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Preface

This book was designed to serve as an introductory text for courses in food
chemistry as part of food science programs meeting the Institute of Food
Technologists standards. The original concept for the preparation of this book
was to present basic information on the composition of foods and the chemical
and physical characteristics they undergo during processing, storage, and han-
dling. The basic principles of food chemistry remain the same, but much addi-
tional research carried out in recent years has expanded and in some cases
refined our knowledge. As with the third edition we have refined and expanded
the material in all chapters. Because of the rapidly growing interest we have
added chapters on transgenic crops as well as a chapter on beer and wine pro-
duction. We felt the transgenic crop chapter was important so that students
have a basic understanding of the technology and how it has evolved over the
last 10,000 years. The chapter on beer and wine production is included to help
the students appreciate the science behind fermented beverages. This knowl-
edge will be valuable because the opportunities for food scientists in those
areas are growing exponentially. In the area of water as a food component, the
issue of the glass transition has received much attention. This demonstrates the
important role of water in food properties. Carbohydrates and lipids are of
major sources of food energy and are of major interest for their functional and
nutritional properties in obesity and diabetes. Understanding how to the che-
mistry of these ingredients will help food scientists better formulate new nutri-
tionally superior foods in the future. Our understanding of the functionality of
proteins expands with increasing knowledge about their composition and
structure. Carbohydrates serve many functions in foods, and the non-caloric
dietary fiber has assumed an important role.

Color, flavor, and texture are important attributes of food quality, and in
these areas, especially those of flavor and texture, great advances have been
made in recent years. There is concern among consumers about the safety of
additives including colors and flavors. We have also included a section on
natural toxicants as well as ingredients that can cause adverse effects. It is
important to realize that many components in foods can be harmful or safe
depending on the concentrations in the foods. Enzymes are playing an ever
increasing part in the production and transformation of foods. Modern meth-
ods of biotechnology have produced a gamut of enzymes with new and
improved properties.

In the literature, information is found using different systems of units:
metric, SI, and the English system. Quotations from the literature are
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presented in their original form. It would be difficult to change all these units
in the book to one system. To assist the reader in converting these units, an
appendix is provided with conversion factors for all units found in the text.

It is hoped that this fourth edition will continue to fulfill the need for a
concise and relevant text for the teaching of food chemistry. We hope that this
edition will serve as a memorial to the enormous contributions of John deMan
and continue to provide teaching and reference material of value.

Guelph, ON John M. deMan
Lakewood Ranch, FL John W. Finley
Hershey, PA W. Jeffrey Hurst

Ithaca, NY Chang Yong Lee
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Water

Yrjo H. Roos, John W. Finley, and John M. deMan

Water in Foods

Water has a chemical formula of H,O which rep-
resents two hydrogen atoms covalently bound to
one oxygen atom. Water is an odorless, tasteless
and transparent liquid at room temperature. It
appears colorless in small quantities although in
larger bodies there is an inherent blue hue. Ice
and water vapor are also colorless, although ice
under pressure as in glaciers exerts a range of
blue colors.

Water is the most abundant molecule in food
and is an essential ingredient to support life and
since all foods come from living organisms,
water is an essential component of foods. In
many foods both the intracellular water and inter-
stitial water are essential. The ability of water to
dissolve a wide variety of materials makes it a
nearly universal solvent. Water functions to
determine the physical attributes of meat, vegeta-
ble and fruit products. For food polymers, water
serves as a structural component and a plasticizer
contributing to the attributes of proteins, starch
and food fibers. Water also serves as solvent or
dispersing medium in wide variety of foods
including milk, juices and other beverages. Water
can be dispersed in emulsions in products like
butter or margarine or be the continuous phase of
emulsions such as mayonnaise. The water con-
tent of foods is extremely variable. Table 1.1
contains the water, energy, protein, lipid, ash,

© Springer International Publishing AG 2018

carbohydrate and fiber contents of a range of
foods.

Water determines the physical, chemical and
microbiological stability of foods. When water
freezes and thaws the nature of the food can
change dramatically. Many food processes
involve the addition or removal of water which
changes the stability or nature of the food.
Frequently the process used to remove water has
a significant effect on the physical nature of the
food and the ability to rehydrate. For example,
drum dried milk powder is much denser and
more difficult to rehydrate than spray dried milk
powder.

Physical Properties of Water and Ice

Some of the physical properties of water and ice
which are considerations in foods are presented
in Tables 1.2, 1.3, and 1.4. Much of this informa-
tion was obtained from Landolt et al. (1923) and
Perry (1963). The physicochemical properties of
water are important considerations in understand-
ing and showing how water contributes to food
processing. The exceptionally high values of the
thermodynamic parameters (energy to thaw ice
and convert water to steam) of water are of impor-
tance for food processes and operations such as
freezing and drying. The considerable expansion
of water during freezing may contribute to struc-
tural damages to foods when they are frozen.
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1 Water

Table 1.1 Typical water, energy and macronutrient content in 100 g of selected foods

