28–30 It is a difficult task to correlate the data concerning cell death before and after a drying operation, largely owing to the complex nature of the inactivation kinetics, as water content and temperature, and sometimes their distributions within the material being dried, have to be taken into account. When the material is in a particulate form, the particles have complicated trajectories when being dried in a spray dryer, a pneumatic dryer or a fluidised-bed dryer. Carrying out measurements on moving particles is virtually impossible.
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 Lievense et al.31 proposed an inactivation kinetics model for the degradation of Lactobacillus plantarum during drying by considering thermal and dehydration inactivation as two separate influences but operating simultaneously. The model had ten parameters to be deduced from experimental work. Measurements of the drying parameters were obtained from fluidized-bed drying with drying temperatures below 50°C. The ‘effective diffusivity’ concept was used to take into account the spatial distribution of the moisture. The inactivation parameters were measured from non-drying heating experiments in which approximately 1 mm thick L. plantarum-starch granulate was placed in a Petri dish and stored at 5.0 ± 0.5°C in a vacuum desiccator for 48 hours. After 48 hours, the glucose fermenting activity and moisture concentration of the sample were measured. They found that thermal inactivation is insignificant at drying temperatures lower than 50°C. Furthermore, they stated that dehydration inactivation depends on the reached moisture content of the material only and is independent of the drying rate. However, they did not find the same thing for high-temperature drying processes, where drying rates are much higher.31 A similar trend was seen by Yamamoto & Sano32, who proposed a fiveparameter model for enzyme inactivation during drying using a single suspended droplet drying experiment. A sucrose solution of fixed water content containing different enzymes such as β-galactosidase, glucose oxidase and alkaline phosphatase was incubated at a constant temperature. The thickness of the material used and the air temperature were not reported in the study. The deactivation energy, Ed, was described as a function of the average water content. Again, a binary (water and dissolved solids) diffusion coefficient was introduced to the drying analysis for taking care of the water distribution inside a droplet. They concluded that air temperature and droplet size significantly affect the inactivation rate, while the effect of the initial water content was shown to be insignificant. However, enzyme activity was measured using constanttemperature and constant-moisture content heating experiments, where no evaporation was involved. This work may be classified as a preequilibration experiment. In general, the inactivation kinetics of micro-organisms has been conventionally expressed using a first-order reaction equation: d ( N / N0 ) = −kd (N/N0) dt
 
 (Eqn. 6.9)
 
 where N is the number of live micro-organisms in suspension (cell.m−3), kd is the inactivation rate constant (s−1) and No is the initial cell concentration
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 (cell.m−3). For enzyme inactivation, N may be replaced by the ‘live’ enzyme concentration (units.m−3). However, it is now thought that equation 6.9 is not the most appropriate one for describing inactivation kinetics. It is an unstructured model. A structured model that deals with non-log-linear behaviour has been developed, accounting in particular for the tail end of the survival curve.33 However, the in-process behaviour during an industrial drying process may be considered as short-term behaviour, so the tailing effect is not so important. Furthermore, there are complications when involving water removal that would themselves introduce the non-log-linear effect anyway. Therefore, in the discussion here, it is sufficient to consider the first-order inactivation kinetics. For micro-organisms distributed in a moist material that is not yet dried (i.e. in a saturated medium), kd is usually considered to be a function of temperature and is described using the Arrhenius equation.32,34 –36 When the in-drying process is considered, the inactivation kinetics should include the material’s temperature as well as moisture concentration effects. In the literature, the temperature dependence of the inactivation rate constant, kd, during drying has been described using equation 6.10: E kd = k0 exp ⎛ − d ⎞ ⎝ RT ⎠
 
 (Eqn. 6.10)
 
 The moisture content has a significant non-uniformity within the material being dried owing to the nature of the drying process. The temperature distribution may also have an impact on the local distribution of the inactivation rate. The temperature gradient can be significant if the Biot number is quite large (Bi = hL/k; h is the convective heat transfer coefficient (W.m−2.K−1), which can be determined similarly to that for hm; k is the thermal conductivity of the moist material (W.m−1.K−1)). Usually a Bi of less than 0.1 is considered, beyond which temperature non-uniformity cannot be ignored.8 However, when evaporation takes place, this non-uniformity is damped and even for some large Bi values such as 0.5 or 1 a small evaporating water droplet can have negligible temperature gradient.37,38 Meerdink and Van’t Riet36 studied the inactivation of the enzyme αamylase during droplet drying, describing deactivation energy Ed to be dependent on water content. Their approach is attractive, as it requires only four parameters (a, b, ko and Ed); two more coefficients are required compared with the simple first-order kinetics (equation 6.9). These parameters have to be obtained from experimental work. The inactivation rate constant is expressed using the following formula: E + bX ⎞ ⎛ kd = k0 exp aX − d ⎝ RT ⎠
 
 (Eqn. 6.11)
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 where k0 is a pre-exponential factor and X is the water content expressed as a fraction of the dry weight. Meerdink and Van’t Riet36 concluded that the inactivation rate is more sensitive to a material’s temperature changes than the drying rate. As a reference, equation 6.11 for α-amylase had the following approximate correlation constants: ko = 1.2426 × 1032 (s−1); a = 121.8 (J.mol−1); b = 341; and Ed = 247.3 × 103 (J.mol−1). R is the universal gas constant (8.31 J.mol−1.K−1). In order to show the effect of local water content and temperature during the drying process, equation 6.11 is assumed to be valid for both enzymes and cell materials. Equation 6.11 can be modified as: bX ⎞ ⎛ E kd = k0eaX exp − d − ⎝ RT RT ⎠
 
 (Eqn. 6.11a)
 
 The nature of the equation is such that: ●
 
 ● ●
 
 if a > 0, b > 0, kd may have a peak value in the water content range considered if a > 0, b < 0, kd would just reduce as water content decreases if a < 0, b > 0, kd may have a minimum in the water content range considered.
 
 These possibilities are dependent on the coefficients’ value ranges, which may or may not show a minimum or maximum in the water content range considered. In order to show the effect of drying on the survival of microorganisms, equation 6.11a should be integrated across the material domain of interest. The first-order kinetics as in equation 6.9, where φ = N/No, are modified as: dφ bX ⎞ ⎛ E = −k0eax exp − d − ⋅φ ⎝ RT RT ⎠ dt
 
 (Eqn. 6.9a)
 
 For simplicity, an infinite slab geometry is considered (see Fig. 6.12). x = 0 is the symmetry of the slab, which is symmetrically heated and dried. The derivation procedure is given below. Integrating equation 6.9a from x = 0 to x = L, gives the average change in average activity or average cell concentration as: L
 
 dJ k ≈− 0 dt L
 
 e
 
 ⎛ E ⎞ ⎛ bX ⎞ exp − d exp − ⋅ φ ⋅ dx ⎝ RT ⎠ ⎝ RK ⎠
 
 ax
 
 0
 
 (Eqn. 6.12) L
 
 =−
 
 k0J L
 
  0
 
 b ⎞ ⎛ ⎜ a− ⎟ X RK ⎠
 
 e⎝
 
 ⎛ E ⎞ exp − d dx ⎝ RT ⎠
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 Inactivation kinetics: Probiotic cells in the wet core region
 
 dN = −k(X,T) ⋅ N dt
 
 high X, low T
 
 Fig. 6.12 Drying of a slab containing biological cells.
 
 In this step the average temperature is chosen for the second term in the exponential function in equation 6.9a, so that the effect of water content X and the temperature effect can be separated for ease of analysis. This equation can be further simplified based on the Frank–Kamenetskii transformation to yield the following:39 Ed RT
 
 1 dJ k e ref =− o J dt L
 
 L
 
 
 
 b ⎞ ⎛ ⎜ a− ⎟ X θ RK ⎠
 
 e⎝
 
 e dx
 
 (Eqn. 6.13)
 
 0
 
 where θ = −
 
 Ed (T − Tref ) 2 RTref
 
 (Eqn. 6.14)
 
 In general, industrial drying operations involve reduction in the moisture content of the material during processing, as well as an increase in the temperature of the material. It should be noted that the inactivation rate usually increases with increasing temperature and is reduced with reducing moisture content. Hence, the overall inactivation is a ‘competitive’ process between the two different inactivation mechanisms. However, the contribution of each inactivation mechanism during processing is not very well understood, though as mentioned earlier, the lowering water content
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 may have less effect that the rising temperature. It would be an interesting task to discover the controlling inactivation parameters during different phases of a drying process. This information could be very helpful for process design and optimization to achieve higher ‘kill’ of unwanted bacteria. Equation 6.13 can be further written as: x= L
 
 B 1 dJ =− 0 L J dt where B0 = k0e
 
  exp (DX + θ )dx
 
 (Eqn. 6.15)
 
 x= 0
 
 Ed / RT ⋅ ref
 
 b ⎞ ⎛ and D = a − . ⎝ R ⋅ K⎠
 
 By rearranging equation 6.15, one can obtain the following: ⎡ x= L B0 ⎢ 1 dJ = − ⎢ d (e DX+θ x ) − J dt L⎢ x =0 ⎣
 
 
 
 ⎡ B0 ⎢ DXs +θs = − ⎢e L− L⎢ ⎣
 
 x= L
 
  xd(e
 
 DX + θ
 
 x =0
 
 ⎤ ⎥ )⎥ ⎥ ⎦ (Eqn. 6.16),
 
 ⎤ ⎥ DX +θ xd (e )⎥ ⎥ x =0 ⎦ x= L
 
 
 
 introducing a characteristic dimension (xc < L) in such a way that the second integral on the right hand side of the above equation can be simplified. This expression further results in a simple formula from equation 6.16 as follows:
 
 [
 
 B 1 dJ = − 0 e DXs +θs ( L − xc ) + xce DX0 +θ0 J dt L
 
 ]
 
 (Eqn. 6.17)
 
 The dynamics of the above equation are shown to be clearly dependent on the surface water content and surface temperature, as well as the progression of the characteristic distance xc into the droplet/particle or a thin-layer slab as drying proceeds. This characteristic distance may be a fraction of L that would stay relatively constant in the falling drying flux period if the mass transfer process is viewed as a similar process to that in the heat conduction situation considered by van der Sman.40 In other words similarity of the moisture-content profile is maintained in this period of drying. For the case of a moist slab, where the surface and the centre temperatures can be considered similar (i.e. θs ≈ θo), equation 6.17 can be further rewritten as:
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 B 1 dJ ≈ − 0 [e DXs ( R − xc ) + xce DX0 ] ⋅ eθ0 J dt L
 
 (Eqn. 6.18)
 
 This expression illustrates that the dynamics of the inactivation kinetics are determined by both the surface and the centre water content. When the drying kinetics are modelled using a common lumped-parameter model where the rate is expressed as a function of the mean water content, the different but perhaps rather significant roles played by the surface and the centre water content cannot be addressed. This is interesting, and it has been argued that the moisture distribution effect can be significant depending on how quickly the water content is distributed. The apparent ‘drying rate dependent inactivation model’ has been found to be a useful correlation if one uses the lumped-parameter model to describe the bulk behaviour (rather than local cell content) for constant drying conditions.41 Chen and Patel42 have shown that the drying rate dependency is a reasonable approach by deriving the rate dependency from equation 6.18. All these studies have shown that even if the cells are uniformly distributed in the porous medium to be dried, the local water content can be influential to the average inactivation rate. If the initial cell distribution in a product to be dried is not uniform, it is likely that the uneven distribution will affect the rate of reduction of average cell concentration. It is, therefore, highly desirable for process simulation and process optimization purposes (for either protecting or deactivating cell matter in drying), that the local moisture content distribution should be describable. Most often, the local water moisture content is predicted using a Fickian type effective liquid diffusion model, an approach that can be found in many previous studies (Chen, 2006). With the development of cellular level or even biomolecular level studies, one may expect that how individual components i (in each micro-organism) denature or deactivate and their ‘weighted’ contribution to the overall inactivation kinetics will eventually be revealed. For instance for a microbial population N, the rate expression for inactivation may be written as: I
 
 dN = −∑ ξi ⋅ ai dt 1
 
 (Eqn. 6.19)
 
 where I is the total number of components that are influential in the survival of the micro-organism of concern and ζi is the weight factor of each contributing component. ai is the remaining activity (or sometimes concentration) of each component (for example, it could be an enzyme inside a microbe). Each activity is determined by its own inactivation kinetics. If they are considered to have a format as in equation 6.9, for example, the following would have to be determined:
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 dai = −kd,i · ai dt
 
 (Eqn. 6.20)
 
 The sum of ζi is unity. It may be that for one or two enzymes or components in the micro-organism even a small amount of damage to their structures could lead to the micro-organism’s being pronounced ‘dead’. In this case, the contributions made by them to the overall inactivation of the cell would be ≥90%. The above must be taken as a qualitative understanding that should be useful in thinking about strategies for drying–inactivation problems with regard to the contribution of individual cell contents. Drying can not only minimize the potential for food spoilage as a postprocess effect, but it can also act as a thermal treatment procedure (i.e. an in-process operation) to reduce the populations of micro-organisms.
 
