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Preface

Optimal vitamin status is a prerequisite for good health, and government-
approved food fortification strategies are deemed necessary to ensure
adequate intake of certain vitamins. Knowledge about vitamin bioavail-
ability from food is essential for the estimation of dietary requirements.
Equally important is knowledge of a vitamin’s stability toward post-
harvest handling of food, processing, storage, and preparation for con-
sumption. To acquire this knowledge, one must learn about vitamin
chemistry and how the vitamin is absorbed and metabolized. Successful
research into vitamin bioavailability and stability is entirely dependent
on the development and validation of suitable analytical methods.
Vitamin bioavailability from food is subject to many variables imposed
by food constituents and the preparation of food. Great progress has
been made over the past decade, largely attributable to innovative
analytical methodology, but there are many inconsistencies and the con-
tinuation of a multipronged research effort from independent laboratories
must be encouraged to achieve solid and vital data.

I would like to acknowledge the expertise and diligence of Lynn Saliba
at the British Library.

George F. M. Ball
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Properties of Vitamins






1

Nutritional Aspects of Vitamins

1.1 Definition and Classification of Vitamins

Vitamins are a group of organic compounds that are, in very small
amounts, essential for the normal functioning of the human body. They
have widely varying chemical and physiological functions and are
broadly distributed in natural food sources. Thirteen vitamins are recog-
nized in human nutrition and these may be conveniently classified into
two groups according to their solubility. The fat-soluble vitamins are
represented by vitamins A, D, E, and K; also included are the 50 or so
carotenoids that possess varying degrees of vitamin A activity. The
water-soluble vitamins comprise vitamin C and the members of the
vitamin B group, namely thiamin (vitamin B,), riboflavin (vitamin B,),
niacin, vitamin Be, pantothenic acid, folate, and vitamin By,. This
simple classification reflects to some extent the bioavailability of the vita-
mins, as the solubility affects their mode of intestinal absorption and their
uptake by tissues. The solubility properties also relate to the distribution
of vitamins in the various food groups, and have a direct bearing on the
analytical methods employed.

For many of the vitamins, biological activity is attributed to a number
of structurally related compounds known as vitamers. The vitamers
pertaining to a particular vitamin display, in most cases, similar quali-
tative biological properties to one another, but, because of subtle
differences in their chemical structures, exhibit varying degrees of
potency. Provitamins are vitamin precursors, that is, naturally occurring
substances which are not vitamins themselves, but which can be
converted into vitamins by normal body metabolism.

Most of the vitamins are absolutely essential in the human diet because
the body tissues cannot synthesize them. Two notable exceptions are
vitamin D and niacin. Cutaneous synthesis of vitamin D depends on
adequate exposure of the skin to sunlight, and the synthesis of niacin
depends on a sufficient intake of its amino acid precursor, tryptophan,
bound within protein. Plants have the ability to synthesize vitamins,
except for vitamin By, and serve as primary sources of these dietary
essentials.
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1.2 Nutritional Vitamin Deficiency

Several B-group vitamins serve as coenzymes for enzymes that function
in the catabolism of foodstuffs to produce energy for the organism. A
typical coenzyme consists of a protein (apoenzyme) to which the
vitamin is attached. The vitamin portion of the coenzyme is usually
responsible for the attachment of the enzyme to the substrate. If the
specific vitamin is not available to form the coenzyme, the sequence of
chemical changes in the metabolic process cannot proceed and the
product whose change is blocked accumulates in the tissues: alternatively,
metabolism is diverted to another pathway.

For some B-group vitamins, clinical deficiency results in a biochemical
defect, which is manifested as a disease with characteristic symptoms.
Other vitamins have less dramatic deficiency symptoms in humans, but
their deficiency in certain animal species may give rise to distinctive signs.
Some human individuals can benefit from vitamin supplements, indicating
that they may have been subclinically vitamin deficient to begin with.

The causes of nutritional vitamin deficiency are any one or combination
of the following: inadequate ingestion, poor absorption, inadequate
utilization, increased requirement, increased excretion, and increased cat-
abolism. The capacity of the body to store vitamins is another factor:
humans can store thiamin for only about 2 weeks, whereas vitamin By,
can be stored in the liver for several years.