Energy Carbo- Fiber
Food Water (g) | (kcal) Protein (g) | Lipids (g) | Ash(g) |hydrates (g) | (g)
Butter, with salt 15.9 717 0.9 81.1 2.1 0.1 0
Cheese, mozzarella 50.0 300 222 22.4 3.3 2.2 0
Cheese, parmesan, hard 29.2 392 35.8 25.8 6.0 32 0
Milk, whole, 3.25% milkfat 88.1 61 32 33 0.7 4.8 0
Yogurt, plain, whole milk 87.9 61 3.5 3.3 0.7 4.7 0
Egg, WHL, RAW, FRSH 76.2 143 12.6 9.5 1.1 0.7 0
Yogurt, greek, plain, nonfat 85.1 59 10.2 0.4 0.7 3.6 0
Oil, soybean, salad or cooking 0 884 0 100 0 0 0
shortening 0 884 0 100 0.0 0 0
Chicken, broilers or fryers 65.4 237 16.7 18.3 0.8 0 0
Turkey, whole, meat only, raw | 75.4 112 22.6 1.9 1.0 0.1 0
Salami, cooked, beef&pork 452 336 21.9 25.9 4.7 2.4 0
Frankfurter 53.9 302 10.7 26.4 3.8 5.2 0
Oatmeal 83.6 71 2.5 1.5 0.3 12.0 1.7
Cheerios 5.1 376 12.1 6.7 2.8 73.2 9.4
Apples, raw, with skin 85.6 52 0.3 0.2 0.2 13.8 2.4
Bananas, raw 74.9 89 1.1 0.3 0.8 22.8 2.6
Blueberries, raw 84.2 57 0.7 0.3 0.2 14.5 2.4
Orange juice, raw 88.3 45 0.7 0.2 0.4 10.4 0.2
Raw ham 62.5 245 17.43 18.87 0.88 0 0
Pork chops, bone-in, LN, raw 73.62 127 21.99 3.71 1.01 0 0
Cured, ham, raw 66.09 173 22.45 9.17 2.7 0.21 0
Frozen pinton beans 55.8 170 9.8 0.5 1.4 325 5.7
Broccoli, raw 89.3 34 2.82 0.37 0.87 6.64 2.6
Carrots, raw 88.29 41 0.93 0.24 0.97 9.58 2.8
Onions, raw 89.11 40 1.1 0.1 0.35 9.34 1.7
Potatoes, Flesh & SKN, raw 79.34 77 2.02 0.09 1.08 17.47 2.2
Squash, winter, acorn, raw 87.78 40 0.8 0.1 0.9 10.42 1.5
Tomatoes, red, ripe, raw 94.52 18 0.88 0.2 0.5 3.89 1.2
Almonds, dry RSTD, W/salt 2.41 598 20.96 52.54 3.07 21.01 10.9
Beef brisket 70.29 155 20.72 7.37 1.02 0 0
Sirloin, steak, broiled 60.33 212 29.33 9.67 1.26 0 0
Beef, ground, 70% lean 54.3 332 14.35 30 0.7 0 0
Cod, Atlantic, raw 81.22 82 17.81 0.67 1.16 0 0
Salmon, Atlantic, wild, raw 68.5 142 19.84 6.34 2.54 0 0
Tuna, fresh, Yellowfin, raw 74.03 109 24.4 0.49 1.64 0 0
Peanut butter 1.47 591 25.72 50.81 3.25 18.75 5.6
Beer 92.77 41 0.36 0 0.11 297 0
Red table wine 86.49 85 0.07 0 0.28 2.61 0

USDA Nutrient Composition Files: http://www.ars.usda.gov/Services/docs.htm

Freezing of water in foods occurs over a wide
temperature range, resulting in stresses in frozen
foods. Structural damage may result from fluctu-
ating temperatures, even if the fluctuations remain
below the freezing point as ice crystals grow and
causes stresses to cellular structures. This is an

important quality attribute of frozen foods. An
example is that frozen strawberries loose much of
their texture after a freezing and thawing cycle
because of loss of cellular integrity. Table 1.2
contains the basic physico-chemical properties of
water.
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Table 1.2 Physical-chemical properties of water

Property Value

Molar mass (g/mol) 18.015

Molar volume (mol/L) 55.5

Boiling point (BP, °C at 1 bar) | 100 °C

Freezing point (FP, °C at 1 bar) |0 °C

Triple point 0°C, 6.1 mbar
Surface tension (20 °C) 73 dynes at 20 °C
Vapor pressure (20 °C) 0.0212 atm at 20 °C
AH of vaporization 40.63 kJ/mol

AH of fusion 6.013 kJ/mol

Heat capacity (Cp) 4.22 kJ/kg
Viscosity (Pas, 20 °C) 1.002 centipoise at 20 °C
Density (kg/m?) 1 g/mL

Maximum density (kg/m?) 4°C

The physical properties of water and ice are
presented in Tables 1.3 and 1.4 according to data
of Landolt et al. (1923) and Perry and Green
9:2007. There is a significant variation in the prop-
erties of liquid water and ice with temperature.
The influence of temperature is presented in Tables
1.3 and 1.4. In comparison to other liquids higher
amounts of heat are required to convert water from
solid ice to liquid water and to water vapor.

Within the three physical states of water (ice,
liquid and steam) the physical properties have
major impacts on food processing. The effects of
heat on water drive processing conditions particu-
larly freezing products, or water removal such as
concentration or drying. Figure 1.1 illustrates
vapor pressure on the surface of water. As exter-
nal pressure increases it becomes increasingly
difficult for water molecules to escape from a lig-
uid, thus raising the boiling point of the water.
The vapor pressure of water is affected by tem-
perature and therefore, if external pressure is
lower water boils at lower temperatures. Such
phenomenon occurs for example at higher alti-
tudes (Fig. 1.2). It is well known that water boils
at 100 °C at sea level but at 95 °C at 1500 m above
sea level. Therefore, cooking times of foods must
be extended at higher altitudes to achieve equiva-
lent results such as making a hardboiled egg or
hydrating pasta. At very high elevations cooking
times must be adjusted to obtain desired physical
changes such as gelation of starch, and to assure
sufficient heat and time for microbial safety.

This allows calculation of the pressure of the
vapor phase at a given temperature when the tem-
perature and pressure at another point, and the
enthalpy of vaporization are known. The boiling
point is the temperature at which the vapor pres-
sure at equilibrium exceeds atmospheric pres-
sure. In other words, Knowing the boiling point
of a substance at 1 bar (the normal boiling point)
with the heat of evaporation, AH,,, for that sub-
stance, the boiling point, T, at another pressure
with values for P; and T, (the normal boiling
point), P,, and AH,,,, (also called the latent heat)
can be solved. The liquid—vapor transition fol-
lows a very specific curve on the pressure—tem-
perature plane of a PVT diagram. This is given by
the Clausius—Clapeyron relation, which at tem-
peratures and pressures that are not close to the
critical point, can be approximated as:

Table 1.3 provides typical physical properties
of water which are important to foods and food
processing. The vapor pressure of water is defined
as the pressure at which air over the water is satu-
rated. If the pressure is increased the water will
condense, if the pressure decreases more water
will evaporate into the atmosphere. It is important
to recognize the changes in vapor pressure with
changes in temperature. This is an equilibrium
where there is no net change although individual
atoms migrate between liquid and vapor phase.
Density refers to the mass of a material divided by
its volume. It can be seen that as the temperature
of water increases the increased molecular motion
from the heat results in a decline in density.

Table 1.4 illustrates vapor pressure of water in
ice as a function of temperature. This becomes
important in frozen foods as protecting the sur-
face from water loss is required and conversely
maximising the rate of water removal during
freeze drying. The changes in the coefficient of
expansion are important in maintaining quality of
frozen foods. If the temperature of a frozen food
stored at —30 °C increased to —5 °C there would
be a large increase in the size of the ice crystals
potentially damaging product quality and texture.