 6.4
 
 CONCLUDING REMARKS Drying can be used for controlling food biodeterioration for two reasons: the in-process and post-process effects, the latter being much better understood than the former. Drying (an in-process operation) can be regarded as a thermal treatment procedure that deactivates undesirable micro-organisms that are distributed or embedded in the food systems (protein, carbohydrate and fat matrices in different proportions). The process of inactivation is dependent on cell structure and composition. It is intuitive to think that the constituents of each micro-organism – enzymes for instance – with their sensitivities to temperature, water content and pH (and even pressure) changes have their own inactivation kinetics that must contribute to the overall cell inactivation kinetics. The average inactivation rate of the micro-organisms in a food being dried is dependent on the thermal and water content history of the food system during processing or storage. It is also dependent on the food’s composition, microstructure (leading to different heat and mass transfer properties) and physical size. How drying is conducted has to be determined in the interests of preserving nutrients and beneficial bacteria, and yet for eliminating toxic bacterial activities. It is not a simple matter, so the process has to be looked at in conjunction with pre-drying and post-drying procedures to achieve an optimized (and most likely a compromised) outcome. Most studies reported in the literature are not aimed at inactivation of the bacteria but are aimed at high retention of bioactivity. Therefore, there is still considerable scope for more fundamental research in this area so that one can make better and more informed decisions for future operations.
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 APPENDIX 1: TYPICAL MASS TRANSFER CORRELATIONS Heat convection is a well-studied subject and is described in many texts. Mass transfer calculations can be done, as a first approximation, based on heat transfer correlations. The mass transfer coefficient (hm) is obtained h ⋅L from established correlations for the Sherwood number ( m ) (originD h⋅L ally for Nusselt number ( )). L is the characteristic length of the object k (m) and k is the thermal conductivity of the bulk fluid (W.m−1.K−1). The ρ ⋅u⋅ L two principal numbers are related to the Reynolds number ( ), the µ υ υ Prandtl number ( ) or Schmidt number ( ), respectively. u is the bulk D α fluid velocity (m.s−1). ρ is the fluid density (kg.m−3), µ is the viscosity (Pa.s) and α is the thermal diffusivity (m2.s−1) and D is the mass diffusivity (m2.s−1). All the physical properties used in the calculations are usually T + T∞ ) and film concentration determined at the film temperature (Tf = s 2 Cs + C∞ ). Table A1 shows typical correlations that may be used as (Cf = 2 a first approximation for evaluating mass transfer coefficients.
 
 Table A1 Commonly used mass transfer correlations for average Sherwood number calculations (modified from Incropera and De Witt).8 Configuration
 
 Geometry
 
 Conditions
 
 Correlation
 
 External flow (forced convection)
 
 Flat plate
 
 Laminar, 0.6 ≤ Pr ≤ 50 L – length of the plate (m) Mixed, ReL,c = 5 × 105, ReL ≤ 108, 0.6 ≤ Pr ≤ 50, L – length of the plate (m) ReLPr > 0.2, L – diameter (L = d)
 
 2L = 0.664ReL1/2 Sc1/3
 
 Cylinder (pipe or tube)
 
 2L = (0.037ReL4/5 − 871)Sc1/3
 
 ⎡0.62Re1/2 Sc1/3 × ⎤ L ⎢ ⎥ −1/4 2/3 ⎤ ⎥ 2L = 0.3 + ⎢⎢⎡ ⎞ ⎛ 0.4 ⎥ ⎢ ⎥ ⎢⎢1 + ⎜⎝ Sc ⎟⎠ ⎥ ⎥ ⎢⎣⎣ ⎥⎦ ⎦ 5/8 ⎡ ⎛ ReL ⎞ ⎤⎥ × ⎢1 + ⎜ ⎟ ⎢ ⎝ 282,000 ⎠ ⎥ ⎣ ⎦
 
 External flow (natural convection)
 
 Sphere Vertical plate
 
 L – diameter (L = d) L – length of the plate
 
 4/5
 
 2L = 2 + 0.6Re L1/2 Sc1/3 2
 
 ⎧ ⎫ ⎪ ⎪ ⎪ ⎪ 1/6 ⎪ ⎪ 0.387RaL 2 L = ⎨0.825 + 8/27 ⎬ 9/16 ⎤ ⎡ ⎪ ⎪ ⎢1 + ⎛ 0.492 ⎞ ⎥ ⎪ ⎪ ⎜ Sc ⎟ ⎢ ⎥ ⎪ ⎪ ⎝ ⎠ ⎪⎩ ⎪⎭ ⎣ ⎦
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 (continued)
 
 Configuration
 
 Internal flow (forced convection)
 
 Internal flow (natural convection)
 
 Geometry
 
 Conditions
 
 Correlation
 
 Cylinder (pipe or tube)
 
 L = d (diameter), RaL ≤ 1012
 
 ⎧ ⎫ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ 0.387Ra1L/6 2 L = ⎨0.60 + 8/27 ⎬ 9 / 16 ⎡ ⎤ ⎪ ⎪ ⎢1 + ⎛ 0.559 ⎞ ⎥ ⎪ ⎪ ⎜ Sc ⎟ ⎢ ⎥ ⎪ ⎪ ⎝ ⎠ ⎪⎩ ⎪⎭ ⎣ ⎦
 
 Sphere
 
 L = d (diameter), Pr ≥ 0.7, RaL ≤ 1011
 
 Laminar
 
 Horizontal cavity heated from below
 
 Vertical cavity heated from one side and cooled at the other
 
 Combined natural and forced convection
 
 Fully developed, uniform wall heat flux, Pr ≥ 0.6, L = 4Ac/P (hydraulic diameter), Ac – flow cross-sectional area, P – wetted perimeter Fully developed, uniform wall temperature, Pr ≥ 0.6 Turbulent, fully developed, 0.6 ≤ Pr ≤ 16,700, Length/diameter ≥ 10, ReL ≥ 10,000, µs − viscosity at wall RaL =
 
 3 gβ(T1 − T2 )L αν
 
 T1 – the bottom surface temperature, T2 – the upper surface temperature, β – thermal expansion coefficient (≈ 1/Tf ), L – distance between two horizontal walls, 3 × 105 ≤ RaL ≤ 7 × 109 2 < H/L 5% inhibit the growth of a broad spectrum of food spoilage bacteria, yeasts and moulds. Inhibition increases almost linearly with increasing concentration from 5% to about 25–50%, depending on the food and microflora involved. Still higher concentrations generally show little or no increased effect. CO2 is particularly inhibitory to many spoilage micro-organisms that grow on a wide range of chilled foods. The degree of inhibition varies widely because the effect is distinctly selective, but certain generalizations can be made. Moulds are sensitive, yeasts comparatively resistant (except for some of the non-fermentative types), and bacteria are highly variable in their sensitivity. The most affected bacteria are Pseudomonas species and Acinetobacter/Moraxella species, which grow rapidly and produce off-odours and flavours in raw meats and other flesh foods. Other common spoilage bacteria, such as Micrococcus species and Bacillus species, are also strongly inhibited by CO2. Lactobacillus species are generally among the most resistant bacteria to CO2. They do not readily spoil foods, unless present at very high levels, and commonly outgrow aerobic spoilage bacteria in most MAP applications.
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 7.2.4.2
 
 Effects on food poisoning micro-organisms
 
 Knowledge of the effects of CO2 on food poisoning micro-organisms is incomplete, especially for Listeria monocytogenes, Aeromonas hydrophilia and Yersinia enterocolitica. Generally speaking, high levels of CO2 have been found to have an inhibitory effect on Staphylococcus aureus, Salmonella species, Escherichia coli and Listeria monocytigenes. The degree of inhibition increases as the temperature decreases, but high CO2 levels alone cannot be relied on to inhibit the growth of the above bacteria. Many concerns have been raised regarding the potential growth of anaerobic Clostridium species in MAP. Clostridium botulinum and Clostridium perfringens are not markedly affected by the presence of CO2 and their growth is encouraged by anaerobic conditions that may exist in MAP. Strict temperature control is essential to prevent the growth of Clostridium species. Although C. perfringens exhibits a 12–20°C growth minimum and most strains of C. botulinum do not grow below 10°C, non-proteolytic C. botulinum, i.e. types B, E and F, have been demonstrated to grow at temperatures as low as 3.3°C. Consequently, the use of additional barriers to microbial growth (such as acidification, use of preservatives and/or a reduction in aw), wherever appropriate, is strongly recommended.1
 
 7.3
 
 MAP MATERIALS Specifically with regard to MAP, the main characteristics to consider when selecting packaging materials are gas permeability, water vapour transmission rate (WVTR), mechanical properties, reliability of sealing, transparency, type of package and microwaveability.1,3
 
 7.3.1
 
 Gas permeability
 
 In most MAP applications, excluding fresh fruit and vegetables, it is desirable to maintain the atmosphere initially incorporated into the MA pack for as long a period as possible. The correct atmosphere at the start will not serve for long if the packaging material allows it to change too rapidly. Consequently, packaging materials used with all forms of MA-packed foods (with the exception of fresh fruit and vegetables) should have barrier properties (Table 7.2). The permeability of a particular packaging material depends on several factors such as the nature of the gas, the structure and thickness of the material, the temperature and the relative humidity (RH). Although CO2, O2 and N2 permeate at quite different rates, the order CO2 > O2 > N2 is
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 Table 7.2 Oxygen permeability and water vapour transmission rates of selected MAP materials (adapted with permission from Day1). Packaging filma (25 µm)
 
 Oxygen transmission rate (cm3m−2 day−1 atm−1) 23°C:0% RH b
 
 Aluminium (Al) Ethylene–vinyl alcohol (EVOH) Polyvinylidene chloride (PVdC) Modified nylon (MXDE)
 
 0.97 and NaCl concentrations >4%. Therefore, there is some concern about the use of MAP with respect to non-proteolytic C. botulinum.4,18 As described previously, the level of O2 in MA-packed fresh produce packs can be depleted rapidly, particularly if the produce is temperature-abused and the produce respiration increases. This scenario would lead to the development of an anaerobic environment that is ideal for the growth and toxin production of C. botulinum.29 However, in a study that looked at this potential in lettuce, cabbage, broccoli, carrots and green beans that had been packed under vacuum or in air, Larson et al.30 found that these produce items were almost always grossly spoiled before any significant production of toxin was detected. Many other research studies have shown similar results, and a study by Larson and Johnson31 demonstrated the ability of produce spoilage micro-organisms to protect against the overgrowth of pathogenic bacteria. Fresh mushrooms and tomatoes have been shown to contain spores of Clostridium species, and therefore the possibility of botulism associated with these MA-packed produce items must not be ignored.18 However, the acidic nature of tomatoes (pH < 4.6) does not provide suitable growth
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 conditions for C. botulinum. This supposition was supported by the results of Hotchkiss et al.32, who demonstrated that MA-packed tomatoes (1.0–2.9% O2), stored at 13°C and 23°C, only became toxic after becoming severely spoiled. The initial level of O2 used for high-respiring produce items such as mushrooms can be very important since it will deplete more rapidly, resulting in an anaerobic environment that is conducive to toxin production.33 The industry practice of using microperforated MAP films discourages the growth of C. botulinum, although mushroom shelf life is shortened. The absence of outbreaks of botulism linked to MA-packed fresh produce items indicates that C. botulinum is probably competitively inhibited by the natural microbial flora and storage conditions of these products. However, more research is required to examine the potential for growth of C. botulinum in a wide variety of MA-packed fresh produce items, stored at mildly abusive temperatures (e.g. 7–12°C). In addition, other hurdles to C. botulinum growth, besides good chilled temperature storage, need to be investigated so as to prevent potential toxin production.15 Listeria monocytogenes L. monocytogenes is a psychrotrophic and pathogenic bacterium that can remain largely unaffected by MAP, while the normal microflora is inhibited.19,27 Consequently, L. monocytogenes can grow to potentially harmful levels, at low chilled temperatures, during the extended shelf life of an MA-packed fresh produce item.26,34 For example, Berrang et al.35 showed that the growth of L. monocytogenes inoculated onto broccoli, asparagus and cauliflower was not affected by MA conditions of 3% CO2/18% O2/79% N2 for 10 days at 10°C. Similarly Beuchat and Brackett36 clearly demonstrated that the levels of L. monocytogenes increased significantly on lettuce stored at chilled temperatures in an MA of 3% O2/97% N2, while Francis and O’Beirne34 reported that MAP, under predominantly N2, stimulated the growth of L. monocytogenes on fresh lettuce at 8°C. Furthermore, elevated CO2 levels (10–20%) have been reported to stimulate the growth of L. monocytogenes in a surface model system.19 Jacxsens et al.37 investigated the growth of L. monocytogenes and Aeromonas species on fresh-cut vegetables, packaged under either an MA (2–3% O2/2–3% CO2/94–96% N2) or air, and clearly found that the sensory quality of the produce items deteriorated to an unacceptable degree before the levels of L. monocytogenes and Aeromonas species increased significantly. They concluded that the growth of psychrotrophic pathogenic bacteria was more influenced by the type of fresh-cut vegetable and the temperature of storage than the MA conditions, a conclusion that
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 has been supported strongly by the research results of Nguyen-the and Carlin22 and Farber et al.15 Francis and O’Beirne26 and many other research groups have recommended that more investigations need to be carried out to thoroughly examine the influence of different MAP conditions, competing background microflora and storage temperatures on the survival and growth of L. monocytogenes on MA-packed fresh-cut produce items. Aeromonas hydrophila Aeromonas hydrophila is a psychrotrophic and pathogenic bacterium that can be found on a wide variety of foods, as well as in most aquatic environments, and can cause gastroenteritis and occasionally septicaemia.38 A microbiological survey of 97 freshly prepared salads found A. hydrophila to be present in 21.6% of them.39 Similarly to L. monocytogenes, A. hydrophila can grow at chilled temperatures, and growth does not seem to be affected by depleted O2 levels (e.g. 2–5%) and elevated CO2 levels (up to 50%).29 As mentioned previously, CO2 levels above 50% are detrimental to the quality of fresh produce, even though these elevated levels have been found to inhibit the growth of A. hydrophila and L. monocytogenes.40 Furthermore, Berrang et al.41 determined that the shelf life of broccoli, asparagus and cauliflower was extended by MAP (i.e. 11–18% O2/2–10% CO2/balance N2), but that the growth of naturally occurring or inoculated A. hydrophila was not inhibited at storage temperatures of 4°C and 15°C. 7.6.2.3
 