1.3 Vitamin Requirements

Metabolic processes must respond to the immediate needs of the body
and therefore vitamin requirements are subject to continuous variation
between certain limits. The Food and Nutrition Board of the Institute of
Medicine in the U.S. defines a requirement as the lowest continuing
intake level of a nutrient that, for a specific indicator of adequacy, will
maintain a defined level of nutriture in an individual. A recommended
dietary allowance (RDA) of a nutrient is the average daily dietary
intake level that is sufficient to meet the requirement of nearly all
(97-98%) apparently healthy individuals in a particular life stage and
gender group. The RDA is derived from an estimated average require-
ment (EAR), which is an estimate of the intake at which the risk of inade-
quacy to an individual is 50%. RDAs have been published for vitamins A,
D, E, and K, thiamin, riboflavin, niacin, vitamin Bg, folate, vitamin B;,, and
vitamin C. In the case of pantothenic acid and biotin, there is insufficient
evidence to calculate an EAR, and a reference adequate intake (Al) is
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provided instead of an RDA. The Al is a value based on experimentally
derived intake levels or approximations of observed mean nutrient
intakes by a group (or groups) of apparently healthy people [1].

1.4 Vitamin Enhancement of Foods

The terms restoration, fortification, enrichment, standardization, and
nutrification have been used to describe various ways of enhancing the
vitamin content of foods [2].

Restoration involves the replacement, in full or in part, of vitamin losses
incurred during processing. The addition of vitamins A and D to
skimmed milk powder, and of vitamin D to evaporated milk, are
examples of nonlegislative vitamin restoration in the U.K. Other examples
are the replacement of B-group vitamins in flour to compensate for the
losses incurred in the milling of cereals to low extraction rates, and the
addition of vitamin C to instant potato.

Fortification refers to the addition of vitamins to foods that are suitable
carriers for a particular vitamin, but which do not necessarily contain
that vitamin naturally. It is especially carried out to fulfill the role of a
food in the diet. Thus margarine is fortified with vitamin A in many
countries to replace the vitamin A that is lost from the diet when margar-
ine is substituted for butter. Vitamin D is added to margarine at higher
levels than found in butter as a public health measure, as the extra is
considered necessary for the population as a whole. In the U.S.,, fortifica-
tion of cereals and grains with folic acid began in 1996 and, since January
1998, all cereal grain products are fortified with 140 pg of folic acid /100 g.
In the U.K,, fortification of foods with folic acid is still voluntary.

Enrichmentrefers to the addition of vitamins above the initial natural levels
to make a product more marketable. Standardization refers to additions
designed to compensate for natural fluctuations in vitamin content. For
instance, milk and butter are subject to seasonal variations in their vitamin
A and D contents, and hence these vitamins are added to some dairy
products to maintain constant levels. Nutrification means the addition of
vitamins to formulated or fabricated foods marketed as meal replacers.

Vitamins are also added to perform specific processing functions. For
instance, B-carotene (the principal source of dietary vitamin A) is added
to products such as pasta, margarine, cakes, and processed cheeses to
impart color. Vitamin E and vitamin C (in the form of ascorbyl palmitate)
can be used as antioxidants to stabilize pure oils and fats. Ascorbic acid is
used for a variety of purposes in food processing, such as a reducing agent
involved in the formation of the cured meat color in the curing of bacon
and ham.
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1.5 Stability of Vitamins

New food product development aims to retain as much of the naturally
occurring vitamin content as possible, to protect added vitamins, and to
minimize the appearance of undesirable breakdown products. Factors
that play a role in the degradation of vitamins during processing and
storage include temperature, air or oxygen, light, moisture content,
water activity, pH, degradative enzymes, and metal trace elements,
particularly iron and copper. Ryley et al. [3] discussed the use of kinetic
data and mathematical models for predicting vitamin retention in food
processing.

1.5.1 Water Activity and Lipid Oxidation

The water activity of a food is one of the primary factors determining the
rate of food deterioration by various biochemical reactions. Raw foods
with a high content of active water, such as leafy vegetables and meat,
deteriorate in only a few days, whereas dry seeds, containing only struc-
tural water, can be stored for years under proper conditions.

Water activity measures the availability of the water present in the
system: it is more closely related to the physical and chemical properties
of food than is total moisture content. Within the heterogeneous food
matrix, the reactivity of each constituent is influenced by its affinity for
surrounding water molecules and the competing influences of neighbor-
ing hydrophilic or hydrophobic chemical groups. Changes in the environ-
ment, such as heat, light, pressure, pH, additives, and modification of
particle size, may alter the molecular state of water, and thereby influence
constituent reactivities and functional properties.

The total water-binding energies of constituent chemical groups are
reflected in the equilibrium water vapor pressure or absolute humidity
of the food material. At constant temperature, the vapor pressure may
be expressed as equilibrium relative humidity (ERH) or the related analo-
gous water activity. Water activity (A,,) can be defined as the ratio of the
equilibrium vapor pressure exerted by the food material (p) to the vapor
pressure of pure water (po) at the same temperature:

_p _EHR
Aw == =T 1.1)

Small changes in temperature, or other factors which influence A,
may induce profound changes in the quality and stability of a food
product. Therefore, A,, measurements provide a simple and convenient
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means of evaluating water-binding activity. The nonlinear, generally sig-
moidal relationship between A,, and total moisture content, expressed as
a moisture sorption isotherm, is a fundamental characteristic of a food
product [4].