When ice and water are mixed together, then
the temperature of the solution will be 0 °C as
long as both liquid and solid phases coexist.
Thus 0 °C is the freezing point for water or the



1 Water

Table 1.3 Physical properties of water at various temperatures

Temperature (°C)
Water 0 20 40 60 80 100
Vapor pressure (mbar) 6.11 23.37 73.75 199.18 473.56 1013.25
Density (kg/m?) 0.9998 0.9982 0.9922 0.9832 0.9718 0.9583
Specific heat (kJ/kg °C) 4.215 4.179 4.176 4.181 4.194 4.213
Heat of vaporization (kJ/kg) 2499 2452 2405 2357 2306 2255
Thermal conductance (kcal/m* h °C) 0.565 0.599 0.628 0.652 0.670 0.680
Surface tension (mN/m) 75.62 72.75 69.55 66.17 62.60 58.84
Viscosity (mPa s) 1.792 1.002 0.653 0.466 0.355 0.282
Refractive index 1.3338 1.3330 1.3306 1.3272 1.3230 1.3180
Dielectric constant 88.0 80.4 73.3 66.7 60.8 55.3
Coefficient of thermal expansion x 10~ - 2.07 3.87 5.38 6.57 -
Table 1.4 Physical properties of ice at various temperatures
Temperature (°C)

Ice 0 -5 -10 —15 -20 =25 -30
Vapor pressure (mbar) 6.11 4.01 2.60 1.65 1.03 0.63 0.37
Heat of fusion (kJ/kg) 334 - - - - - -
Heat of sublimation (kJ/kg) 2836 - 2813 - 2789 - 2771
Density (kg/m?) 09168 09171 09175 |09178 |0.9182 |0.9185 |0.9188
Specific heat (kJ/kg °C) 2.039 - 1.996 - 1944 - 1.884
Coefficient of thermal expansion x 107> | 9.2 7.1 5.5 44 39 3.6 -

Atmospheric Pressure

o Liquid ,
o

—

Fig. 1.1 At the boiling temperature of a liquid: vapor
pressure = atmospheric pressure

melting point for ice. This is called the equilib-
rium point. If water is cooled to 0 °C it does not
freeze; it must be cooled to below 0 °C before
freezing can occur. Likewise, ice has to be heated
slightly above 0 °C before melting occurs. Unlike
freezing, however, melting will begin as soon as
the temperature rises to above 0 °C. To initiate
ice formation water must be cooled to tempera-
tures substantially below the freezing point.

The difference is due to the need for nucleation
to occur before an ice crystal growth is initiated.
Nucleation is the process by which a minimum
number of water molecules form an embryo
that can grow to form a crystal, after which ice
crystal growth results in continued expansion of
the crystals.

Structure of the Water Molecule

The unique properties of water are a result of the
structure of the water molecule (Fig. 1.3) and its
dielectric properties which allow it to form
hydrogen bonds. Water molecules consist of two
hydrogen atoms joined to an oxygen atom by
covalent bonds. Oxygen is more electronegative
than hydrogen. That is, the high electronegativity
causes the oxygen atom to pull the shared pairs of
electrons more towards the oxygen atom. As a
result, the O—H bond acquires polarity.

Oxygen atoms have six electrons (1s? 2s? 2p*)
in its outermost shell. The ‘s’ and ‘p’ orbitals of



Structure of the Water Molecule

Fig. 1.2 Boiling point
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the valence shell are sp* hybridized to form four
sp® hybrid orbitals oriented tetrahedrally around
the oxygen atom. Two of the hybrid orbitals are
singly occupied with the half-filled orbital of the
hydrogen atoms. Lone pairs of electrons occupy
the other two. Therefore, oxygen is bonded to the
two hydrogen atoms by two O—H covalent bonds,
and there are two lone-pairs of electrons on the
oxygen atom. The H-O-H bond angle is 104.5°,
which is slightly less than the tetrahedral angle of
109°28’. Therefore, the structure of water mole-
cule is an angular or bent structure. Figure 1.3
illustrates the tetrahedral structure of water. In
the water molecule the atoms are arranged at an
angle of 104.5°, and the distance between the
nuclei of hydrogen and oxygen is 0.0957 nm. The
water molecule can be considered a spherical
quadrupole with a diameter of 0.276 nm, where
the oxygen nucleus forms the center of the quad-
rupole. The two negative and two positive charges

dipole Electrons

form the angles of a regular tetrahedron. Because
of the separation of charges in a water molecule,
the attraction between neighboring molecules is
higher than is normal with van der Waals’ forces.

In the frozen state each water molecule accepts
two hydrogen bonds from two other water mole-
cules and donates two hydrogen atoms to form
hydrogen bonds with two more water molecules,
producing an open, cage like structure (Fig. 1.4).
The structure of liquid water is very similar, but
in the liquid, the hydrogen bonds are continually
broken and formed because of rapid molecular
motion.

In the liquid state water molecules are held
together by intermolecular hydrogen bonds. Each
oxygen atom can form two hydrogen bonds uti-
lizing both the lone pairs of electrons the oxygen
atom. Liquid water contains aggregates of vary-
ing number of water molecules held together by
hydrogen bonds and ‘free’ water molecules in



1 Water

D

- o?
b *
. +

0\ /0

Hydrogen Bonds

Fig. 1.4 Hydrogen bonds in water

equilibrium. These intermolecular aggregates are
continually forming, collapsing at various rate
depending on temperature.

Hydrogen bonding has very major influence
on the properties of water.

In ice crystals a hexagonal matrix is formed
with tetrahedral structure of water molecules sur-
rounding each oxygen atom. One hydrogen atom
exists between each pair of oxygen atoms. Thus,
each and every hydrogen atom is covalently
bonded to one oxygen atom and hydrogen bonded
to another oxygen atom. This packing results in
large open spaces between water molecules in the
ice resulting in the lower density of ice compared
to liquid water.

When ice melts some of the hydrogen bonds
are broken and the water molecules become more
closely packed. This results in an increase in the
density of water above its melting points
0 °C. Density of water attains a maximum value
of 1 g/mL at 4 °C; above 4 °C, the density
decreases due to the normal temperature effects.