 Other pathogenic micro-organisms
 
 Other pathogenic micro-organisms such as Salmonella species, Shigella species, E. coli 0157:H7, and various enteric viruses, such as hepatitis A, can survive and grow on fresh produce, and they have been implicated in a few food poisoning outbreaks, hence there is concern about their growth behaviour under MAP conditions.18,19,27,29 However, reassuringly, Farber et al.15 have extensively reviewed the relevant literature and concluded that MA-packed produce items have an excellent food safety record. They stated that to their knowledge, only two MA-packed produce items, i.e. coleslaw mix and ready-to-eat salad vegetables, have been directly implicated in food-borne illness outbreaks – of botulism and Salmonella Newport, respectively. They also stated that there has been a noticeable increase in the consumption of fresh fruit and vegetables during the last two decades, and more consumers are now choosing the more convenient fresh-cut produce items. Since there has been a parallel rise in the number of produce-linked food-borne outbreaks, it is important that vigilance is maintained with respect to the safety of MA-packed fresh-cut produce.
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 7.7
 
 CONCLUSIONS MAP is one of the most exciting and innovative areas of the packaging industry. New developments in both packaging materials/machinery and food product applications seem to be opening up at an increasing rate. The MAP market in Europe is substantial and has enjoyed considerable growth in recent years because of the important benefits it provides to food manufacturers, retailers and consumers alike. The success of MApacked products in the UK is expected to stimulate future growth in other countries around the globe.
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 8.1
 
 INTRODUCTION Unless they have received a commercial sterility heat process, i.e. >FO3, most foods will contain micro-organisms that have the potential to grow in the food.1 Growth of these micro-organisms may either affect the quality of the product, ultimately causing spoilage – i.e. an undesirable change in the taste, smell or appearance of the food – or may result in an increased food safety risk, potentially leading to food poisoning, i.e. illness in consumers due to the presence of pathogenic micro-organisms or a toxin they have produced in the food.2 Whether these micro-organisms will grow in the food will depend on the process design, product formulation characteristics and subsequent storage conditions of the food. For example, in a pasteurized acidic product only a few specific spoilage organisms will be able to grow, whereas a chilled perishable food that has received no heat treatment and has a high pH will be more susceptible to general microbial spoilage and may allow the growth of a range of food poisoning organisms. The growth of micro-organisms present in foodstuffs can be controlled by careful formulation of the product and by the choice of storage conditions.1 Knowledge of the levels of the factors required to control microbial growth can aid in product formulation and process design. Values of limiting factors for the growth of organisms can be found in the literature (Table 8.1) and are a useful guide for assisting in product formulation in order to achieve a desired shelf life with respect to microbial growth. It is worth noting that such information assumes that only one inhibitory factor is present at once, or that the other factors present are near optimal for growth. In foods that have a number of factors present, the minimum values may be higher than those noted in Table 8.1. Factors that can influence microbial growth are often termed ‘intrinsic’ or ‘extrinsic’ factors. Properties contained within the food itself are deemed
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 194 Food Biodeterioration and Preservation Table 8.1 Minimum growth conditions for food-borne micro-organisms (Adapted from Betts et al.3). Type of micro-organism
 
 Salmonella Staphylococcus aureus Bacillus cereus Clostridium botulinum proteolytic A,B,F non-proteolytic B, E, F Listeria monocytogenes Escherichia coli Clostridium perfringens Vibrio parahaemolyticus Yersinia enterocolitica Aeromonas hydrophila spoilage Pseudomonas Lactic acid bacteria Yeasts Mould
 
 Minimum pH for growth
 
 Minimum aw for growth
 
 Anaerobic growth (e.g. in vacuum pack)
 
 3.8 4.0 4.9
 
 0.92–0.95 0.83 0.93 –0.95
 
 Yes Yes Yes
 
 4.6 5.0 4.3 4.4 4.5 4.9 4.4 lactic > citric > tartaric. Acetic acid is the most antimicrobial of the organic acids, but has a strong vinegary odour and taste. Tomato-based products naturally contain citric acid and this is therefore the acidulant that is most often added to these products to further reduce the pH. Reduced pH works well with salt as a preservation system. Choosing the right level of each factor is critical for product safety and is best done using predictive models or challenge tests. Not all acids used in food manufacture are organic acids, for example phosphoric acid is used in the beverages industry. The main effects of non-organic acids are due to the general reduction in pH rather than any additional effects due to the acid ions themselves. Many of the published studies on the growth of food pathogens and spoilage organisms in different pH environments will have used strong acids. As most foods will contain weak acids as acidulants, this may result in the minimum pH values for growth reported in the literature being different to those observed in real foods. Generally speaking, weak acids are more effective than strong acids at inhibiting microbial growth, so the pH required to prevent growth is higher for weak acids than strong acids.
 
 8.2.4
 
 Water activity
 
 Water activity (aw) is a term used to describe the amount of free or unbound water that is available within a system and that can be used by
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 micro-organisms. It is measured on a scale of 0 to 1, where 1 is pure water. The level of available water can be lowered by physical processes that remove water, such as drying and concentration, or by the addition of solutes such as salt and sugar that form chemical bonds with water and prevent it from being used. Compounds capable of reducing aw are known as humectants. The aw of a product is also affected by the addition of starches and emulsifiers and by the presence of fats and proteins. The measurement of aw in a food product can be quite complex. For example, in emulsions, e.g. mayonnaise, the overall aw may be low owing to the high level of fat present; however, the water will be present in the mayonnaise as discrete droplets within the product. The aw within the droplets will be higher than that measured for the product as a whole and may allow microbial growth. In this case, other preservation factors, e.g. low pH, will be important for the prevention of growth of certain spoilage organisms. Also, in multicomponent or layered products, where the different ingredients have different aw values, there is a potential for migration of water from one component to another. This could affect the overall stability of the product and thus the shelf life and safety. Reducing the aw of the environment can have a dramatic effect on microorganisms, increasing the lag phase and decreasing the growth rate.1 There is no reported microbial growth below an aw of 0.6, and most bacteria (except S. aureus) do not generally grow below an aw of 0.90. The limiting aw value for growth will depend on the type of humectant used. Salts (e.g. NaCl, KC1) and sugars (e.g. glucose and sucrose) have comparable effects to each other on the growth of bacteria; glycerol acts differently. Bacteria can generally tolerate higher levels of glycerol as it is able to enter the cell freely and does not induce the osmotic stress mechanisms seen with non-permanent solutes. For example, it has been shown that the minimum aw allowing growth when NaCl was used as a humectant was 0.957 for Pseudomonas fragi and 0.963 for lactic acid bacteria.11 When glycerol was used, the minimum aw for growth was 0.94 and 0.928, respectively. When a micro-organism is placed in a low-aw environment, the water from the inside of the cells will move across the microbial cell membranes towards the outside, where there is a higher concentration of solutes. This loss of water results in plasmolysis of the cell and the rigid structure of the cell is lost. Plasmolysed cells are unable to grow and need to restore the correct internal water levels before growth can begin. There are two mechanisms by which cells can return to a balanced state:
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 1. The external solute can be transported into the cell via a suitable transport mechanism until it is at a similar level inside and outside the cell. The enzyme systems inside the micro-organisms will have to be able to work in the presence of high levels of the solute, which they are generally unable to do. 2. The cell could accumulate or produce a different solute from the one exerting the osmotic stress; this will allow the osmotic potential to be balanced and will allow the cytoplasmic enzymes to function correctly. Such solutes are called compatible solutes and include glutamate, carnitine and betaine. In most bacteria it is the second mechanism that is used to counteract the majority of salts and sugars used in food manufacture, except for glycerol, where the first mechanism is used. Energy is required to return the organism back to a balanced state and therefore growth does not occur. Once a balanced state has returned growth can begin again.
 
 8.2.5
 
 Modified atmosphere
 
 Micro-organisms have different oxygen requirements for growth. Aerobic organisms, e.g. Pseudomonas species and many moulds, need oxygen in order to grow. Anaerobic organisms, e.g. Clostridium species, cannot grow in the presence of oxygen, although they may remain dormant until the conditions become favourable for growth. Another group of organisms, known as ‘facultative’ organisms, can grow either in the presence or in the absence of oxygen. This group contains spoilage organisms, e.g. Enterobacteriaceae, and food pathogens, e.g. S. aureus. A final group of organisms require some oxygen to grow but at levels lower than that seen in air. In addition, an increased level of carbon dioxide is required. These organisms are called microaerophilic and include Campylobacter. Many chilled foods are packaged in an atmosphere that is different from air. It may be modified to contain elevated levels of carbon dioxide and/or nitrogen and a decreased level of oxygen. In some cases the level of oxygen may be increased. The role of these gases has been described by Day,12 but essentially carbon dioxide exerts an antimicrobial effect on a range of aerobic spoilage organisms and pathogens and can reduce or prevent their growth; nitrogen does not exert any antimicrobial properties itself but is used to replace oxygen. This can have the effect of inhibiting strict aerobic organisms such as moulds. Chilled foods are often stored in a mixture of gases from which oxygen has been excluded in order to minimize the growth of aerobic spoilage organisms such as Pseudomonas species. Typical gas mixtures will contain carbon
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 dioxide at a level of 25–40% and nitrogen at 60–75%. The use of such a gas mixture will affect the microbial population within a food. While the growth of Pseudomonas will be minimized, facultative spoilage organisms such as lactic acid bacteria, Enterobacteriaceae and yeasts (all of which can grow with or without oxygen) may dominate. There is also the potential for growth of anaerobic pathogens such as Clostridium botulinum in MAP (modified atmosphere packaging) foods. Owing to these risks, it is currently recommended in the UK that the shelf life of chilled MAP or vacuum-packaged foods should be restricted to 10 days or less if adequate controlling factors – i.e. a pH of 5.0 or less, aw of 0.97 or less, aqueous salt level of 3.5% or greater – are not present or if they have not been subjected to in-pack heat treatment equivalent to 90°C for 10 minutes.13 This applies to all VP/MAP foods stored between 3°C and 8°C. If none of these controlling factors are in place, a shelf life of greater than 10 days can be assigned if a C. botulinum challenge test has been undertaken and has proved that C. botulinum is unable to grow in the product under the defined storage conditions.
 
 8.2.6
 
 Chemical preservatives
 
 There are a range of chemical preservatives than can be used in food products to inhibit the growth of micro-organisms. The salts of organic acids are often added to low-pH foods to reduce the growth of yeasts and moulds. For example, sodium benzoate and potassium sorbate are used for fruit products, pickles, mayonnaises and dried fruit. Some preservatives, such as sorbate and benzoate, are generally used for lower pH foods because they work better in acidic environments at or near their pKa values.2 8.2.6.1
 
 Sorbate
 
 Sorbic acid and potassium sorbate are widely used throughout the food industry for the preservation of vegetable-based products (pickles, olives, fresh salads), fruit-based products (dried fruits, fruit juices), cheese, bakery products, beverages and some other products such as smoked fish, margarine and mayonnaises. Sorbate is more inhibitory to yeasts and moulds than bacteria. The mould species inhibited include Aspergillus, Cladosporium, Penicillium and Fusarium. The yeast species inhibited by sorbates include Candida, Saccharomyces, and Zygosaccharomyces. Bacteria that are inhibited by sorbates include Bacillus, Clostridium, Enterobacter, Pseudomonas, Salmonella and Serratia.14 Sorbates are selective in their antimicrobial activity; they are more effective against catalase positive organisms than catalase negative, and
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 aerobes rather than anaerobes,14 which means that they are extremely useful in the preservation of fermented foods, where the growth of pathogens such as S. typhimurium, E. coli, and staphylococci will be inhibited, but the lactic acid bacteria used in fermentation will still be able to grow. The antimicrobial activity of sorbate is dependent on pH, and is greatest at lower pH values, with 98% of sorbic acid being undissociated at pH 3 compared to just 37% at pH 5. 8.2.6.2
 
 Benzoate
 
 Sodium benzoate or benzoic acid tends to be used in products where the pH is low, for example mayonnaises, pickled vegetables, fruit products and drinks. It is often combined with potassium sorbate in mayonnaise type products. This is because the mixture of the two preservatives is more effective than either of them individually and also sorbate is relatively tasteless compared to benzoate.15 Benzoate exerts its primary antimicrobial action upon yeasts and moulds, including the aflatoxin-producing moulds. Many bacteria are also inhibited by benzoate. However, clostridia and the lactic acid bacteria are resistant.15 The antimicrobial action of benzoic acid is due to interactions with cell membrane enzymes; it can also interfere with the cell wall. 8.2.6.3
 
 Propionate
 
 The main forms used are sodium and calcium propionate. Propionate is used widely with bakery products, and like sorbate and benzoate its action is pH dependent. However, it is able to work at higher pH values, which makes it more suitable for bakery use. Its mode of action is similar to that of sorbate and benzoate, as it accumulates within the cell and acts upon enzymes.15 Gram-negative bacteria are inhibited by propionate but its action against yeasts is weak and therefore the yeasts used in bakery products are not inhibited. 8.2.6.4
 
 Nitrite
 
 Nitrite is a food preservative typically used, along with salt, in cured and fermented meat products. In these types of products, safety is reliant on a careful balance between these two compounds. Nitrite was originally added to meat products to inhibit the growth of spore-forming bacteria, particularly Clostridium botulinum. It has been extensively studied since the early 1950s and minimum inhibitory concentrations against a range of organisms have been established.16 Nitrite has a limited effect against yeasts17 and many of the microbial groups associated with meat products such as Enterobacteriaceae, Pseudomonas and Lactobacillus.18
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 Reports suggest that Enterobacteriaceae, Brochothrix thermosphacta, and Moraxella spp. are inhibited by 200 ppm sodium nitrite in Bologna-type sausages, whereas yeasts and lactic acid bacteria are only marginally inhibited and hence tend to predominate in these products.17,19 These findings contrast with those of Gibson and Roberts,20 who reported that growth of E. coli and Salmonella at between 10°C and 35°C was not prevented by most combinations of salt (1–6% w/v), pH (5.6, 6.2 and 6.8) and sodium nitrite (0–400 ppm). Inhibition only occurred under extreme conditions of pH (5.6), temperature (10°C) and nitrite (400 ppm). Despite many years of research, the exact mode of action of nitrite is still not understood and there are considered to be many possible target sites of action in the microbial cell. The inhibition of respiration by inactivation of key enzymes, release of nitrous acid and nitric oxides and the formation of S-nitroso compounds by reaction of nitrite with haem proteins have all been suggested.18,21 Like many food preservatives, nitrite works better under acidic conditions, which favour the production of undisassociated nitrous acid and thus permit its entry into the bacterial cell.
 