A low water activity (A,, < 0.6) does not permit microbial or enzymatic
activity. It is generally accepted that growth of bacteria and most yeasts
virtually ceases at A,, < 0.9, while molds do not grow at A,, < 0.7 [5].

The presence of water has a profound effect on lipid oxidation 1 as dis-
cussed by Labuza [6]. This has relevance to vitamin A and carotenoids,
which undergo coupled oxidation in the presence of lipids. The kinetics
of lipid oxidation are best studied in model systems using a swellable
solid matrix, since the variables can be controlled. At A,, = 0 (as in a dehy-
drated food), lipid oxidation is rapid, but the rate of oxidation decreases
as the water activity increases up to A,, = 0.5, where a leveling-off occurs.
The protective effect of water within this range of water activity may be
due to two mechanisms working together. First, hydrogen bonding
takes place between water and lipid hydroperoxides produced during
the propagation stage of lipid peroxidation. This bonding prevents the
metal-catalyzed decomposition of the hydroperoxides into peroxyl and
alkoxyl radicals that intensify propagation of the chain reaction.
Second, hydration of metal catalysts makes them less effective through
changes in their coordination sphere.

In the intermediate moisture range of A,, = 0.55-0.85, the solvent and
mobilization properties of water become dominant, and lipid oxidation
increases with increasing water activity. The catalysts present are more
easily mobilized and swelling of the solid matrix exposes new catalytic
sites. This detrimental effect of water has been confirmed in actual
intermediate moisture foods [7].

As might be expected from the effect of water on lipid oxidation, the
loss of all-trans-retinol suspended on microcrystalline cellulose in
the dark, in air, increased with increasing water activity in the range of
intermediate-moisture foods (A,, = 0.4-0.75) [8]. In contrast, increasing
the water activity from 0 to 0.73 decreased the rate of B-carotene degra-
dation in the dark [9]. A protective effect of water against oxidation of
carotenoids in the intermediate-moisture region was also observed by
Ramakrishnan and Francis [10]. This difference in behavior between
retinol and -carotene can possibly be attributed to the poorer solubility
of B-carotene in water.

1.5.2 First-Order Kinetics

The analytical approach in calculating and predicting food quality
deterioration involves a kinetic/mathematical model. The model may
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include equations of mass and energy balance, thermodynamics, trans-
port and chemical properties, and coefficients. These equations have
been simplified for specific conditions. Saguy and Karel [11] produced a
status report on the modeling of quality deterioration during food proces-
sing and storage.

Most reactions involving the deterioration of a nutrient fit a first-order
mathematical expression:

dc

T kC (1.2)
where C is the nutrient concentration at a given reaction time (t), and k
is the degradation reaction rate constant. When Equation (1.1) is inte-
grated, and log (C/Co) versus t is plotted, the slope of the straight line
obtained defines the rate constant (k), where Cy is the initial concen-
tration of nutrient.

As an example, consider the effect of microwave processing on water-
soluble vitamins, as carried out by Okmen and Bayindirli [12]. Vitamin
solutions were heated at constant temperatures of 60, 70, 80 and 90°C in
the microwave oven. Aliquots (1 ml) were taken from the heat-treated
samples after 20, 40, 60 and 80 min intervals and analyzed for vitamin
concentration. The first-order reaction rate constants at the four different
temperatures were calculated from the slopes of the log (C/Cy) versus t
plots shown in Figure 1.1.

Other reaction orders besides first are possible. A zero-order reaction
occurs if the loss of nutrient is so small in the time period studied that
the value of C does not change significantly. Therefore, the right-hand
side of Equation (1.2) is a constant [13]. Ascorbic acid oxidation in
liquid infant formula under limited presence of dissolved oxygen takes
place by a second-order reaction [14].

o

70021 —=—60C

8 -0.04 —e—70C

o 006 A s0C

—0.08 —e—90C

—0.1 I T T |
0 20 40 60 80
Time (min)

FIGURE 1.1

A typical graph of log (C/Co) vs. time for vitamin C. (From Okmen, Z.A. and Bayindirli, A.L.,
Int. ]. Food Prop., 2 (3), 255, 1999. Copyright 1999. With permission.)
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1.5.3 Effects of Food Processing on Vitamin Retention

Commercial food processing preserves food quality and extends shelf life
by destruction of food-spoilage microorganisms and certain endogenous
enzymes, which could otherwise promote spoilage and/or reduce
nutritive value. Since all processed foods have to be stored until they
are consumed, proper food packaging is essential to maintain pre-
servation. Time and temperature during processing and storage are
closely controlled in good manufacturing practice. Distribution controls,
however, are less stringent, except for very perishable products.