In ice, every H,O molecule is bound by four
bridges to each neighbor. The binding energy of
the hydrogen bond in ice amounts to 20.9/mol
(Meryman and Pauling 1960). Similar strong
interactions occur between OH and NH and
between small, strongly electronegative atoms
such as O and N. This is the reason for the strong
association in alcohols, fatty acids, and amines
and their great affinity to water. A comparison of

Table 1.5 Physical properties of some hydrides at nor-
mal atmospheric conditions

Melting Boiling Molar heat of
Compound | point (°C) | point (°C) | vaporization (kJ)
CH, —184 —161 8.2
NH; -78 -33 23.3
HF -92 +19 7.49
H,0 0 +100 40.7

the properties of water with those of the hydrides
of elements near oxygen in the Periodic Table
(CH,, NH;, HF, DH;, H,S, HCI) indicates that
water has unusually high values for various phys-
ical constants, such as melting point, boiling
point, heat capacity, latent heat of fusion, latent
heat of vaporization, surface tension, and dielec-
tric constant. Some of these values are listed in
Table 1.5.

Structure of Ice

In ice an individual water molecule connects to
four others in a tetrahedral arrangement. This
arrangement results in the hexagonal crystal lat-
tice in regular ice, as shown in Fig. 1.5. The lat-
tice is loosely built and has relatively large hollow
spaces. These hollow spaces in typical ice struc-
ture result in expansion during freezing and cause
the high specific volume of ice. This is why ice
floats on the surface of water. In the hydrogen
bonds, the hydrogen atom is 0.1 nm from one
oxygen atom and 0.176 nm from another hydro-
gen atom. When ice melts, the hydrogen bonds
are broken and the water molecules pack together
more compactly in a liquid state (http://wwwl.
Isbu.ac.uk/water/hexagonal_ice.html; http://
www.uwgb.edu/dutchs/petrology/Ice%20
Structure. HTM; Franks 2000).

Each oxygen atom inside the ice lattice is sur-
rounded by four other oxygen atoms in a tetrahe-
dral arrangement. The distance between oxygen
atoms is approximately 2.75 A. The hydrogen
atoms in ice are arranged following the Bernal-
Fowler rules: (1) two protons are close (about
0.98 A) to each oxygen atom, much like in a
free water molecule; (2) each H,O molecule is
oriented so that the two protons point toward
two adjacent oxygen atoms; (3) there is only one
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proton between two adjacent oxygen atoms; (4)
under ordinary conditions any of the large num-
ber of possible configurations is equally probable
(http://www.its.caltech.edu/~atomic/snowcrys-
tals/ice/ice.htm).

When there is a change of state from ice to
water, rigidity is lost, but water still retains a
large number of ice-like clusters. The term ice-
like cluster does not imply an arrangement identi-
cal to that of crystalline ice. The HOH bond angle
of water is several degrees less than that of ice,
and the average distance between oxygen atoms
is 0.31 nm in water and 0.276 nm in ice. Research
has not yet determined whether the ice-like clus-
ters of water exist in a tetrahedral arrangement, as
they do in ice. Since the average intermolecular
distance is greater than in ice, it follows that the
greater density of water must be achieved by each
molecule having some neighbors. A cubic struc-
ture with each HOH molecule surrounded by six
others has been suggested.

At 0 °C, water contains ice-like clusters aver-
aging 90 molecules per cluster. With increasing
temperature, clusters become smaller and more
numerous. At 0 °C, approximately half of the
hydrogen bonds present remain unbroken, and
even at 100 °C approximately one-third are still
present. All hydrogen bonds are broken when
water changes into vapor at 100 °C. This explains
the large heat of vaporization of water.

Growth of Ice Crystals

The crystal structure of ice is such that it does not
allow the inclusion of impurities, except within
defects in the crystal structure. When an ice
nucleus begins to grow, any solutes which are

present in the liquid will be excluded from this
growing ice front. If the rate of crystal growth is
faster than the rate at which diffusion of the par-
ticular solutes can carry them away a concentra-
tion gradient will form in the liquid which
surrounds the ice crystal. The concentrated solute
will lower the freezing point of the solution. The
solution at the interface will have a freezing point
equal to the temperature of the interface; at this
point, ice growth will be limited by diffusion of
the solute away from the crystal. When this
occurs solution away from the ice crystal is
supercooled (a temperature below the melting
point). Eventually diffusion will ensure that the
system goes to equilibrium, however a situation
of instability is created when this occurs.

Latent Heat of Fusion

When water freezes, heat is liberated by the pro-
cess. This latent heat of fusion is due to the
energy released from hydrogen bonds in the crys-
tal. In ice a water molecule is hydrogen bonded to
four other neighboring water molecules, each
bond having an energy between 10 and 40 kJ/
mol. This equals an energy of 80 cal/g (335 J/g).
The energy released in the transformation of 1 g
of water at 0 °C to ice at the same temperature is
enough energy to raise the temperature of 1 g of
the water from O to 80 °C!

The speed of crystallization—that is, the prog-
ress of the ice front in centimeters per second—is
determined by the removal of the heat of fusion
from the area of crystallization. The speed
of crystallization is low at a high degree of
super-cooling (Meryman 1966). This affects the
size of crystals in the ice. When large water


http://www.its.caltech.edu/~atomic/snowcrystals/ice/ice.htm
http://www.its.caltech.edu/~atomic/snowcrystals/ice/ice.htm

1 Water

masses are cooled slowly, there is sufficient time
for heterogeneous nucleation in the area of the
ice crystal growth. At that point the crystalliza-
tion speed is very rapid so that a few nuclei grow
to a large size, resulting in a large crystalline
structure. At greater cooling speed, high super-
cooling occurs; this results in more nucleation
and growth of smaller ice crystals.

Upon freezing, H-O—H molecules associate in
an orderly manner to form a rigid structure that is
more open (less dense) than the liquid form.
There still remains considerable movement of
individual atoms and molecules in ice, particu-
larly just below the freezing point. At 10 °C an
H—O-H molecule vibrates with an amplitude of
approximately 0.044 nm, nearly one-sixth the
distance between adjacent HOH molecules.
Hydrogen atoms may wander from one oxygen
atom to another.

The production of heat from crystallization
also interferes with crystal growth. The heat is
created at the crystal surface and must either be
diffused in the crystal or throughout the liquid.
The removal of this heat occurs by conduction
and can only occur through the liquid if it is
supercooled when nucleation occurs. If the latent
heat of fusion is conducted away through the ice
the growing crystal will remain essentially
smooth the part of the interface which grows
beyond the planar front. The system will not be
able to lose its heat as quickly as the ice on either
side of it. If the heat is conducted away through
the liquid, growth occurs preferentially along the
a-axes compared with growth along the c-axis.
This occurs because of the rise in temperature of
the liquid surrounding the crystal. As the mole-
cules become more energetic, they are less likely
to join a planar surface where they can only
hydrogen bond with a single neighbor. This is the
phenomenon responsible for the hexagonal sym-
metry that we see in growing ice crystals.