 8.2.7
 
 Natural antimicrobials
 
 Many natural food ingredients that are added to food to achieve a desired flavour also have the potential to control microbial growth. These ingredients include vegetable extracts, mustard, onion, garlic, horseradish and a range of other herb and spice ingredients. Extracts and essential oils from plants have been shown to inhibit the growth of a range of microorganisms. Natural antimicrobial compounds and their possible modes of action have been reviewed extensively,22,23 but because they belong to a variety of different chemical classes, it has not been possible to identify a single mechanism by which they act on micro-organisms. There has been much interest in recent years in the use of natural antimicrobials to help in food preservation as an alternative to chemical preservatives, which at present are used to prolong shelf life and safety. The active components found in herbs and spices (e.g. thymol from thyme and oregano, cinnamaldehyde from cinnamon, and eugenol from clove) have been shown to have a wide spectrum of antimicrobial activity.24 –26 Work has been carried out to try to establish the potential for the use of natural antimicrobials instead of traditional chemical preservatives.22 Most of this work has been performed in laboratory broths, and few trials
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 have been done in real foods. It would appear that the effectiveness of antimicrobial compounds decreases when they are used in real foods, or a higher level of the compound needs to be added to achieve an antimicrobial effect. If a higher level of the natural antimicrobial is required this can have an effect on product flavour and therefore alter the sensory properties of the product.27 The type of food product has been shown to affect the antimicrobial effects observed. It has been suggested that this may be due to the composition of the food, which immobilizes and inactivates the components, particularly in high-fat foods.28,29
 
 8.2.8
 
 Microbial interactions
 
 Usually the main factors that determine the growth of micro-organisms are chemical and physical in nature (e.g. pH, temperature); however, interactions between micro-organisms themselves may also affect their growth and spoilage activity.30 Organisms will compete for the same substances or may produce inhibitory metabolites, which change the local environment, or directly affect other organisms. The growth characteristics of the weaker organism will be affected by the stronger competitor. In many cases, the final maximum population of the weakest organism is decreased,31 although this may not occur until levels of the competitor have become high, e.g. 108 g−1.32,33 Microbial interaction is not always easy to measure but can contribute greatly to the stability of many foods. For example, many fermented food products rely on the use of lactic acid bacteria as starter cultures. The rapid growth of these organisms and the acid they produce contribute to the stability and safety of these products, including fermented meats such as salamis and dairy products such as yogurt.
 
 8.3
 
 PREDICTIVE MODELLING As described, there are a range of factors that can influence the growth and survival of micro-organisms in food products. Information about the limiting factors for microbial growth is readily available (see Table 8.1). However, these limits are based on one factor only and assume that all other conditions are optimal. Therefore, if a product is preserved using a variety of different factors (pH, aw, preservative) it can be difficult to assess the potential for microbial growth. In these situations, predictive microbiological models are extremely useful.
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 Predictive microbiological models are mathematical equations that can be used to predict the likely growth of micro-organisms under different product formulation or storage conditions. The power of predictive microbiological models is that they use laboratory data from one set of experimental conditions to predict the likely responses under a new set of conditions not previously tested. For example, data describing the effect of temperature on an organism at 5, 10 and 15°C can be used to predict the likely growth at 8°C. The same principle applies to any hurdle included in the model such as salt, pH or preservatives. The power of this tool for new product development is very apparent. Modifications of new or existing recipes can be tried on the computer using a model before embarking on expensive laboratory experiments or pilot scale production runs. The effect of new combinations of hurdles on extending product shelf life can be assessed using models, as can the effect of reducing current levels of hurdles. There are currently a number of publicly available modelling systems that can be accessed by the food industry. For food pathogens there is the USDA Pathogen Modelling Program (PMP) (www.arserrc.gov), and the Combase Predictor (www.ifr.ac.uk) (which is based on the data that were formerly available as FoodMicromodel™), and for spoilage organisms there is the Campden & Chorleywood Food Research Association (CCFRA) FORECAST Service (www.campden.co.uk). The FORECAST system contains models for specific spoilage groups, for example Pseudomonas species, Enterobacteriaceae and lactic acid bacteria, or for a mixture of spoilage organisms relevant to food commodities, e.g. fish products and meat products. Predictive models can be used to assess the likely change in growth characteristics caused by changing the product formulation such as the effect of changing levels of salt and nitrite. These modelling systems are not suitable for use with all product types; in particular, acidified products are not well modelled. This type of product has many preservation factors (salt, sugar, acid, oil) that all aid safety and stability. Not all of these factors are included in the predictive systems previously mentioned. However, there are a number of systems that can be used to predict the safety/stability of this type of product. One of these systems is outlined in the CIMSCEE code, which is a code for the production of microbiologically safe and stable emulsified and nonemulsified sauces containing acetic acid. This was published in 1992 by the Comité des Industries des Mayonnaises et Sauces Condimentaires de la Communauté Economique Européenne. This code includes two equations
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 that can be used to predict the safety and stability of mayonnaise and sauce type products.34 The equations are based on the salt, sugar, and acetic acid content, pH, and dissociation constant of acetic acid, all in the aqueous phase of the product. A numerical value is calculated from the stability equation and if this value is greater than 63, this indicates that the intrinsic properties of the product are sufficient to confer microbiological stability, i.e. growth of spoilage organisms should not be observed. This is equivalent to a 3-log reduction of Salmonella or E. coli in 72 hours. These equations allow many product formulations to be evaluated for safety and stability rapidly and efficiently. There is another equation that can be used to predict the stability of pickles and sauces, which is termed the preservation index. This is based on acetic acid content of the product and states that a minimum of 3.6% acetic acid is required to ensure that stability is achieved.35 A further way in which stability and safety of acidified products can be assessed is by using a series of models developed by the Campden and Chorleywood Food Research Association. These are based on aw, pH (adjusted by citric, lactic and acetic acid) and preservative (sorbate, benzoate). These models predict whether growth of pathogens (E. coli, Salmonella, S. aureus) or spoilage organisms (yeasts, moulds, lactic acid bacteria) will occur in a nine-month period. With the spoilage model there are five categories of growth predicted: growth in 1–2 weeks, 2–4 weeks, 1–2 months, and 2–6 months or no growth within 9 months. These models can be used to predict the potential for microbial growth in a range of acidified products. Models are very useful in providing cost-effective guidance with respect to potential microbiological shelf life and the effects of theoretical process or formulation variables, but there can be occasions when the predictions are not accurate. It is, therefore, important to consider limited practical testing in conjunction with any predictive microbiology model. Models are perhaps best viewed as a good first step in the evaluation of the microbiological shelf life and the effects of process and formulation changes, and can be used as a guide to focus attention on product development and limited shelf-life evaluation and challenge testing. Shelf-life evaluation is designed to determine how long a product remains within the designated quality parameters during normal production and storage conditions. Only the growth of those micro-organisms that are likely to be present in, or able to cross-contaminate, the batch of product will be assessed. Ideally, under good manufacturing conditions, there will be minimal chance of food pathogens, e.g. Salmonella, being present
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 in the product, and the effect of product formulation on the growth of such pathogens will, therefore, not be evaluated during shelf-life studies. Reliance should not be placed on shelf-life evaluation to establish the safety of the product with respect to microbiological pathogens; other risk management measures such as HACCP and separation of high/low risk operations should be the primary tools for identification and control of microbiological safety hazards. As part of an HACCP study it may be considered appropriate to carry out a challenge test study. Challenge testing is designed to determine whether a particular product formulation and/or storage condition would control the growth of organisms during the designated shelf life, if they were present in a food. Challenge testing involves deliberate inoculation of the product with relevant micro-organisms that have the potential to survive or grow within the product during normal storage conditions. Careful consideration needs to be given to the planning and interpretation of results from challenge tests. It may be possible to demonstrate that a pathogen can grow in a product; however, the challenge test does not imply that the pathogen would be present in the product, nor does it attempt to quantify the likelihood of its being present. The use of HACCP with appropriate verification by routine microbiological analysis can help to answer this question. However, challenge tests can enable the risk of growth of food poisoning or spoilage organisms to be evaluated if contamination were to occur. The organisms used in challenge studies should have been identified as being likely to be present in the product from ingredients or from cross-contamination after cooking/preparation. The levels of organisms inoculated into the product must be consistent with those likely to occur in practice. There are some instances where published protocols for challenge testing exist. There are two challenge-test protocols outlined in the CIMSCEE code in order to establish whether acetic acid-based sauces are safe and stable. The safety challenge test involves inoculating a product with a specific E. coli strain and evaluating levels of the micro-organism to establish if there has been a 3-log reduction in 3 days. The stability protocol involves adapting specific strains of yeasts, moulds and lactic acid bacteria to acetic acid. Once adapted, these organisms are inoculated into the product and the levels of these organisms are evaluated on day 0 and day 1 and in week 3. If levels are lower in week 3 than on day 1 then the product can be deemed to be intrinsically stable. Continued testing is recommended if levels remain the same; if growth is observed then the product is unstable.
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 8.4
 
 CONCLUSIONS Many food products do not rely exclusively on a single microbiological controlling factor for their preservation, as combinations of factors or ‘hurdles’ may be used. Each individual hurdle is applied at a reduced intensity, and the combination of factors results in food products that are safe and have an acceptable shelf life. As the trend is for foods with fewer preservatives, less salt and less sugar, there will be a need for increased use of hurdle technology using innovative combinations of antimicrobial factors to ensure the maintenance of food safety and an acceptable shelf life. The use of hurdle technology is not easy and requires the use of many tools (e.g. predictive microbiology, challenge testing and expert knowledge). Companies considering the use of such techniques should obtain expert advice during product development. The results of the commercial application of hurdle technology will be high-quality, safe and stable food products.
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 Novel Commercial Preservation Methods
 
 Craig Leadley
 
 9.1
 
 INTRODUCTION Conventional preservation processes are, in general, well understood and have a long history of safe use when applied correctly. However, in many instances the sensorial and nutritional properties of the preserved food are somewhat different from those of the original raw material. In recent years there has been both industrial ‘push’ and consumer ‘pull’ for minimally processed foods that are closer in nature to, for example, freshly prepared meals. There are many new and emerging technologies attracting research interest for food preservation. These range from technologies still very much in their infancy for food preservation (such as plasma processing or pasteurization using dense phase carbon dioxide) to technologies that are relatively well developed and in some cases commercialized, albeit on a rather limited scale (examples include ohmic heating and high-pressure processing). To adequately describe the many and varied emerging technologies for food preservation, a book running to several volumes would be required. Instead this chapter has been restricted to a number of relatively well developed emerging preservation technologies. The intention is to give an overview of the main principles of each technology and to provide sources for further information should the reader wish to undertake more detailed studies.
 
 9.2
 
 OHMIC HEATING 9.2.1
 
 Background
 
 Ohmic heating works on the principle that all food materials have an inherent resistance to the flow of electricity. When an alternating electrical current (AC) is passed through a food product, the electrical resistance of that food causes it to heat up. Other names for this technology include resistance heating, direct resistance heating, Joule heating and
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 Electroheating™ (Raztek Corp., Sunnyvale, CA, US). Since ohmic heating technology relies on the electrical resistance of the food to generate heat, if the electrical resistances of all components of the product are constant then the product heats uniformly. Particulate products can be heated uniformly, and since the process does not rely exclusively on heat transfer from the carrier fluid to the particulate, this can overcome some of the limitations of heat transfer found in conventional high-temperature/ short-time (HTST) systems such as plate, tubular or scraped surface heat exchangers. Products such as fruit juices and concentrates, shelf-stable milk, puddings, soups and liquid egg products can all be heated rapidly, uniformly, and with a reduced impact on the organoleptic properties of the product. The advantages of ohmic heating over conventional heat exchangers can be summarized as follows: ● ● ● ● ● ● ● ● ●
 
 rapid and uniform heating higher particulate temperatures are attainable enhanced product quality owing to rapid heating reduced fouling of certain products greater energy efficiency instant switch-on/switch-off reduced maintenance quiet (dependent on type of pumps, etc) environmentally friendly.
 