The main factors contributing to vitamin losses are oxidation (air
exposure), heat (temperature and time), catalytic effect of metals, pH,
action of enzymes, moisture, irradiation (light or ionizing radiation),
and various combinations of these factors. Some vitamins are sensitive
to processing and storage, while others are more or less stable. The
water-soluble vitamins are susceptible to leaching losses during commer-
cial washing and blanching, and domestic cooking. Vitamin C is very
susceptible to chemical oxidation during processing, storage, and
cooking. Thiamin is heat-sensitive in neutral and alkaline foods, and is
unstable in air. Riboflavin is notoriously susceptible to decomposition
by light. Niacin and vitamin B, are stable under a variety of processing
conditions. Vitamins A and E are destroyed under conditions that accel-
erate the oxidation of unsaturated fats, such as access of air, heat, light,
trace metal ions, and storage time. Vitamin K is stable to heat, but extre-
mely sensitive to both fluorescent light and sunlight. Vitamin D is little
affected by processing and storage.

Some losses of certain vitamins during food processing are inevitable.
However, one should consider the relative importance of the loss of a
specific vitamin from a particular commodity. For example, vitamin C
loss from milk during pasteurization and refrigerated storage is relatively
unimportant, as milk is an insignificant source of this vitamin in the
daily diet compared to other foods, such as citrus fruits and juices.
Another point to consider is that natural variations in the vitamin
content of a raw food material may affect the content of that vitamin in
the final product more than the processing itself.

Retention studies of vitamins to assess the effects of food processing on
the nutritive value of foods are of great importance to food technologists
and consumers. In this section, the broad effects of various processing
techniques on vitamin retention are discussed. The effects of processing
on specific vitamins are discussed in the relevant chapters.

1.5.3.1 Dehydration

Removal of the biologically active water from foods through dehydration
stops the growth of microorganisms, whilst also reducing the rate of
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enzyme activity and chemical reactions. Rancidity of the lipid constitu-
ents of dehydrated foods is reduced if the protective structural water is
left intact. Fruits, vegetables, juices, meats, fish, milk, and eggs are
among the foodstuffs commonly subjected to dehydration processes.

Appropriate drying techniques are used in the processing of dehy-
drated foods. The sun-drying of fruit, fish, meat, and grain is still of
importance in certain parts of the world. In the tunnel-drying of fruits
and vegetables, the produce is spread onto trays or a conveyer and
passed into a high-velocity air stream in the temperature range of
60-93°C. Spray-drying is a highly efficient process for drying milk,
eggs, and coffee. In spray-drying, liquids are dispersed in fine droplets
and sprayed into an upward-flowing stream of hot air. Materials that
can be made into a paste, such as mashed potatoes and tomato puree,
can be dried by spreading thinly on steam-heated revolving drums. As
the product is in direct contact with the hot drums, vitamin losses
would be expected to be greater than those resulting from tunnel
driers and spray driers. In commercial freeze-drying, the frozen food
is placed into a chamber, which is evacuated and then heated. Because
of the low pressure, ice does not melt, and the water vapor passes
directly from a solid to a vapor phase (sublimation). The freeze-drying
process is applied mainly to meats and results in the least change in
the physical characteristics of the product. The result is a dry, porous
product, though there will always be some small amount of residual
water. Compression of freeze-dried foods gives improved stability in
storage by reducing the surface area exposed to oxygen and moisture.

Except for sun-drying, the actual process of dehydration does not
cause major losses of vitamins. Retention of ascorbic acid is better in
rapid drying at high temperatures than in slower drying at lower
temperatures. Drying methods that expose the food to air result in
losses of vitamin A, B-carotene, and vitamin C due to oxidation. Freeze-
drying, which is carried out in the absence of oxygen, does not cause
loss of vitamin C.

1.5.3.2 Blanching

The blanching of vegetables and fruits entails subjecting the fresh produce
to temperatures in the range of 75-95°C for 1-10 min prior to canning,
freezing, or dehydration. Blanching serves several purposes: as a cleaning
process; to reduce the volume of bulky vegetables by wilting; to expel air
from the plant tissues, thereby reducing the potential for oxidative
changes; and to inactivate endogenous enzymes that would otherwise
cause quality deterioration. Blanching with hot water is still the most
common system, despite the significant loss of water-soluble vitamins
through leaching. This is because of the relatively low capital and
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running costs compared with more efficient procedures, such as steam or
microwave blanching.