Solidification
Without Crystallization

If a liquid is cooled so quickly so that nucleation
cannot occur, it is possible to avoid ice formation.
This process is called vitrification and results in

an amorphous solid, generally referred to as
glass. The liquid remains in a supercooled liquid
state until temperature is lowered to below the
glass transition temperature (7,) which is indi-
cated by a decrease in heat capacity when mea-
sured in differential scanning calorimetry. Once a
supercooled liquid reaches temperatures below
T,, the system is not a viscous liquid, but is a
solid in a metastable state. Achieving vitrification
with pure water requires in laboratory very small
amounts of water and allowing an extremely fast
cooling. When high concentrations of solutes are
present, solutions can be vitrified more easily.
(http://people.ucalgary.ca/~kmuldrew/cryo_
course/cryo_chap6_2.html).

Crystal growth, in contrast to nucleation,
occurs readily at temperatures close to the freez-
ing point. It is more difficult to initiate crystalli-
zation than to continue it. The rate of ice crystal
growth decreases with decreasing temperature.
This is important in protecting quality of frozen
foods where excessive crystal growth can damage
the structure of the food. A schematic graphical
representation of nucleation and crystal growth
rates is given in Fig. 1.6. Solutes of many types at
low concentrations will greatly slow ice crystal
growth. The mechanism of this action is not
known. The effect of membranes on ice crystal
propagation was studied by Lusena and Cook
(1953), who found that membranes can be either
permeable, partly permeable, or impermeable to
growing ice crystals. Permeability to ice crystal
growth increases with porosity and is also affected
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Fig. 1.6 Schematic representation of the rate of nucle-
ation and crystal growth
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Solidification Without Crystallization

by rate of cooling, membrane composition and
membrane properties, and concentration of the
solute(s) present in the aqueous phase. When ice
crystal growth is retarded by solutes, the ice phase
may become discontinuous either by the presence
of a membrane or spontaneously.

Ice crystal size at the completion of freezing is
related directly to the number of ice nuclei. The
greater the number of nuclei, the smaller the size
of the crystals. This is the reason that the cryo-
freezing in food processing causes less damage to
the cell structure and maintains better textural
quality when the frozen products are thawed. In
liquid systems nuclei can be added by a process
called seeding. Practical applications of seeding
include adding finely ground lactose to evapo-
rated milk in the evaporator, and recirculating
some portion of crystallized fat in a heat exchanger
during manufacture of margarine. If the system is
maintained at a temperature close to the freezing
point (FP), where crystallization starts (Fig. 1.6),
only a few nuclei form and each crystal grows
extensively. The slow removal of heat energy pro-
duces an analogous situation, since the heat of
crystallization released by the few growing crys-
tals causes the temperature to remain near the
melting point, where nucleation is unlikely. In tis-
sue or unagitated fluid systems, slow removal of
heat results in a continuous ice phase that slowly
moves inward, with little if any nucleation. The
effect of temperature on the linear crystallization
velocity of water is given in Table 1.4.

When the temperature is lowered to below the
FP (Fig. 1.6), increasing rate of supercooling is
required before nucleation becomes the predomi-
nant factor and crystal growth appears thereafter.
At low supercooling large crystals are formed; as
supercooling increases, smaller crystals are
formed. Control of crystal size is more difficult in
tissues than in agitated liquids. Agitation pro-
motes nucleation and, therefore, reduces crystal
size. Lusena and Cook (1954) suggested that
large ice crystals are formed when freezing takes
place above the critical nucleation temperature
(close to FP in Fig. 1.6). When freezing occurs at
the critical nucleation temperature, small ice
crystals form. The effect of solutes on nucleation
and rate of ice crystal growth is a major factor

controlling the pattern of propagation of the ice
front. Lusena and Cook (1955) also found that
solutes depressed the nucleation temperature to
the same extent that they depressed the freezing
point. Solutes retard ice growth at 10 °C super-
cooling, with organic compounds having a
greater effect than inorganic ones. At low con-
centrations, some proteins are as effective as
alcohols and sugars in retarding crystal growth.

Once formed, crystals have a tendency to
enlarge. Recrystallization is particularly evident
when storage temperatures are allowed to fluctu-
ate. This is evident in foods stored in freezers
where temperatures fluctuate. The larger crystals
alter texture and can damage cellular structure in
foods.

Slow freezing results in large ice crystals
located exclusively in extracellular areas. Rapid
freezing results in tiny ice crystals located both
extra- and intracellularly. During the freezing of
food, water is transformed to ice with a high
degree of purity, and solute concentration in the
unfrozen liquid is gradually increased. This is
accompanied by changes in pH, ionic strength,
viscosity, osmotic pressure, vapor pressure, and
other properties.

When water freezes, it expands nearly 9%.
The volume change of a food that is frozen will
be determined by its water content and by solute
concentration. Highly concentrated sucrose solu-
tions do not show significant expansion
(Table 1.6). Air spaces may partially accommo-
date expanding ice crystals. Volume changes in
some fruit products upon freezing are shown
in Table 1.7. The effect of air space is obvious.

Table 1.6 Volume change of water and sucrose solutions
on freezing

Volume increase during temperature

Sucrose (%) change from 21 to —18 °C

0 8.6

10 8.7

20 8.2

30 6.2

40 5.1

50 3.9

60 None
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Table 1.7 Expansion of fruit products during freezing

Percent volume increase
during temperature change

Product from 21 to —18 °C

Apple juice 8.3

Orange juice 8.0

Whole raspberries 4.0

Crushed raspberries 6.3

Whole strawberries 3.0

Crushed strawberries 8.2

The expansion of water on freezing results
in local stresses that undoubtedly produce
mechanical damage in cellular materials.
Freezing may cause changes in frozen foods that
make the product unacceptable. Such changes
may include destabilization of emulsions, floccu-
lation of proteins, increase in toughness of fish
flesh, loss of textural integrity, and increase in
drip loss of meat. Ice formation can be influenced
by the presence of carbohydrates. The effect of
sucrose on the ice formation process has been
described by Roos and Karel (1991a, b, c).