 Ohmic heating is not a new technology; several processes patented the use of electrical currents to heat pumpable liquids in the 19th century1 and ohmic heating was used for milk pasteurization in the early 20th entury. APV Baker licensed a continuous ohmic heater developed by the Electricity Council of Great Britain with improved electrode material in 19882 and were, for many years, the principal suppliers of the technology. Interest in ohmic heating was limited for a number of years primarily owing to the lack of suitably inert electrodes and a lack of supplier competition in the market place. Since the 1980s improved materials have become available. For example, specially treated, pure carbon electrodes are employed to avoid metal dissolution by electrolysis in the system developed by the Raztek Corporation. The main advantage of the technology, i.e. that heating is volumetric and dependent on electrical resistance, can, in some instances, be a significant disadvantage in that materials such as fats, oils and distilled water, that are not ionically loaded, are not suitable for processing using ohmic heating.
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 Electrode
 
 Product to be heated
 
 s
 
 AC Power supply
 
 Fig. 9.1 Schematic diagram of the operating principle of an ohmic heating device.
 
 9.2.2
 
 Industrial applications
 
 Fig. 9.1 shows the basic principle of the operation of an ohmic heating system. The food presents an electrical resistance to the current. The rate of heating is directly proportional to the square of the electric field strength, E, and the electrical conductivity, σ. The electrolyte (e.g. salt) content can be altered to improve the effectiveness of heating, as the conductivity is influenced by the ionic content. As the temperature increases so does the electrical conductivity, meaning that efficiency increases at higher temperatures. This can cause potential problems of over heating; consequently, sophisticated controls are required on the applied voltage to ensure that the temperature of the product at the outlet is accurately controlled. Fig. 9.2 shows a diagram of a typical ohmic heating plant from the point at which the product has been manufactured and is ready for heat processing. The product is pumped through the ohmic heating column and then enters a holding tube that is designed to ensure that the required minimum level of micro-organism lethality has been achieved throughout the fluid volume, based on the target process temperature and time, the length of the holding tube and the flow properties of the product – in much the same way as would be the case for conventional continuous flow heating systems. A peculiarity of ohmic heating technology is that, in some products, the particulates could heat preferentially to the carrier fluid. As a result the particulates would give up heat to the carrier fluid along the holding tube
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 Holding tube
 
 Ohmic heating column
 
 Coolers
 
 Aseptic tanks
 
 Feed pump
 
 Fig. 9.2 Schematic diagram of attachment of an ohmic heater to aseptic tanks. Courtesy of Invensys APV (UK).
 
 so that the carrier fluid could be hotter at the exit of the tube than at the inlet. This would effectively change the critical control point in the system from the outlet of the holding tube to the inlet. After exiting the holding tube, the product is pumped through conventional coolers before being transferred to storage tanks. Filling options include ultra-clean, aseptic or hot-fill technology depending on the intrinsic nature of the product and the required shelf life. The use of an aseptic fill can allow preservatives to be removed from the product where appropriate. Summaries of products processed and industrial plants installed by Emmpiemme SRL are given in Tables 9.1 and 9.2, respectively.
 
 9.2.3
 
 Equipment
 
 Commercial systems are now available from a number of suppliers including Invesys APV (Crawley, UK), Raztek Corp. (Sunnyvale, CA, USA) and Emmpiemme SRL (Piacenza, Italy). An example of an Emmpiemme system can be seen in Fig. 9.3.
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 Novel Commercial Preservation Methods 215 Table 9.1 Industrially processed products in Emmepiemme equipment based on 2002 data (plant capacities from 1000 to 6000 kg/hr). Product (packaged in aseptic bags, 2–20 kg or 200 kg)
 
 Process temperature (°C)
 
 Tomato ready-to-serve sauces* Mango purée Tomato paste Diced tomatoes Tomato purée Peaches/apricots (dices, slices, halves) Diced sweet peppers – zucchini Carrot slices Low-acid vegetable purées Strawberries (whole, diced)
 
 110 105 100 105 120 95 115 135 95 92
 
 ∆T, °C
 
 Heater power, kW
 
 50 20 30 70 50 50 and 30 55 70 30 70
 
 50 64 64 70 70 100, 150–200 100, 130 150 30
 
 * Packaged in glass jars.
 
 Table 9.2
 
 List of industrial plants installed globally by Emmepiemme (as of 2006).
 
 Country
 
 Installation year
 
 Italy
 
 1994
 
 Ivory Coast
 
 1996
 
 Italy (though Simarco) Greece (though Simarco) Greece (though Simarco) Italy
 
 1996 1998 1999/2000 2000
 
 Italy
 
 2001
 
 Mexico France France
 
 2002 2002 2003
 
 Italy
 
 2004
 
 Italy
 
 2005
 
 Italy
 
 Start-up in June 2006 Forecasted in July 2006 Expected 2006 Forecasted June/July 2006
 
 Italy Italy Greece
 
 Product
 
 Aseptic process and filling – tomato sauces and pastes Aseptic process and filling – tomato paste and mango purée Aseptic process and filling – fruit slice and dice Aseptic process and filling – peach and apricot slice and dice Aseptic process and filling – peach and apricot dices, slices and halves Aseptic process and filling – diced pears and apples Aseptic process and filling – low-acid vegetable purées Strawberries Fruit preparations Processing line for special meat recipes Aseptic process and filling – plum peeled tomato and tomato dices New vegetable sauces and special recipes Aseptic processing line for diced mushrooms and tomato Aseptic line for tomato dices, pulp and sauces Tomato sauces and other derivative Processing and aseptic filling line for peach and apricot dices and slices
 
 Heating power (kW) 50 64 100 150 150, 200, 240 respectively 150 100 250 100 50 480 60 240 480 100 120
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 Fig. 9.3 A typical ohmic heater, reproduced with permission from Emmepiemme Srl. See also Colour plate 4.
 
 It is estimated that there are at least 18 commercial plants in operation across Europe, the USA and Japan.1 In addition, Emmpiemme SRL equipment has been supplied to Mexico and the Ivory Coast for strawberry processing and tomato and mango processing, respectively (personal communication, 2006). Arguably the most successful application of this technology has been in the area of fruit and vegetable processing, and multiphase products. Invensys APV (UK) produces two commercial systems with power outputs of 75 kW and 300 kW, corresponding to product capacities of 750 kg/h and 3,000 kg/h respectively, for a temperature rise of 75°C in water. Approximate costs for these units in an aseptic system are £1,300,000 to £2,000,000. Emmepiemme SRL (Italy) produces systems in the range of 60 kW to 480 kW, for production throughputs of 1000 kg/h to 6500 kg/h. Cost estimates as of 2004 were approximately a60,000 to a220,000, depending on the power output; these estimates are for indication only, as more detailed costings need to be made on a case-by-case basis.
 
 9.2.4
 
 Packaging considerations
 
 Since the product is being processed in a continuous flow and is packed post process, there are no technology-specific packaging requirements. As
 
 9781405154178_4_009.qxd 9/3/07 14:29 Page 217
 
 Novel Commercial Preservation Methods 217
 
 for any product, the requirement is that appropriate food contact materials are selected with the required barrier properties for the intended shelf life of the product. The packaging needs to be selected such that a hermetic seal is assured throughout the shelf life of the product.
 
 9.2.5
 
 Shelf life and product safety
 
 Ohmic heating can be used to pasteurize or sterilize and as such it is possible to produce a full spectrum of products from chilled short shelf life through to ambient shelf-stable. Since the main advantage is rapid heating with reduced quality losses, the primary application for the technology is in the production of ambient stable products with improved quality. The mechanism of inactivation of micro-organisms by ohmic heating is thought to be thermal in nature.
 
 9.3
 
 HIGH-PRESSURE PROCESSING 9.3.1
 
 Background
 
 High-pressure processing (HPP) is a non-thermal pasteurization process in which a food is subjected to pressures in the region of 300 to 600 MPa (3000 to 6000 bar) and held at pressure for a time, generally under 10 minutes. The applied pressure is usually transmitted via water in commercial systems but alternative materials such as propylene glycol or oil-in-water emulsions are employed in laboratory systems. A small temperature rise is observed during pressurization. This rise is typically around 3–4°C per 100 MPa of applied pressure for predominantly aqueous materials, but varies depending on the composition of the product. Typical compression heating effects for real foods have been reported by various authors3,4 and are summarized in a separate review.5 Although this is a small temperature rise, it can have significant implications on the overall lethality of the process, especially when pressure is combined with moderate heating, and it certainly must be considered within the development of a safe process. The extremely high pressures employed in HPP inactivate vegetative micro-organisms, and because the process does not involve heating, the sensory and nutritional qualities of HPP products can be remarkably similar to those of their unprocessed counterparts. Bacterial spores are very resistant to commercially achievable pressures and, as a result, products that are currently on the market are chilled, and many are high acid or contain additional preservation hurdles such as the presence of antimicrobial compounds.
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 Examples of high-pressure products in the USA and Europe.
 
 Company
 
 Product
 
 Avomex (USA) Motivatit Seafood (USA) Odwalla (USA) Goose Point Oysters (USA) Hannah International (USA) Hormel Foods (USA) Joey Oysters (USA) Purdue Farms (USA) Pampryl (France) Frubaca (Portugal) Espuna (imported into the UK) Campofrio (Spain) Rodilla (Spain)
 
 Range of guacamole and salsa dips Oysters Fruit and vegetable juices, smoothies Oysters Hummus Prepared ham products Oysters Prepared poultry products Various fruit juices Apple juice Various meat products Various meat products Various sandwich fillings
 
 9.3.2
 
 Industrial applications
 
 Commercial pasteurization using high pressure as a replacement for heating was not considered feasible until the late 1980s. Pioneering work in Japan led to the launch of the world’s first high-pressure pasteurized food in 1990 – a jam product manufactured by the Meidi-ya Food Factory Co. Further high added-value products such as juices and dairy desserts appeared in Japan shortly afterwards. Since then, high pressure has been used as an alternative to heat pasteurization by a number of companies throughout the world. Table 9.3 shows a selection of manufacturers widely reported to be using HPP, and some of the typical products manufactured in Europe and the USA using high-pressure processing. Growth in the commercial use of HPP for pasteurization has been steady; in 2005 it was estimated that there were around 82 commercial-scale highpressure food presses in use worldwide.6 Around half of these commercial vessels were located in the USA and around a quarter were in Europe. These vessels were distributed around 55 different food companies. Of the 82 vessels, 21% were in use for juice and beverage production, 32% for fruit and vegetable products, 24% for meat products and 17% for shellfish production, the balance being other speciality applications. Total worldwide production in 2004 was estimated to be 100,000 tons.
 
 9.3.3
 
 Equipment
 
 There are two main types of HPP equipment available – batch and semicontinuous. In a batch process, the product is filled into bulk or individual primary packaging and loaded into the vessel, usually in some sort of
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 Fig. 9.4 A horizontal batch high-pressure processing vessel from Avure Pressure Systems (reproduced with permission from Nigel Rogers, Avure Technologies).
 
 basket or crate in much the same way as happens in a conventional retort process. Water is pumped into the vessel until the target processing pressure is reached and the batch is held at this pressure for the required time. The pressure is released and the product is removed from the vessel. In a semi-continuous system, the product is pumped directly into a treatment chamber and is separated from the pressure medium by a floating piston. As the pressure medium is introduced, the piston moves up to pressurize the product. By using a number of units in parallel it is possible to coordinate the process such that one unit is emptying as another is filling and a third is pressurizing. In this manner, a continuous stream of product can be supplied to a clean or aseptic filling system. Batch systems are the most prevalent systems used industrially. Examples of batch pressureprocessing equipment for food use can be seen in Fig. 9.4 and Fig. 9.5. Process economics are dependent on a number of factors, including the product type, pressure used, fill ratio and the come-up-time to pressure. As an example, a typical lobster process of 300 MPa with a 1 minute hold would cost in the region of a0.05 per kg. This estimate is based on: ● ●
 
 300-l vessel with a 75% fill ratio 2.9 minutes to load and unload
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 3.6 minute come-up-time 1 minute hold at pressure operating 16 hours a day for 280 days of the year capital cost of a1,448,000 depreciated over 5 years 35,840 cycles per year 8,064 tons of product produced per year a90,000 per year on wear parts.
 
 9.3.4
 
 Packaging requirements
 
 There has been relatively little research into the effects of high-pressure processing on food packaging. Lambert et al.7 investigated the effects of pressure on a range of PA/PE based packaging films using 200–500 MPa for 30 minutes and found that the physicochemical and mechanical properties of the films were largely unaffected with the exception of one cast co-extruded material that de-laminated under pressure. Dobiál et al.8 investigated the effects of a 600-MPa, 1-hour treatment on a range of packaging materials. There were no statistically significant differences in tensile strength, absorbance at 450 and 600 nm or water vapour permeability in the homogeneous materials. Tensile strength was increased in some laminates as was absorbance at 450 and 600 nm. Water vapour permeability was also increased in some laminates. Overall migration into ethanol and/or isooctane was also increased in some cases but was, according to the author, below the EU maximum permitted migration limits. While some changes were observed in the work by Dobiál et al.8, it is important to recognize that the treatment times used were considerably longer than would be employed for commercial processing.
 