The immediate scalding of plant tissues is desirable to minimize the
oxidation of ascorbic acid by ascorbic acid oxidase. If the inactivating
temperature of about 85°C is not immediately reached, the breakdown
of cell structure will allow contact between active enzyme and substrate.
Thus inefficient blanching will incur some loss of vitamin C by oxidation,
as well as by leaching [15]. Unlike thiamin, ascorbic acid is essentially
stable to the heating conditions during blanching. When peas were
blanched at 82-88°C for 3 min, losses of thiamin, niacin, vitamin Bg,
and vitamin C were 4, 20, 18, and 17%, respectively [16].

1.5.3.3 Canning

The heat treatment of canned foods will ideally sterilize the food, that is,
destroy all viable microorganisms present. Some microorganisms and
their spores are extremely resistant to heat, and very stringent heat
treatments would be required to destroy them. Unfortunately, such treat-
ments would promote unacceptable organoleptic changes and nutrient
losses, therefore the temperatures applied in commercial practice aim to
achieve maximum microbial destruction commensurate with acceptable
organoleptic and nutritional value. The rate of destruction of heat-
resistant bacteria is increased approximately tenfold with a 10°C increase
in temperature [17]. Canned foods are considered to be “commercially
sterile” because the conditions within the can are such that any remaining
microorganisms or spores will not grow during storage [18].

Heat sterilization causes destructive losses of the thermolabile vita-
mins. The extent of the losses depends on the time/temperature con-
ditions and the rate of heat transfer into the product. In the case of canned
cured pork luncheon meat, the retentions of thiamin and pantothenic acid
were greater after processing at a high retort temperature for a short time
than after processing to the same sterilizing value at lower retort tempera-
tures for longer periods [17]. Heat transfer is slow in canned solids such as
meat, and excessive heat must be applied to the container to ensure sterility
in the center. Canned beans (a semisolid) retain approximately 55% of the
thiamin content, while canned tomatoes (a more liquid product) retain a
larger percentage [19]. Vitamin C losses are increased by the inclusion of
oxygen during canning. Low-temperature storage improves retention of
vitamins in canned foods.

1.5.3.4 Pasteurization and Ultra-High-Temperature Processing

In the pasteurization process, the foodstuff is subjected to a temperature
high enough to destroy all pathogenic microorganisms present. Unlike
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sterilization procedures, some nonpathogenic microorganisms survive
pasteurization. It is fundamental that the higher the temperature and
the shorter the processing time, the greater is the nutrient retention. The
accepted methods of milk pasteurization in the U.S. include the batch
or holding method of heating the milk for 30 min at 145°F (62.8°C) and
the high temperature-short time (HTST) method of heating at 161°F
(71.7°C) for 15 sec [20]. Orange juice is traditionally pasteurized by heat
treatment at 95°C for 15 sec, or at 90°C for 1 min [21]. In aseptic packaging,
fluid products such as milk and fruit juices are pasteurized by HTST treat-
ment, rapidly cooled, then placed into sterile containers and sealed. The
heat treatment is applied to a thin layer of the milk or juice in a heat
exchanger, or by direct steam injection. These packages are likely to
have a higher content of residual and headspace oxygen than “in-
container” pasteurized products, which are exhausted at blanch tempera-
tures and vacuum-seamed prior to heat treatment [22]. The pasteurization
of milk has little or no effect on the water-soluble vitamins, apart from a
20-25% loss of the vitamin C content [23]. The pasteurization of fruit
juices inactivates endogenous enzymes that would otherwise promote
the oxidation of ascorbic acid.

Ultra-high-temperature (UHT)-milk generally refers to milk that has
been heated to at least 130°C for not less than 1 sec and then aseptically
packaged. The process may be described as either UHT-sterilization or
UHT-pasteurization, depending on the temperature and holding time.
In general, UHT-milk processing involves temperatures of 130-150°C
and holding times of 2—8 sec. Heating and cooling methods employed
in UHT processing involve direct heating with saturated steam under
pressure followed by expansion cooling, or indirect heating and cooling
through a heat-conducting barrier. Equipment for indirect heat processing
may sometimes include vacuum flash vessels to remove gas and vapor
[24]. UHT-milk can be stored unrefrigerated for several months.

1.5.3.5 Microwave Heating

Microwaves are electromagnetic waves of radiant energy, which easily
penetrate materials containing dielectric molecules such as water. The
rapidly oscillating electromagnetic field forces the molecules to undergo
rapid reorientation. By this process, electromagnetic energy is converted
into thermal energy. In conventional cooking, heat is applied to the
surface of the food and then conducted to the inner parts with uneven
distribution. Microwaves generate heat throughout the bulk of the food,
resulting in a comparatively uniform and rapid temperature rise through-
out the product.