Surface Tension of Water

Water has a high surface tension which makes it
sticky and as a result it tends to form droplets
rather than spread out as a film. This surface ten-
sion in water accounts for water’s ability to move
in capillaries such as the roots of plants or in ves-
sels in living bodies.

When we look at a drop of water it almost
appears to have skin around it making it appear
like a flattened sphere. This surface tension is
because water molecules are attracted to one
another. Conversely non-polar compounds like
hexane do not form droplets because there is little
intermolecular attraction. In water this attraction
is because the two hydrogens line up one side of
the oxygen atom and the hydrogens have a
slightly positive charge and the oxygen has a

Fig. 1.7 Interaction of water molecules at surface
increase surface tension

slightly negative charge. This polarity causes
water to be more cohesive and sticky.

Water has greater molecular interaction at
surface:

Water molecules tend to be attracted to one
another. At the surface, however, there are no
water molecules in the air above the liquid air
above which results in stronger bonds between
those molecules at the surface as shown in
Fig. 1.7. This surface layer results in surface
tension which creates a barrier between the
atmosphere and the water. The hydrogen bond-
ing binding between water molecules results in
close alignment of water molecules at the
water air interface. This interaction drives
droplet formation and higher surface tension
in liquid water.

In liquid, a water molecule will show net
force because the forces by the neighboring mol-
ecules all cancel out (Fig. 1.7). At the surface
there will be a net inward force because there are
no forces acting from above. This inward net
force causes the molecules on the surface to con-
tract and to resist being stretched or broken. The
surface tension of water is why small objects will
“float” on the surface of water as long as the
object cannot break through and separate the top
layer of water molecules. The surface of the
fluid, the surface under tension will behave like
an elastic membrane.
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Examples of Surface Tension

Insect on surface of water held by surface tension

Water has a high surface tension against air; there-
fore, small insects such as the water strider can
walk on water because their weight is not enough
to penetrate the surface of the water. When soaps
and detergents are added to the water the surface
tension is reduced which makes the water better
able to wet other surfaces. Many food emulsifiers
act like detergents to facilitate water contact with
proteins or lipids in food systems.

When gases are formed in water the surface
tension of the water provides the necessary ten-
sion at the surface that tends to force the bubbles
to become spherical. When water droplets are
formed the surface tension phenomenon causes
the droplets to take on a spherical shape.

U.S. Department of the Interior | U.S.
Geological Survey

URL: http://water.usgs.gov/edu/surface-ten-
sion.html

Colligative Properties of Aqueous
Solutions

The colligative properties of the solution are those
properties that are determined by the number of
particles dissolved in the solution. The freezing
point of a solution of water is lowered as a func-
tion of the dissolved particles in the solution and
conversely, the boiling point is raised as a func-
tion of particles in solution. The colligative prop-
erties important in food chemistry are freezing

depression, boiling point elevation, osmotic
pressure and vapor pressure.

Freezing Point Depression

When solutes are present in solution the freezing
point (defined as the highest temperature where
last ice crystals dissolve in heating) is lowered
relative to the freezing point of the pure solvent.
The depression of freezing point of an aqueous
solution is determined by the formula:

ATf = inm

where:

AT; = The depression in freezing point of the
solution

i = the number of ions or particles per molecule
(van 't Hoff factor)

K; = freezing point depression constant for the
solvent (1.86 °C kg/mol for water)

m = Molar concentration of the solution

For example:

1. A solution of sodium chloride containing 75 g
NaCl/500 mL.
The molecular weight of NaCl is 58.44
m (molal) =75 NaCl g/58.44/0.5 mL (500 mL

/1000) = 100/58.55/0.5 = 2.57

i=2(1Na*and 1 Cl")
K= Constant for water is 1.86 °C kg/mol

Therefore:

AT, =iKm
AT;=2x1.86x2.57=9.56
The sodium chloride solution will start to

freeze at —9.56 °C

2. A solution of 75 g glycerol/500 mL

The molecular weight of glycerol is 92.09

m =75 g/92.09/0.5 L (500 mL/1000) = 75/92.09
/0.5=1.62

i=1 (glycerol is one molecule)

K= freezing constant for water is 1.86 °C kg/mol

Therefore:

AT, = iKjm

AT;=1x1.86x1.62=4.82

The glycerol solution will show initial freezing at
—4.82°C
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Boiling Point Elevation

When solutes are dissolved in a solution the boil-
ing point will be raised. Like freezing point
depression, the boiling point elevation is depen-
dent on the number of particles in solution. The
calculation for increase in boiling point is similar
to the equation for calculating the depression in
freezing point. The equation is:

AT, = iK,m

AT, = the increase in boiling point of the
solution

i = the number of ions or particles per mole-
cule (van 't Hoff factor)

K, = boiling point increase constant for the
solvent (0.52 °C kg/mol for water)

m = Molar concentration of the solution

Using the same two examples as above:

1. A solution of sodium chloride containing 75 g
NaCl/500 mL.
The molecular weight of NaCl is 58.44
m (molal) =75 NaCl g/58.44/0.5 mL (500 mL
/1000) = 100/58.55/0.5 = 2.57
i=2 (1 Na*and 1 Cl7)
K, = Boiling constant for water is 0.52 °C kg/
mol
Therefore:
AT, =iKm
AT,=2x%0.52%x2.57=2.67°C
The sodium chloride solution will boil at
102.67 °C
2. A solution of 75 g glycerol/500 mL
The molecular weight of glycerol is 92.09
m =75 g/92.09/0.5 L (500 mL/1000) = 75/92.
09/0.5=1.62
i=1 (glycerol is one molecule)
K, = Boiling Constant for water is 0.52 °C kg/
mol
Therefore:
AT, = iKym
AT,=1x0.52x%x1.62=0.84
The glycerol solution will boil at 100.84 °C

Osmotic Pressure

Osmosis is the process whereby a solvent passes
through a semipermeable membrane from one
solution to another. Examples of semipermeable
membranes are the cell membranes in cells of liv-
ing things (plants and animals) or synthetic mem-
branes for dialysis. Osmotic pressure drives
solvent molecules through the semipermeable
membrane from the low solute concentrations to
the high solute concentrations. When equilibrium
is reached the solute concentrations are equal on
both sides of the membrane. Osmotic pressure is
defined as the pressure applied to on the high
concentration side to stop osmosis.