 Fig. 9.5 A horizontal batch high-pressure processing vessel from NC Hyperbaric (reproduced with permission from Carole Tonello, NC Hyperbaric).
 
 9781405154178_4_009.qxd 9/3/07 14:29 Page 221
 
 Novel Commercial Preservation Methods 221
 
 At the most fundamental level, the main requirement of packaging for HPP is that it is able to reversibly flex such that any distortion occurring during the process is lost on removal of the pressure. There is a need for further research to investigate how the physicochemical and mechanical properties of packaging films are affected by high pressure.
 
 9.3.5
 
 Shelf life and product safety
 
 All HPP products currently in the market are chilled products. There are no technology-specific food safety issues to be addressed for the use of high-pressure technology other than those associated with the production of any other chilled product, where due consideration must be given to the full spectrum of pathogens that could be capable of growth over the intended shelf life and storage conditions. One of the challenges for HPP, however, is in understanding the response of the target pathogen to high pressure in the food of interest. The response of micro-organisms to high pressure is influenced by the food substrate. In the foreseeable future it seems likely that process establishment for HPP will take the form of challenge testing in the product rather than using generic lethality models as can be done in thermal processing. In reality, even in thermal processing the food substrate is known to influence inactivation kinetics, but the models used for thermal process establishment have a proven safety record, which in many ways justifies their continued usage in a commercial context. Commercial HPP products vary in shelf life according to product type. For example, fruit-based, chilled HPP products are typically assigned a shelf life in the region of 21–28 days. Some Spanish meat products have a shelf life in the region of 30–60 days, but it should be noted that such products have additional hurdles to prevent the growth of psychrotrophic strains of Clostridium botulinum, e.g. the presence of curing agents.
 
 9.4
 
 MICROWAVE AND RADIO-FREQUENCY HEATING 9.4.1
 
 Background
 
 Microwave and radio-frequency (RF) heating are well established thermal processing technologies that have found application in many process sectors. Commercial installations are common in the plastics, textiles, paper and board, wood and food processing industries.9 Food applications for the prevention of biodeterioration are not, however, in widespread use. Microwave and RF heating are similar in that, as is the case for ohmic heating, heat is generated volumetrically throughout a product rather than
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 Electromagnetic frequency allocations for industrial, scientific and medical
 
 Nature
 
 Frequency
 
 Microwave
 
 896 MHz (UK) or 915 MHz (US) 2450 MHz 5800 MHz 24125 MHz 13.56 MHz 27.12 MHz 40.68 MHz
 
 Radio frequency
 
 having to rely on the slow conduction or convection of heat from the product surface to the core. Microwave and RF heating refers to the use of electromagnetic waves at particular frequency to generate heat in a food material. The frequency bands allocated for industrial, scientific and medical (ISM) use are listed in Table 9.4. Of these, 896/915 MHz is generally used for microwave processing applications and 2450 MHz is used for domestic microwave ovens and some industrial process applications. RF heating utilizes each of the frequencies outlined, depending on the application, although 40.68 MHz is rarely used. The major advantage of microwave/RF heating is, as for ohmic heating, the rapid and volumetric temperature rise that can be achieved in foods. This results from two primary heating mechanisms – a dielectric effect and an ionic heating effect.10 Dielectric heating occurs when water molecules, the principal constituent in most food materials, oscillate at the very high frequency of the microwave/RF field; such oscillations produce rapid heating. Ionic heating occurs when the oscillatory motion of ions in the food, under the influence of the microwave/RF field, produces a heating effect. In food processing, the advantages of the rapid heating effects are amplified by the fact that both microwave and RF radiation can penetrate the food to a depth of several cm (microwave) or tens of cm (RF), promoting a volumetric heating effect throughout the food. This can have huge advantages over slower conventional heating processes, as the high-temperature/short-time process can achieve bacterial reduction, while thermal degradation of desired components is reduced. The major difference between microwave and RF heating relates to the electrical field. In RF heating, the electrical field is generated in a directional manner between a pair of electrode plates; the food material to be heated is placed between the two plates to achieve the desired effect. In microwave heating, the electrical component of the microwave field
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 approaches the food product from all directions; microwave heating usually takes place in an enclosed cavity, or in close vicinity to a waveguide applicator. The rate of heat generation per unit volume at a particular location within a food material during microwave/RF heating can be characterized by the equation:11 Q = 2 · π · f · ε0 · ε″ · E 2
 
 (Eqn. 9.1)
 
 where E is the strength of the electric field of the wave at that location, f is the microwave/RF frequency, ε0 is the permittivity of free space (a physical constant) and ε″ is the dielectric loss factor representing the food material’s ability to absorb the wave. The dielectric properties depend on the composition (or formulation) of the food, the dominant constituents being water and salt. Along with this dielectric factor, the temperature rise in the food depends on the duration of heating, the location in the food, the convective heat transfer at the surface of the food and the extent of surface evaporation.11 Microwave and RF heating can be relatively more uniform than conventional heating, although the design and geometry of the food product and the food packaging play an important role in promoting uniform heating.12 Important design factors are component geometry and size, component layout and distribution, product size and mass, and packaging material, shape and dimensions.13 The volumetric nature of both microwave and RF heating leads to a number of significant advantages over traditional surface heating techniques. Among the most important advantages are: ● ● ● ●
 
 improved food quality increased product throughput improved energy efficiency improved control of the heating process.
 
 It should, however, be recognized that there is something of a trade-off to realize these key advantages. There are several disadvantages associated with both microwave and RF process operations, the major drawbacks being: ● ●
 
 difficulties in validating the heat treatment high equipment and operating costs.
 
 In addition, there are factors to be considered in the choice between microwave and RF systems. Although both techniques offer rapid, noncontact volumetric heating, the longer wavelength of RF compared with
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 microwave radiation and the nature of the dielectric properties of foods, mean that RF radiation will penetrate deeper into most products than microwave energy. The difference can be dramatic, e.g. for meat the penetration depths can be just a few mm for microwaves, but tens of cm for RF waves. RF systems are also, currently, simpler in their construction than microwave systems, although RF power systems are significantly larger in size than microwave systems of equivalent power output.
 
 9.4.2
 
 Industrial applications
 
 The promise of rapid and volumetric heating has prompted much R&D and pilot-scale application over the years.10 A list of potential food applications is shown in Table 9.5. Although microwave heating of foods has been practised since around 1945, and more than 20 million domestic microwave ovens are sold in the US and Europe each year, there has been only a slow uptake of microwave (and RF) heating technologies in food processing, apart from in specific niche sectors, e.g. RF drying at the outlet of biscuit baking ovens to prevent ‘checking’. There are many reasons for this, including the traditional conservative nature of food manufacturing businesses, the high costs associated with the technology (particularly as individual food applications are often bespoke designs) and the lack of scientific and technical understanding of the dielectric heating of foods. There are, however, many successful applications for both microwave and RF heating in the food and drink sectors. Since the focus of this text is methods for the prevention of biodeterioration, microwave and RF applications are here discussed only in the context of preservation – primarily through drying. 9.4.2.1
 
 Microwave pasteurization and sterilization
 
 Industrial microwave pasteurization and sterilization systems have been investigated and reported on for many years,14,15 and a wealth of Table 9.5
 
 Applications of microwave and radio-frequency radiation in food processing.
 
 Process step
 
 Process need
 
 Application
 
 Tempering and thawing Drying Blanching Cooking Baking Pasteurization and sterilization
 
 Raise temperature Expelling moisture Inactivate enzymic activity Promoting chemical change Developing texture/structure Inactivating micro-organisms
 
 Frozen food blocks Crisps, snacks Vegetables and fruit Bacon, sausages Cakes, bread Ready meals
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 information now exists. One well-known commercial system (using a microwave frequency of 2450 MHz) is that of Tops Foods in Belgium. The company produced over 13 million ready meals in 1998 and installed a new system in 1999.16 The system consists of microwave tunnels with several launchers distributed across a number of ready-meal packages. Microwave-transparent and heat-resistant packaging is used, with optimized shapes for uniform microwave heating. The importance of exact positioning of the package within the microwave chamber is recognized and, using guide rails within the conveying system, precise positioning of the package ensures that each package receives a pre-calculated, spatially varying microwave power profile. It is reported that the central areas of the product are provided with higher power levels, in an attempt to direct more heating toward areas likely to contain the slowest heating point. In such an application, process control is achieved via infrared surface temperature measurement and the detection of in-pack steam generation, by means of a deflection monitoring system. Visual control using maximum thermometers and visual inspection are also used. The process consists of heating, holding and cooling sections in pressurized tunnels, with a high degree of automation. In such a system, process parameters under the direct control of the operator include levels of microwave power, cycling of microwave power, spatial distribution of microwave power and time of exposure. Owing to the rapid nature of microwave heating, small changes to these process parameters need to be carefully controlled, as even small process deviations can have a significant effect on the temperature of the food. Commercial RF systems for food pasteurization and sterilization are not known to be in current use. 9.4.2.2
 
 Microwave drying of foods
 
 The major limitations of conventional drying processes are the thermally induced damage to sensory and nutritional components due to the long holding times at elevated temperatures. Low thermal conductivities of the food (particularly with low moisture content, or as drying removes moisture) limit the speed at which mass transfer can occur. Also, casehardening due to the non-homogeneous ‘surface-first’ drying delivers products of reduced quality. Microwave-assisted drying can be applied either at atmospheric pressure or under vacuum. Most common in the food industry is the use of microwave radiation to accelerate an existing conventional hot-air drying process. A review of microwave drying applications has been given by Roques and Zagrouba.17
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 The key to controlling heat input to a microwave drying process is the control of the relatively high frequency of the radiation. Microwave energy oscillates at a constant frequency, although controlling its direction and flow toward the product has been the biggest hurdle in achieving acceptable results from the technology. In a method proposed by Industrial Microwave Systems,18 the microwave energy passes through a slotted waveguide that compensates for attenuation and aligns the hot spots in the natural power fluctuations of the waves. Essentially, this regulates power peaks by balancing them with power dips, protecting against localized high temperatures. Because the microwave field oscillates at the constant microwave frequency, the system can control the energy distribution across a plane surface, or in an elliptical format for a cylindrical microwave applicator. The proposed planar system can function in a vertical or horizontal mode and usually operates at a constant 915 MHz for better energy management. IMS claims a 95–99% energy conversion through its energy management. The physical size of the system is governed by the microwave frequency used: the higher the frequency, the smaller the size. This relates directly to the drying speeds and footprint of the machines. For example, a 25–50% increase in drying speeds (over conventional drying plant) can occur in a footprint of less than 2.5 m. The efficiency is some 100% greater than that available 10 years ago, which is attributable to improvements in components such as circulators and magnetrons. The optimal use of the system is as part of a hybrid system, e.g. as a predryer or post-dryer. For post-drying after gas-fired oven baking of a biscuit, the microwave system can reduce the product moisture from 20% to less than 8% with a post-bake process line length of c. 2.5 m; conventional post-bake drying would necessitate a post-bake line length of some 25 m. 9.4.2.3
 
 Radio-frequency drying
 
 RF drying is an application with a growing reputation. RF dryers have been used by the ceramics and glass-fibre industries since the early 1970s, and today process a variety of advanced ceramic products, refractories and fibreglass materials. Other process sector drying applications include building insulation materials, multi-layer bags, catalytic converters for cars, plastic sheets for moulding and patterned glue- and water-based coatings in textiles, glass and ceramic manufacturing.19 RF drying offers several benefits, including precise control of moisture content and uniformity (owing to selective heating of the water component), reduction in surface cracking (owing to more uniform distribution of heat and mass transfer), and savings in energy (all energy applied to the
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 process is absorbed by the water component), time and plant space (estimated at approximately 20–25% of the space requirement of a conventional dryer). Food applications in commercial use include crackers, snack foods, cereals, biscuits and ready-to-eat breakfast cereals. RF drying of crackers is typified by the installation at Pepperidge Farm in Denver, PA, US, where the conversion from conventional hot-air dryers to RF dryers has doubled the capacity of the cracker production line, without adversely affecting quality parameters (colour, size, texture and taste). The added degree of process control and uniform drying has also allowed the company to produce a variety of new line extensions, such as ‘giant’ size crackers with higher moisture levels.19 There is a wide range of food products are good candidates for RF drying. The more difficult an item is to dry with convection heating, the more likely it is to be a good candidate for RF drying. Materials with poor heattransfer characteristics, such as bakery and aerated products, are traditionally a problem for conventional drying. RF energy simultaneously and volumetrically heats all parts of the product, evaporating the water in situ at relatively low temperatures, usually not exceeding 80°C. Furthermore, the water is able to permeate through the product in gaseous form and is easily released from the product. The effect is that many of the undesirable consequences of conventional drying (e.g. warping, surface discoloration and cracking) are eliminated. The reduced thermal effect also has benefits in terms of preserving sensory and nutritional characteristics. RF post-baking dryers utilize RF energy, which preferentially heats and dries the moist areas of cookies, crackers, and snack foods to eliminate surface checking and control moisture and colour. Such dryers remove the drying requirement from baking ovens, allowing bakers to maintain their oven settings to achieve the desired product quality attributes. 9.4.2.4
 
 Microwave baking and cooking of foods
 
 Microwave and microwave-assisted baking of bread, cakes, pastry etc. has been studied for many years. The major advantage is the acceleration of the baking process, with an improved product throughput and with the microwave system retro-fitted to an existing baking line. As microwaves do not preferentially heat the surface of the product, the microwave baking process is often combined with other forms of surface heating, e.g. infra-red, to form the familiar and desirable product crust characteristics of baked goods.
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 An added advantage of the faster generation of heat from a microwave or microwave-assisted process is that lower grade flour (e.g. with lower protein content) can be used; the rapid heating prevents the starch from excessive breakdown and develops sufficient CO2 and steam to produce the characteristic bubble/crumb structure. The major use of microwaves in the baking industry today is in the finishing process. A conventional oven is used to heat the high-moisture dough, but as the product develops its gas-retaining structure, microwave energy can be used to overcome the problems with low thermal conductivity towards the end of the baking time.20 9.4.2.5
 
 Radio-frequency baking
 
 Using RF in ‘post-baking’ applications can potentially increase product throughput by up to 30%.11 RF systems can be fully integrated within existing baking lines, even to the extent of operating within the baking oven itself, and tolerate high bake temperatures (ca. 300°C). The advantages of RF-assisted baking include: ● ● ●
 
 ● ●
 
 reduced baking time reduced equipment footprint a wider choice of product characteristics arising from the separate control of the heating rates at product surface and product core choice of full baking or part baking for finishing at point of use novel product shapes and textures.
 