Microwave processing offers precise control of heating, making it useful
for several commercial food processing operations [25,26]. Some examples
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are as follows: (i) in the microwave tempering of frozen meat, frozen
blocks of meat are brought to a temperature of —4 to —2°C. The partially
thawed meat can then be used to make hamburger patties or other pro-
ducts. (ii) In the processing of pasta products, the pasta is first dried by
conventional drying with controlled humidity. Microwave drying is
then used to redistribute water from the moist inner parts to the surface.
A third conventional drying step achieves the final moisture content.
(iii) For the precooking of meat, fish, and chicken products, microwave
cooking is often combined with conventional cooking methods. This
results in less overcooking of surface parts and lower losses of moisture.
(iv) Microwave-vacuum-drying is used for production of fruit juice con-
centrates. (v) Microwave heating within a conveyerized tunnel is used
for pasteurizing pasta products, bread, and prepared meals.

Microwave heating has the potential for a greater retention of heat-labile
vitamins compared with other more conventional methods because the
heating time is shortened. Ascorbic acid content is higher in vegetables
cooked by microwave heating than by conventional methods [27]. The
cooking of pork and chicken in microwave ovens led to greater
retentions of vitamins B, B,, and B¢ than in conventional electric ovens
[28,29]. Vitamin B, retentions in conventionally roasted and microwaved
samples ranged between 48—-67% and 86—94%, respectively. Comparative
retentions of vitamin B¢ were 22-48% and 60-87% [29].

1.5.3.6 Hydrothermal Processes (Flaking, Puffing, and Extrusion)

Subjecting whole or almost whole cereal grains to the simultaneous effect
of moisture and heat creates a fine and voluminous structure, making
these products suitable for breakfast cereals and snacks. Flaking entails
steam treatment followed by passing through rollers, drying, and toasting.
For puffing, the grains are treated with water, then enclosed in a pressure
chamber (puffing gun) and heated to 267-294°C for 3-5 sec to increase
the vapor pressure. Sudden opening of the gun releases the pressure,
and the expansion of water vapor and other gases results in a 5-15
times increase in volume of the cereals. In the extrusion process, food
ingredients are conveyed through a screw within a tightly fitting station-
ary barrel. The food is subjected to a combination of heat sources, includ-
ing frictional heat, direct steam injection, and heat transfer from steam
or water in jackets surrounding the extruder barrel. At the discharge of
the extruder, the high-temperature, pressurized, cooked dough mass is
forced through a small restrictive opening called a die. The sudden
change from high pressure and high temperature to ambient conditions
on emergence through the die leads to product expansion.

Barna et al. [30] measured the changes in the content of four water-
soluble vitamins (thiamin, riboflavin, niacin, and vitamin Bs) during
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flaking, puffing, and extrusion of cereals. During the flaking of rye, oats,
wheat, and barley, the retention of thiamin ranged between 65 and 89%.
Retentions of riboflavin, niacin, and vitamin Bs were mostly around
100%, except for wheat which retained only 78% of its niacin content.
The puffing of wheat and rice had a dramatic effect on thiamin content,
with only 1-6% of this vitamin being retained. Thus high-
temperature treatment for only a few seconds can destroy thiamin
almost totally. The retention ranges of riboflavin and vitamin By were
65-80 and 60-78%, respectively; niacin retention was nearly 100%. The
extrusion of a raw mixture consisting mainly of maize grits resulted in
thiamin, niacin, and vitamin By average retentions of 70, 89 and 77%,
respectively. There was no loss of riboflavin.

1.5.3.7 Freezing

Low temperature inhibits microbial growth and slows down the rates of
chemical and enzymatic reactions. The commercial freezing process
consists of prefreezing treatments, freezing, frozen storage, and
thawing. Vitamin losses occur mainly in the prefreezing treatments
(e.g., blanching, washing, peeling, trimming, and grinding). The actual
freezing step does not destroy vitamins. Using proper packaging and pro-
cessing conditions, losses of most vitamins (but not folate) during the
freezing process are negligible. Proper freezing conditions are important
to vitamin retention. Foods must be frozen quickly and solidly, and
maintained at a constant low temperature (—18°C or lower), otherwise
the product will exhibit a greater than normal drip loss when thawed
and, hence, greater loss of water-soluble vitamins. Gradual oxidation of
vitamins A, C, and E can take place during frozen storage if the food is
exposed to air through ineffective packaging.

Freezing damages plant cell structure by expansion of the intracellular
fluid. In theory, slow freezing causes more damage to cell structure
than rapid freezing at lower temperatures, because larger ice crystals
are formed. Disruption of cell membranes by freezing brings endogenous
folate conjugase in contact with polyglutamyl folate, converting it to
monoglutamyl folate, which is more readily leached from plant tissues
during subsequent blanching.