Osmotic pressure is expressed by the formula:

IT =iMRT

where
IT is the osmotic pressure in atm
i = van 't Hoff factor of the solute.
M = molar concentration in mol/L
R = universal gas constant = 0.08206 L atm/

mol K
T = absolute temperature in K

An example of benefits in food from controlling
osmotic pressure is dried fruit with added sugar. The
fruit cells are dehydrated preserving the fruit. When
the fruit is exposed to potential spoilage organisms
the moisture migrates from the spoilage organism to
the fruit stopping growth of the microbe.

Vapor Pressure Lowering

Vapor pressure for a liquid is defined as the equi-
librium pressure of gas molecules from a liquid
that exists above the liquid in a closed system. In
a closed system, the vapor pressure above the lig-
uid is dependent on the temperature. The vapor
pressure of pure water at room temperature
(20 °C) is about 2666 Pa, (which is about one
forteith of the total atmospheric pressure at sea
level). When an aqueous solution is compared to
pure water the vapor pressure will be lowered
proportional to the solute in solution. Raoult’s
law states that when a substance is added to a
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solution, the vapor pressure of the solution will
decrease. This change depends on the mole frac-
tion of the dissolved solute in solution and the
original vapor pressure of the solvent.

P

solvent

_ o
- Xmlvean solvent

P,onen: = Vapor pressure of a solvent

Xmwen: = Mole fraction of solvent

P°,oens = the vapor pressure of the pure solvent
at a particular temperature.

At any temperature there is a pressure at which
the vapor above the substance is in dynamic equi-
librium with its liquid or solid form. This is defined
as the vapor pressure of the substance at that
temperature. At equilibrium, the rate at which the
solid or liquid evaporates is equal to the rate that
the gas is condensing back to the solid or liquid
form. This pressure is constant regardless of how
much of the substance is present. The law only
works for ideal mixtures. In mixtures each compo-
nent contributes to the total vapor pressure.

P, =X, xP°,
P, =X, xP?%
Total Vapor Pressure = P, +P,

where:

Xa = Mole fraction of Component A (moles A/
(moles A + moles B)

Xg = Mole fraction of Component B

P°s = Vapor pressure of pure component A at a
specific temperature

P°g = Vapor pressure of pure component B at a
specific temperature

P, = Partial pressure for Component A

Py = Partial Pressure for Component B

lonic Interactions Are Attractions
Between Oppositely Charged lons

In compounds with ionic bonds, the bonded
atoms are sufficiently different in electronegativ-
ity that the bonding electrons are never shared:
these electrons are always found around the more
electronegative atom. For example, in sodium
chloride (NaCl), the bonding electron contributed
by the sodium atom is completely transferred to

the chlorine atom. Even in solid crystals of NaCl,
the sodium and chlorine atoms are ionized, so it
is more accurate to write the formula for the com-
pound as Na*Cl~.

These bonds are called ionic bonds (or inter-
actions) that result from the attraction of a posi-
tively charged ion—a cation—for a negatively
charged ion—an anion. Unlike covalent or hydro-
gen bonds, ionic bonds do not have fixed or spe-
cific geometric orientations. The electrostatic
field around an ion—its attraction for an opposite
charge—is uniform in all directions. Crystals of
salts such as Na*Cl~ do have very regular struc-
tures because the specific crystalline structure is
the energetically most favorable way of packing
together positive and negative ions. The force
that stabilizes ionic crystals is called the lattice
energy.

In aqueous solutions, simple ions, such as
Na*, K*, Ca?*, Mg*, and CI-, do not exist as free,
isolated entities. Instead, each is surrounded by a
tightly held shell of water molecules (Fig. 1.8).
Ionic interaction occurs between the ion and the
oppositely charged end of the water dipole, as
shown below for the K* ion:

Sodium chloride is an example of an ionic sol-
ute that dissolves in water. In water sodium chlo-
ride separates into positively charged sodium
ions and negatively charged chloride ions. Each
of these ions is surrounded by water molecules
breaking up the crystalline lattice of the salt and
pulling the ions into solution. The negative side

& &
@2 &(~)®
& -

Fig. 1.8 Sodium and chloride ions surrounded by water
molecules with polarity of water stabilizing the solution
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of the water molecules is attracted to the positively
charged sodium ion and the positively charged
sides of the water molecule are attracted to the
negatively charged chloride ion.

With non-ionic molecules that have small
dipole moments such as sugars, carboxylic acids
and amines the water molecules surround the
partially charged portion of the molecule and pull
it into solution.

Simple sugars like sucrose are dissolved in
similar ways. The water breaks the weak bonds
holding the sugar crystals together and the water
molecules line up with the —OH groups on the
sugar like they do with each other in solution.
The solvation process requires energy because
the hydrogen bonding in water and in the sugar
crystals must be broken. Some energy is given off
when the sugar molecules form intermolecular
bonds with the water.

Molecular solids such as sucrose are dissolved
when they are surrounded by water molecules.
Ionic solids such as sodium chloride are dis-
solved as hydrates of sodium ions and chloride
ions in solution.

When concentrations of ions become large
enough a reverse reaction occurs and the sodium
and chloride ions re-associate forming new sol-
ids. When the rate of precipitation and the rate of
solution are in equilibrium the solution defined as
saturated.

The dipole charge differences in water allow
water molecules to be attracted to each other and
to other polar molecules through hydrogen bond-
ing. The hydrogen bond is an intermolecular
force that exists when two partial electric charges
of opposite polarity interact with one another.
Chemically these bonds are much weaker than
covalent or ionic bonds. Hydrogen bonds can be
between molecules such as with water in solution
or within a large macromolecule such as a protein
where they help determine the three dimensional
shape of the molecule. Hydrogen bonding in
water determines the physical properties of water
such as relatively high boiling point and when
water freezes the structure is of lower density.
Water like most other materials becomes denser
before freezing but unlike other liquids becomes
less dense when ice crystals are formed. The

intermolecular hydrogen bonding is why liquid
water has a higher specific heat capacity.

Inorganic salts are considered to be soluble if
the solubility is at least 0.1 mol/L at room tem-
perature, and not soluble if the solubility is less
than 0.001 M/L at room temperature. Table 1.8
summarizes the water solubility’s of some repre-
sentative inorganic salts.