 9.4.3
 
 Packaging requirements
 
 For in-pack pasteurization and sterilization, the product packaging has to be transparent to microwaves and have a high melting point.10 The presence of metal in the packaging can shield the food and influence the temperature distribution within the pack. This effect is sometimes deliberately harnessed to prevent over-heating in certain regions of the pack and produce a more uniform temperature distribution. Polypropylene with an ethylene vinyl alcohol (EVOH) barrier and a polyethylene terephthalate (CPET) film are reported to be the most widely tested materials for in-pack microwave processing.10
 
 9.4.4
 
 Shelf life and product safety
 
 Although there has been some debate as to whether there are any nonthermal preservation effects that can be attributed to dielectric heating, the general consensus is that microbial inactivation using microwave or
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 RF radiation has a thermal mechanism. In light of this, there are no technology-specific microbial safety issues relating to the identification of appropriate target pathogens of concern. Temperature variability and the location of the ‘cold-spot’ within a microwave field need to be carefully considered at the process establishment stage, as do the variability of the product formulation, the product shape and the product size, as all could influence rates of heating. Thermocouples cannot be used in a microwave field so fibre-optic systems can be employed as an alternative means of measuring a time–temperature profile. Remote platinum resistance-based loggers are reported to have been used successfully for industrial process establishment when inserted deep within a product. Shelf-life considerations are largely identical to those of conventional thermal processing.
 
 9.5
 
 PULSED ELECTRIC FIELD PROCESSING 9.5.1
 
 Background
 
 The inactivation of micro-organisms and enzymes using electric discharges started as early as the 1920s with the ‘ElectroPure’ process for milk production. This process consisted of heating the milk to 70°C by passing it through carbon electrodes in an electric heating chamber to inactivate Mycobacterium tuberculosis and E. coli.21,22 The electric field was small, only 220 volts AC, it was not pulsed and the inactivation mechanism was purely thermal.21 There were around 50 plants using the ElectroPure system in the USA up until the 1950s.23 An ‘electrohydraulic’ process was developed in the 1950s as a method of inactivating micro-organisms in liquid food products. A shock wave generated by an electric arc and the formation of highly reactive free radicals was thought to be the main mechanism for microbiological inactivation.22 The process did not find widespread use in the food industry because particulates within the food were damaged by the shock waves and there were issues surrounding electrode erosion and the potential for contaminating the food.23 Pulsed electric field (PEF) processing is a technique in which a food is placed between two electrodes and exposed to a pulsed high-voltage field (typically 20–80 kV/cm).10 Treatment times are of the order of less than 1 second for preservation applications. This process reduces levels of micro-organisms while minimizing undesirable changes in the sensory properties of the food.
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 9.5.2 9.5.2.1
 
 Industrial applications Current applications
 
 There is currently only one manufacturer known to be pasteurizing food products using pulsed electric fields. This is a small juice producer, Genesis Juice, in Eugene, OR, USA. Details are still relatively scant but as of January 2006 the company was known to have seven products in the organic market that were sold as high-added-value premium products. The company was selling into local markets and was thought to be running 3 to 4 shifts per week with a flow rate of 200 l/h (personal communication, 2006). 9.5.2.2
 
 Potential applications
 
 A large body of research has demonstrated the anti-microbial effects of PEF. Many studies have been conducted in model food systems, but relatively few publications have related to real food products. From those that have, a number of pumpable food products that potentially could be preserved using PEF have been identified. These include: ● ● ● ●
 
 fruit juices24 milk25 liquid whole egg25 soups (likely to be restricted to non-particulate or small particulate products).26
 
 9.5.3
 
 Non-preservation applications
 
 A number of non-preservation related potential applications also exist for PEF processing that are beyond the scope of this chapter. However, examples include: ●
 
 ●
 
 ●
 
 treatment of wheat dough (50 kV, 20 min), which reportedly decreases water loss during baking and increases the shelf life of the bread subsequently baked from the dough27 treatment of brewer’s yeast to convert non-flocculent yeast to a flocculent form27 extraction processes such as those found in starch production, sugar beet processing and juice extraction.28 Here PEF is used to render plant cells permeable to enhance the extraction of the target component.
 
 9.5.4
 
 Equipment
 
 To generate a high voltage pulsed electric field of several kV/cm within a food, a large flux of electrical current must flow through the food within
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 a treatment chamber, for a very short period of time.29 This process involves the slow charging of a capacitor followed by a rapid discharge. Fig. 9.6 shows a simple circuit for the generation of an exponentially decaying pulse. The corresponding waveform generated by this circuit along with typical alternative waveforms is shown in Fig. 9.7.
 
 Discharge switch
 
 Charging resistor
 
 DC power supply
 
 Treatment chamber
 
 Energy storage capacitor
 
 food
 
 Voltage (kV)
 
 Voltage (kV)
 
 Fig. 9.6 Circuit for exponential decay pulse generation (courtesy of Professor BarbosaCánovas, Washington State University, reproduced with permission from the Journal of Food Science 2000, 65, no. 8, suppl. Kinetics of microbial inactivation for alternative food processing technologies).
 
 0 kV
 
 Time (µs) Bipolar exponential decay
 
 Time (µs) Square
 
 Voltage (kV)
 
 Voltage (kV)
 
 Time (µs) Exponentially decaying
 
 0 kV
 
 Time (µs) Instant charge reversal
 
 Fig. 9.7 Examples of pulse wave shapes in PEF (courtesy of Professor Barbosa-Cánovas, Washington State University, reproduced with permission from the Journal of Food Science 2000, 65, no. 8, suppl. Kinetics of microbial inactivation for alternative food processing technologies).
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 The most important components of a pulsed power generator include:30 ●
 
 ●
 
 ● ●
 
 a power supply, either a high-voltage, low-current supply for an electric circuit or a low-voltage high current supply for an inductive circuit an energy storage element – either electric (capacitive) or magnetic (inductive) a switch – either closing or opening a pulse shaping and triggering circuit in some cases.
 
 PEFs can be applied in many wave shapes including exponentially decaying, square wave, bipolar or oscillatory pulses.10 The square waveform is generally considered to be the better option for microbiological inactivation compared with the exponential waveform because it maintains peak voltage for longer. The exponential waveform is also less energy efficient and the prolonged tailing can lead to excessive heat generation in the food.29 It is considerably more complex to generate square waveforms compared to exponential ones because a pulse-forming network is required that must have an impedance that matches that of the treatment chamber; this is difficult to achieve in practice.29 Oscillatory pulses are considered to be the least efficient for microbial inactivation.10 Instant charge reversal pulses can significantly reduce the energy requirements for the PEF process to as low as 1.3 J/ml.10 For further reading on engineering design principles for PEF, the reader is directed to review articles by Ho and Mittal30 and Barbosa-Cánovas et al.10
 
 9.5.5
 
 Packaging considerations
 
 Since PEF processing for preservation is likely to be used as a continuous process whereby the un-packaged product is pumped through the PEF treatment chamber, there are no technology-specific packaging requirements. Post processing, the product has to be filled into its packaging in clean or aseptic conditions as appropriate for the intended storage conditions and shelf life.
 
 9.5.6 9.5.6.1
 
 Shelf life and product safety Key factors for microbial inactivation
 
 The three key areas that determine the effectiveness of PEF for microbiological inactivation are process factors, product factors and microbial factors.10 Process factors The intensity of the electric field will affect the transmembrane potential of the microbial cell, therefore an increase in inactivation can be expected
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 with an increase in electric field intensity. The pulse width used affects the level of electric field intensity that is required to achieve inactivation. Larger pulse widths reduce the field intensity that is required to produce a transmembrane potential large enough to initiate pore formation. Unfortunately, longer pulses also increase the degree of heating observed in the food, so a careful balance must be established to maximize inactivation while minimizing product heating. In general, an increase in treatment time (number of pulses multiplied by pulse duration) also increases the level of inactivation. The shape of the wave also influences the degree of inactivation achievable with PEF. Square wave pulses are more energy efficient and more lethal than exponentially decaying waveforms. Bipolar pulses cause additional stress to the cell membrane, enhance microbial inactivation and are energy efficient. Finally the process temperature has an impact on the lethality of PEF. Moderately elevated temperatures (50–60°C) have a synergistic effect when combined with PEF. This may be due to changes in membrane fluidity and permeability, or an increase in the conductivity of the liquid being treated. Product factors The electrical conductivity of the product to be treated is a very important parameter for PEF processing. Foods with a large electrical conductivity are not suitable for processing with PEF because the peak electric field across the chamber is reduced. The ionic strength of a food material directly influences its conductivity: as conductivity rises, the lethality of a process decreases. Reducing the pH of the product is thought to increase the inactivation achievable for a given field strength. However, work by Berlin University of Technology suggested that pH modification down to pH 5.5 had minimal effect on the lethality of PEF processing of B. subtilis.31 Particulates in the liquid also pose processing problems because high energy inputs may be needed to inactivate micro-organisms in the particulates and there is a risk of dielectric breakdown of the food. Microbial factors In general, the order of resistance of micro-organisms to PEF (lowest to highest) is considered to be yeasts, Gram-negative bacteria and Grampositive bacteria. Lifecycle effects also impact on the lethality of the process; in general, organisms in the log phase of growth are more sensitive to PEF than those in the lag or stationary phase of growth. There is also some evidence to suggest that higher initial concentrations of microorganisms can impact on the lethality of the process.10 The anti-microbial effects of PEF are relatively well established. Stabilization of the product
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 against non-microbiological degradation such as enzymic degradation is less well understood. 9.5.6.2
 
 Effects of PEF on food enzymes
 
 Work on PEF effects on food enzymes has been relatively limited to date and variable results have been obtained.32 Work using simulated milk ultrafiltrate in a continuous flow unit (45 ml/min) resulted in a 20–90% reduction of plasmin (bovine milk). The process conditions used varied between 15 and 45 kV/cm, with a 2-µs pulse, a frequency of 0.1 Hz and between 10 and 50 pulses. Studies on a protease (Pseudomonas fluorescens M3/6) highlighted the effect of substrate on the levels of achieved inactivation. A 60% reduction in activity was found in skimmed milk (15 kV/cm, 2-µs pulse, frequency of 2 Hz, 98 pulses, 50°C) whereas no effect was found using the same processing parameters in casein tris buffer.32 Results on the inactivation of alkaline phosphatase in raw milk have been variable. Washington State University demonstrated a 96% reduction in activity using 13.2 kV/cm and 70 pulses, whereas unpublished data by Verachtert and others showed no inactivation using 13.3 kV/cm, a frequency of 1 Hz and 200 pulses of 2-µs.32 Ho and co-workers examined the effects of PEF on a number of enzymes in model systems.33,34 They found that the activity of a lipase derived from wheat germ in de-ionized water (pH 7) could be reduced by up to 85% using a treatment of 87 kV/cm at a frequency of 0.5 Hz using 30 pulses of 2-µs duration. The level of inactivation increased with increasing electric field strength. For example at 20 kV/cm only a 20% reduction in activity was achievable. Glucoseoxidase activity in pH 5.1 buffer could be reduced by 20–75% using 17–63 kV/cm, a frequency of 0.5 Hz and 30 pulses of 2-µs at 20°C. Inactivation of α-amylase (from Bacillus licheniformis) in de-ionized water (pH 7) varied between less than 5% and around 85% using 20–80 kV/cm, a frequency of 0.5 Hz and 30 pulses of 2-µs duration at 20°C. Work at the Katholieke Universiteit Leuven (KUL, Leuven, Belgium) has increased the complexity of the materials used in enzyme studies, moving from initial trials in simple model systems towards real food products.32 In distilled water, KUL could get no better than a 10% reduction in activity of a range of commercial enzymes: lipoxygenase (soyabean), pectinmethlyesterase (tomato), α-amylase (B. subtilis), polyphenoloxidase (mushroom) and peroxidase (horseradish). Processing conditions evaluated were 10, 20 and 30 kV/cm, frequencies of 1–100 Hz, pulse widths of 5–40-µs and 1–1000 pulses. In raw milk, no inactivation of alkaline phosphatase was
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 observed using field strengths of up to 20 kV/cm at a frequency of 1 Hz with 200 pulses of 2-µs duration. The only treatment that brought about a reduction in activity (74%) was one using an extended pulse duration (40-µs); this resulted in a temperature rise within the milk of up to 70°C and this is likely to have been responsible for the inactivation. Similarly, lactoperoxidase in milk proved resistant to PEF processing. A maximum of 13% inactivation was achieved using 13 kV/cm, a frequency of 1 Hz and 200 pulses of 10-µs duration. In this experiment, the milk reached a temperature of 52°C. PEF had very little effect on lipoxygenase in pea juice, the maximum reduction in activity that could be achieved being 9%. In apple juice, polyphenoloxidase was similarly resistant, with only a 10% reduction in activity being achievable using 31 kV/cm, a frequency of 1 Hz and 1000 pulses of 1-µs duration. In summary, results on enzyme inactivation using PEF have been variable; in the case of studies conducted at KUL, very limited effects on enzymes were observed. It is, however, difficult to compare results between laboratories because of differences in the equipment used and the parameters selected. The influence of thermal effects on enzyme activity is also an important factor, which may play a part in some of the observed inactivation.
 