1.5.3.8 Irradiation

The commercial irradiation of foods by exposure to ionizing radiation is
carried out to inhibit the growth of spoilage microorganisms and
prolong product shelf-life. Mild heat treatment prior to low-dose
irradiation enhances the antimicrobial effects of irradiation [31]. Ionizing
radiation passes through the packaging material as it travels to the food
inside the container. A number of polymeric films and multilayered
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flexible materials have been approved by the U.S. Food and Drug Admin-
istration. Ionizing radiation has sufficient energy to remove an electron
from water, thereby creating highly active free radical species. These
free radicals can react with the DNA of microorganisms, causing death.
The applied irradiation dose is measured in kiloGrays (kGy), where
1 Gy = 1] /kg. For the sterilization of meats, doses of 30 kGy and higher
are required. The major emphasis on food irradiation is on pasteurization
doses of 1-10 kGy.

Two forms of ionizing radiation are used in the commercial irradiation
of foods: (i) gamma rays from a radioactive source, ®>cobalt or **cesium
and (ii) high-energy electrons generated by machines such as a linear
accelerator. The high penetrating power of gamma radiation facilitates
its use in the treatment of bulk food items in containers. Electron beams
have a limited penetration depth, up to a maximum of about 8 cm in
food. Typical applications include the treatment of grain on a conveyer,
low-density foods such as ground spices, and prepared meals.

Meat, vegetables, and fruits are suitable for irradiation. Because
irradiation initiates the autoxidation of fats and the subsequent develop-
ment of off-flavors, oils, dairy products, and eggs are unsuitable. The
vitamins receive some protection from other food constituents, including
interacting vitamins. Irradiation of pork at doses greater than 0.57 kGy
resulted in considerable destruction of thiamin [32]. The rigorous exclusion
of oxygen did not prevent the loss of thiamin on irradiation [33]. There was
no loss of riboflavin on irradiation of pork under anaerobic conditions [33].
Irradiated pork retained much more thiamin than canned meats sterilized
by heat [34]. Thiamin destruction in meat irradiated in the frozen state
was markedly less than when irradiated under ambient conditions [35].
When wheat was irradiated with a ®*cobalt source, the thiamin content
was not reduced, even after 24 months of storage [35]. In irradiated fruits,
retention of vitamin C ranged from 72 to 100%. B-Carotene and vitamin K
were stable to the irradiation of vegetables [35].

During storage of irradiated rolled oats, the peroxides formed during
fat autoxidation destroyed vitamin E [35]. Vitamin A is also sensitive to
irradiation, but as the main sources of this vitamin are dairy products
and eggs, this has little nutritional relevance. Vacuum packing and low
temperature protect vitamins A and E during irradiation and subsequent
storage. Vitamin D is unaffected by irradiation.

1.5.3.9 High Hydrostatic Pressure Treatment

Pressure can inhibit cell growth by interfering with DNA replication and
can also cause cell death through damage to the cell membrane. Many
other cellular processes are affected by pressure and its effects on
volume [36,37]. The application of pressures between 300 and 600 MPa
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(1 MPa = 10 bar = 145.038 psi) can inactivate yeasts, molds, and bacteria
in the vegetative state. Most spores from yeasts and molds are easily inac-
tivated by pressures around 400 MPa. However, pressures higher than
1000 MPa are needed to kill bacterial spores. Pressures of 50-300 MPa
can often stimulate bacterial spores to germinate, after which the vegeta-
tive cells can be killed by relatively mild pressure or heat treatments.
However, in most cases, a small fraction of the spore population can
survive this treatment [37]. The use of multiple high-pressure pulses
with an end temperature above 105°C under pressure produces sterility
(destruction of all bacterial spores) with minimal impact on flavor,
texture, and color of foods [38].

High hydrostatic pressure (HHP) treatment of foods at ambient temp-
erature, or combined with moderate heat treatment (below 70°C), is a
promising alternative to pasteurization, as there is less of an effect on
food quality [39]. A range of pressure-treated products has been on the
Japanese market for several years, including fruit preparations, fruit
juices, rice cakes, and raw squid [37]. The applied pressure acts instan-
taneously and uniformly throughout the food, irrespective of product
size and shape. Only noncovalent bonds (i.e. hydrogen, ionic, and hydro-
phobic bonds) are disrupted, thus the food’s quality attributes (e.g., color,
texture, and flavor) are unimpaired, and in some cases even improved.
HHP eliminates or reduces the spoilage microflora commonly found in
citrus juices [40-43]. HHP also reduces the activity of the enzyme
pectinmethylesterase in citrus juice, thereby maintaining good cloud
stability [40,43,44]. In the technique of cold isostatic pressing, foods
other than liquids are placed into sterilized plastic containers, and the
sealed containers are placed into a hydrostatic pressure unit. Liquids,
such as fruit juices, are pumped to the bottom of the pressure chamber,
and pressure is applied by operating an hydraulically-driven piston
[45]. Due to adiabatic heating, an initial temperature rise is to be expected
on pressurizing (about 3°C per 100 MPa) [46].