 9.6
 
 IRRADIATION 9.6.1
 
 Background
 
 The use of ionizing radiation to destroy micro-organisms or insects, or to improve the shelf life of perishable materials is well established, but it is a technology that remains highly controversial. X-rays and radioactivity were discovered at the end of the nineteenth century, and in the early years of the twentieth century the possible application of these modalities to the preservation of food was already being investigated. Irradiation of strawberries, for example, was investigated in Sweden in 1916; a paper on the elimination of Trichinella spiralis in pork with X-rays was published in 1921; and a patent for food preservation using ionizing radiation was issued in France in 1930.35 In the 1940s suitable sources of radiation were developed for the commercial treatment of foods. Much of the early research into irradiation of food was carried out by government bodies and universities. The US army carried out extensive trials during the 1950s and 1960s and irradiated foods travelled into space on the Apollo missions. Relatively limited research into irradiation was being conducted by the food industry during
 
 9781405154178_4_009.qxd 9/3/07 14:29 Page 236
 
 236 Food Biodeterioration and Preservation
 
 this period. In 1969 the sterilization of food by irradiation was approved in the UK for hospital patients requiring a sterile diet as an essential part of their treatment. It was a further 22 years before irradiated food was approved for general consumption in the UK.
 
 9.6.2
 
 Industrial applications
 
 Irradiation has perhaps been more widely tested for safety than any other novel preservation method. Its tortuous route to commercialization and the arguments for and against the technique have been widely debated. Today, despite the availability of commercial systems and the proven efficacy of the process, industrial use for food is still on a relatively limited scale. In the UK this is largely due to strong consumer resistance. Since 1999, no food has been irradiated in the UK for commercial purposes.36 There are around fifteen facilities in the EU that are approved for food irradiation.37 The exact amount of food irradiated per year in the EU is not certain, but an official estimate for 2001 was around 22,000 tonnes.36 In 2005, estimated production in Europe was 20,000 tonnes.38 Herbs, spices and poultry products accounted for the major proportion of this total. While food applications for irradiation are relatively low volume, nonfood markets are enormous. For example, worldwide, around 45% of all single-use medical devices are sterilized by irradiation. In the UK around 80% of such devices are sterilized using irradiation.38
 
 9.6.3
 
 Equipment
 
 Three types of ionizing radiation can be used for food irradiation – gamma rays, X-rays and electron beam radiation. Both gamma rays and X-rays are photons, whereas an electron beam is made up of β-particles. In all cases, the energy of the radiation source is limited/selected such that when the food is irradiated, electrons can be ejected from their orbits around atomic nuclei, but there is no interaction with the nuclei themselves, which would induce radioactivity.38,39 Gamma rays have very short wavelengths beyond the ultraviolet end of the electromagnetic spectrum. They penetrate deeply into food, making them very useful for food irradiation. The most widely used source of gamma rays is the radioactive isotope cobalt-60 (60Co), which produces gamma radiation during its decomposition to the stable nickel-60, although caesium-137 (137Cs) is also used. Cobalt-60 has a half-life of
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 Stainless steel outside Stainless steel inside Cobalt 60
 
 Fig. 9.8 A Cobalt 60 ‘pencil’. (Reproduced with permission from John Woolston, Isotron.) See also Colour plate 4.
 
 5.3 years and its radioactivity reduces by about 1% per month, so it must be replaced at suitable intervals. Cobalt-60 metal pellets are typically double encapsulated in stainless steel ‘pencils’ as shown in Fig. 9.8. X-rays, like gamma rays, have very short wavelengths and good penetration depth in food materials. They are generated by machines, making them very controllable, but the conversion of electricity to X-rays is inefficient and expensive and hence this technology is less commonly used for food applications. High-energy electrons generated by an electron accelerator can also be used to irradiate food. However, application of this method is limited by the penetration depth relative to gamma or X-ray radiation. Electron-beam irradiation has a maximum penetration depth of around 4 cm.39 This effectively limits the maximum sample thickness that can be treated to around 8 cm if irradiated from two sides (Fig. 9.9). Electron beam irradiation therefore tends to be used on products that can be arranged in thin layers during the process. 9.6.3.1
 
 Equipment configuration
 
 Gamma irradiation plants come in a variety of designs, but can be divided broadly into two categories – batch and continuous. In a batch system, a defined quantity of food is exposed to the radiation source for a specified period of time. Food is loaded into the radiation enclosure, irradiated and then unloaded once it has absorbed the target radiation dose. The absorbed dose depends on the time inside the radiation enclosure. In a continuous system, food is passed through the radiation enclosure at a specified rate, which ensures that it receives the required radiation dose. Bulk food or consumer packs are placed on a conveyor, which passes through a room
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 Total dose
 
 Dose from 1st side
 
 Dose from 2nd side
 
 Absorbed dose
 
 Package depth Fig. 9.9 Penetration and absorbed dose – samples are typically dosed from two sides to minimize non-uniformity of dose across the product. (Reproduced with permission from John Woolston, Isotron.)
 
 Fig. 9.10 Schematic diagram of a typical continuous gamma irradiation facility. (Reproduced with permission from John Woolston, Isotron.) See also Colour plate 4.
 
 where energy from the radiation source is applied to the food. The amount of radiation absorbed is determined by the speed of the conveyor and the flow path around the system. A schematic diagram of a typical continuous gamma irradiation plant is shown in Fig. 9.10. In both cases the radiation source is housed in specially designed shielded enclosures to minimize exposure of personnel to radiation. Radiation sources such as 60Co are constantly emitting so the source must be shielded when personnel enter the enclosure. This is usually achieved by lowering the source into a deep pool of water or other shielded enclosure, as shown in Fig. 9.10.
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 9.6.4 9.6.4.1
 
 Shelf life and product safety Impact of the process on micro-organisms
 
 Bombardment of a food with gamma rays, X-rays or an electron beam results in atoms and molecules within the food being ionized or excited. These excited molecules and ions break down or react with neighbouring molecules to produce a variety of ‘radiolysis’ products that are known to induce multiple changes, including modification of cell membrane structure, cellular enzyme activity, nucleic acid synthesis and compositional changes in cellular DNA.39 The most important site for inactivation of micro-organisms using irradiation is thought to be the DNA. In general, Gram-negative micro-organisms such as the common spoilage bacteria Pseudomonas and important pathogens such as Salmonella and Escherichia coli are more sensitive to ionizing radiation than Grampositive bacteria, but exceptions do occur.40 Different strains of the same organism can differ in their ability to survive irradiation. Pathogens such as E. coli, Salmonella spp., Listeria monocytogenes and Campylobacter species are all relatively sensitive to irradiation, generally requiring doses of 0.5 kGy or less to reduce the population by 90% in ground beef and poultry.41 A dose of 2.5 kGy eliminates Salmonella from chicken carcasses and extends shelf life by 7 days at 3°C.41 Food-borne pathogens capable of growth at low temperatures, e.g. Listeria and Aeromonas species, are also sensitive to irradiation and will be eliminated by similar doses to those for Salmonella. Most food spoilage bacteria are sensitive to radiation, although strains of the Acinetobacter-Moraxella have some resistance to radiation and may form a large proportion of the bacterial survivors on food irradiated with moderate doses. In experiments carried out on red meat and poultry, certain strains of this genus were shown to be even more resistant to radiation than spores, although their presence in such food is not significant from either a public health or a sensory perspective.40 The radiation sensitivity of moulds is similar to that of vegetative bacteria. A dose of 2 kGy can inhibit the growth of mould in strawberries, giving an extended shelf life of 14 days in chilled storage compared to 6 days without irradiation.41 Yeasts are more resistant, of a similar order to the most resistant bacteria, while viruses are very resistant to radiation and are unaffected by the maximum dose of 10 kGy permitted for food irradiation. Bacterial spores are capable of surviving irradiation, but are more sensitive to heat following the process. A dose in the region of 25–50 kGy would
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 be needed to reduce the level of all micro-organisms to below the limits of detection (radappertization), but this is much higher than the doses typically used for food. If the object of irradiation is the extension of shelf life then the doses used will not destroy all bacterial spores. Care therefore needs to be taken with doses and subsequent storage to ensure that any pathogens capable of growth are controlled within the expected shelf life and storage conditions of the product. 9.6.4.2
 
 Impact on food quality
 
 Vitamin losses as a result of irradiation are generally quite small.39 Vitamin B1 is the most radiation sensitive of the water-soluble vitamins, while vitamin E is the most sensitive fat-soluble vitamin. However, Vitamin B1 is more sensitive to heat than irradiation. Vitamin losses as a result of irradiation depend upon a number of factors including the radiation dose, the oxygen partial pressure and the composition of the food. In some cases vitamin levels in food have been found to increase following irradiation;42,43 however, it is not known whether this is the result of a radiation-induced conversion of precursors to the vitamins, or because radiation improves the effectiveness of the vitamin extraction for analysis. While irradiation can cause denaturation of proteins, changes in functionality and destruction of amino acids at high doses, the changes are negligible at the doses employed in commercial food irradiation facilities. The nature of any change will depend on the condition and structure of the protein; for example, the irradiation of denatured protein results in more free radicals being produced than for native protein. Changes are also dependent on amino acid composition – amino acids containing sulphur are more sensitive to irradiation, and their degradation can lead to adverse flavour and odour changes, most notably in dairy products. The irradiation of milk, even at very low levels, e.g. 0.5 kGy, can result in the production of off-flavours. For this reason the irradiation of dairy products is not generally recommended, although Camembert cheese made from unpasteurized milk has been successfully irradiated to control pathogens, providing temperature and ripening conditions are controlled. Irradiation can cause the oxidation of tallow and lard and it initiates and accelerates the normal process of auto-oxidation during storage, giving rise to off-flavours and taints. For this reason high-fat foods are generally considered to be unsuitable for irradiation. However, the oxidation process can be slowed down by packing food in a modified atmosphere that excludes oxygen.
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 Irradiation can cause changes in the sensory properties of foods, including changes in flavour, texture and appearance. As already mentioned, off-flavours can develop in milk owing to irradiation, even at very low doses.41 Irradiation of onions makes their characteristic odour milder,44 but a study carried out on ginger, cinnamon, fennel and fenugreek found no major differences in sensory quality between irradiated spices and spices treated with ethylene oxide.45 Textural changes can arise owing to the breakdown of high molecular weight components, causing softening of fruits and vegetables and changes in viscosity of starch-containing products. In general, however, most major sensory changes are observed when food is irradiated at very high doses, and irradiation of food within the current typical limits will not generally affect the sensory quality significantly.
 
 9.7
 
 CONCLUSIONS Each of the technologies discussed in this chapter has positive potential for the food industry but it is true to say that each, like any ‘conventional’ preservation technology, has specific limitations. In some cases these limitations are technical in nature, for example the resistance of bacterial spores to high pressure; in some cases limitations are cost or ‘image’ related, perhaps the best example of this latter point being irradiation. The growing industrial interest in thermal processes with optimal quality retention is likely to lead to an increased uptake of ohmic and microwave heating in the coming years. Rapid volumetric heating methods such as these offer excellent opportunities for quality optimization. An alternative approach is simply to pasteurize without heat and here high-pressure processing and pulsed electric field processing offer exciting potential for producing non-thermally pasteurized high-quality products. However, in an industrial context the technological benefits have to be considered alongside cost considerations. Here the question becomes not one of, for example, ‘is pressure-treated product X of a higher quality than heat-treated product X?’ (it is frequently beyond debate) but instead becomes ‘is the quality differential between pressure-treated product X and heat-treated product X sufficiently large to justify the capital expenditure/ changes in supply or distribution chain etc?’. This has proved to be a more difficult question to address for some companies. However, equipment costs have decreased and production throughputs have increased in recent years for both high-pressure processing and pulsed electric field processing – encouraging developments that increase the likelihood of future commercial uptake.
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 It appears highly unlikely that any emerging preservation technology will see widespread commercial uptake to the extent that it completely replaces a conventional technology such as, for example, in-container thermal processing. What is more likely is that some of these technologies will find niche applications where they meet a need that cannot be met by conventional technology.
 
 9.8
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