High-pressure treatment of egg white and yolk from 588 to 784 MPa
at 25°C for 30 min resulted in almost total retention of thiamin, riboflavin,
folate, retinol, and tocopherol [47]. Similarly, there was no significant
effect on vitamin C concentrations in a strawberry sauce or egg yolk [48].
High-pressure treatment of milk (400 MPa at 25°C for 30 min) did not
produce significant loss of thiamin or vitamin Be [49]. Orange juice was
fully stabilized for commercial purposes at a pressure not lower than
350 MPa during 1 min, with no significant effect on vitamin C content [42].

1.5.3.10 Curing and Smoking

Curing consists of the addition of salt, sodium nitrate, sodium nitrite, and
other chemicals to meat, both as a preservation technique and to promote
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or improve the organoleptic properties of the food. Smoking has a similar
function. These procedures have no major effects on vitamin retention,
apart from a 15-20% loss of thiamin as a result of smoking [50].

1.5.4 Milling

Milling of grains such as wheat, corn (maize), rice, oats, barley, and ryeis a
process used to produce white flour, rice, starch, dextrose, and corn
syrups. Milling has detrimental effects on the vitamin content of the resul-
tant flour. The bran, germ, and scutellum portion of the grain endosperm
contain significant concentrations of vitamins, which are lost as a result of
separation of these components during the milling process. The amount
of loss depends on the duration of the extraction process. In the United
States, milling results in an approximate 40—60% loss of vitamins. Grain
products are therefore required to be enriched with thiamin, riboflavin,
and niacin (also iron) to replace these losses. Calcium and vitamin D
addition is optional, and is frequently done.

1.5.5 Effects of Food Storage on Vitamin Retention

The residual oxygen in canned products is used primarily to oxidize
vitamin C, but no further oxidation takes place once the residual
oxygen has been used up. The vitamins in dehydrated foods are stable,
given proper packaging to avoid moisture gain and oxygen access.
Vitamins A and C in puffed products become rapidly oxidized during
storage due to the extensive exposure to oxygen. The main factors affect-
ing vitamin loss in frozen foods are the oxygen permeability and light
transmission characteristics of the packaging material. Subfreezing temp-
eratures have an impact on vitamin retention in stored frozen foods.
During frozen storage of vegetables at temperatures of —20 to —25°C, a
10% loss of vitamin C might be expected over a period of 1 yr. At temp-
eratures of —25 to —30°C and below, vitamin C losses are practically
zero. However, at temperatures around —10°C, vitamin C losses can be
80-90% after storage for 1 yr [15].

1.5.6 Effects of Domestic Cooking on Vitamin Retention

Overall, the major loss of vitamin from a food usually occurs during the
final preparation step before consumption. This may be either home
cooking or foodservice operations. Thus the actual vitamin content of a
particular table-ready food is frequently about the same, regardless of
the type of processing, or lack of processing, that the food has undergone.
Significant losses of vitamins can occur in each of the various stages of
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food preparation, including (i) preliminary trimming, washing, soaking,
slicing, or chopping; (ii) the cooking process; (iii) holding of the cooked
food on a steam table, in a warming oven or insulated transport equip-
ment, or under an infrared lamp; (iv) storage of prepared food in refriger-
ator or freezer; and (v) reheating of stored food. The greatest losses during
home cooking are due to the leaching of water-soluble vitamins into the
cooking water.

De Ritter et al. [51] measured eight vitamins in various frozen conven-
ience dinners and pot pies (14 products of 10 different types) before and
after normal oven heating, in accordance with packaging directions.
Losses of vitamin A (preformed vitamin A + carotene) averaged only
3%, with a range of 0-55%. Vitamin E losses averaged 13% (range
0-33%). Among the water-soluble vitamins, riboflavin and niacin
showed no significant losses. Average losses and ranges for others
were: thiamin, 30% (0-85%); vitamin Bg, 7% (0-25%); vitamin Bq,, 4%
(0-50%); and ascorbic acid in ten products having significant levels,
77% (49-91%).

Attention to several procedures in the home preparation of foods
allows vitamin losses to be minimized. Proper procedures include: (i) ref-
raining from excessive trimming and over-chopping; (ii) cooking in
covered pans (to shorten cooking time); (iii) cooking with a minimum
amount of water (just enough to prevent scorching); (iv) cooking veg-
etables until only tender; (v) refraining from overcooking; and (vi)
using cooking water for soups. Steaming or pressure cooking and stir-
frying result in less vitamin loss than boiling or typical pan frying.
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