Water influences the conformation of macro-
molecules because it exerts effects on many of
the non-covalent bonds that stabilize the confor-
mation of the large molecules such as proteins,
starches and fibers (Klotz 1965). Three types of
non-covalent bonds exert forces on macromole-
cules: hydrogen bonds, ionic bonds, or hydro-
phobic interactions (apolar bonds). In proteins,
water competes with the intermolecular amide
hydrogen bonds forming water—amide hydrogen
bonds. The greater the hydrogen bonding ability
of the solvent, the weaker the C=0---H-N bond.
In aqueous solvents the heat of formation or dis-
ruption of this bond is zero. This means that a

Table 1.8 Examples of solubility of inorganic salts

1. The Na*, K*, and NH,* ions form soluble salts. Thus,
NaCl, KNO;, (NH,),SO,, Na,S, and (NH,),CO; are
soluble

2. The nitrate (NO5~) ion forms soluble salts. Thus,
Cu(NOs), and Fe(NOs); are soluble

3. The chloride (C17), bromide (Br~), and iodide (I7)
ions generally form soluble salts. Exceptions to this
rule include salts of the Pb*, Hg,**, Ag*, and Cu*
ions. ZnCl, is soluble, but CuBr is not

4. The sulfate (SO,*) ion generally forms soluble salts.
Exceptions include BaSO,, SrSO,, and PbSO,, which
are insoluble, and Ag,SO,, CaSO,, and Hg,SO,,
which are slightly soluble

Insoluble salts

1. Sulfides (S*7) are usually insoluble. Exceptions
include Na,S, K,S, (NH,),S, MgS, CaS, SrS, and BaS

2. Oxides (O*") are usually insoluble. Exceptions
include Na,O, K,O, SrO, and BaO, which are
soluble, and CaO, which is slightly soluble

3. Hydroxides (OH") are usually insoluble. Exceptions
include NaOH, KOH, Sr(OH),, and Ba(OH),, which
are soluble, and Ca(OH),, which is slightly soluble

4. Chromates (CrO,>") are usually insoluble. Exceptions
include Na,CrO,, K,CrO,, (NH,),CrO,, and MgCrO,

5. Phosphates (PO,*") and carbonates (CO;*") are
usually insoluble. Exceptions include salts of the
Na*, K*, and NH,* ions




Properties of Hydrogen Bonds

C=0:--H-N hydrogen bond cannot provide stabi-
lization in aqueous solutions. The competitive
hydrogen bonding by H,O lessens the thermody-
namic stability of interamide hydrogen bonds.

Properties of Hydrogen Bonds

Hydrogen bonding of water molecules is of cru-
cial importance because all life forms exist in an
aqueous environment constituted about 70-80%
intracellular water. Although the exact structure
of liquid water is unknown, it appears that liquid
water contains transient hydrogen-bonded net-
works. Water molecules are in rapid motion,
constantly making and breaking hydrogen bonds
with adjacent molecules. As the temperature of
water increases toward 100 °C at atmospheric
pressure, the kinetic energy of its molecules
becomes greater than the energy of the hydrogen
bonds connecting them, and the gaseous form of
water appears.

Normally, a hydrogen atom forms a covalent
bond with only one other atom as typically seen
in hydrocarbon side chains. A hydrogen atom
covalently bonded to a donor atom, D, may form
an additional weak association, the hydrogen
bond, with an acceptor atom, A:

Fig. 1.9 Water readily
forms hydrogen bonds H
with simple organic I
compounds B 0 -H
H
|
: 'O - H

Water - Water

Hydrogen bond

For a hydrogen bond to form, the donor atom
must be electronegative, so that the covalent D—-H
bond is polar. The acceptor atom also must be
electronegative, and its outer shell must have at
least one nonbonding pair of electrons that
attracts the 8* charge of the hydrogen atom. In
biological systems, both donors and acceptors are
usually nitrogen or oxygen atoms, especially
those atoms in amino (-NH,) and hydroxyl
(—OH) groups. Because all covalent N-H and
O-H bonds are polar, their H atoms can partici-
pate in hydrogen bonds. By contrast, C—H bonds
are nonpolar, so these H atoms are almost never
involved in a hydrogen bond.

Liquid water molecules provide an excellent
example of hydrogen bonding. The hydrogen
atom in one water molecule is attracted to a pair
of electrons in the outer shell of an oxygen atom
in an adjacent molecule. Not only do water mol-
ecules hydrogen-bond with one another, they also
form hydrogen bonds with other kinds of mole-
cules as shown in Fig. 1.9. The presence of polar
groups such as hydroxyl (-OH) or amino (-NH,)
groups enhances the solubility of molecules in

H H
|
0-H O-H
H H H
.0-H O~ H- 10~ CH,
H Water - Methanol
I
:0-H
H H

| |
:0~H- :N-CH,

Water - Methylamine
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water. For instance, the hydroxyl group in metha-
nol (CH;0H) and the amino group in methyl-
amine (CH;NH,) can form several hydrogen
bonds with water, enabling the molecules to dis-
solve in water to high concentrations.

Most hydrogen bonds are 0.26 —0.31 nm
long, about twice the length of covalent bonds
between the same atoms. The distance between
the nuclei of the hydrogen and oxygen atoms of
adjacent hydrogen-bonded molecules in water is
approximately 0.27 nm, about twice the length of
the covalent O-H bonds in water. The hydrogen
atom is closer to the donor atom, D, to which it
remains covalently bonded, than it is to the accep-
tor. The length of the covalent D-H bond is a bit
longer than it would be if there were no hydrogen
bonds, because the acceptor “pulls” the hydrogen
away from the donor. The strength of a hydrogen
bond in water (x5 kcal/mol) is much weaker than
a covalent O-H bond (~110 kcal/mol) (Lodish
et al. 2000) (http://www.ncbi.nlm.nih.gov/books/
NBK21726/).

Hydrophobic Interactions

Water molecules surrounding an apolar or
non-polar solutes are more ordered, leading to a
loss in entropy. As a result, apolar groups in an
aqueous environment tend to associate with each
other rather than with the water molecules. This

concept of a hydrophobic interaction has been
schematically represented by Sa et al. (2013), as
shown in Fig. 1.10. Under appropriate conditions
apolar molecules can form crystalline hydrates,
in which the compound is enclosed within the
space formed by a polyhedron made up of water
molecules. Such polyhedrons can form a large
lattice, as indicated in Fig. 1.10. The polyhedrons
may enclose apolar guest molecules to form apo-
lar hydrates (Speedy 1984; Sa et al. 2013). These
pentagonal polyhedra of water molecules are
unstable and normally change to liquid water
above 0 °C and to normal hexagonal ice below
0 °C. In some cases, the hydrates melt well above
30 °C. There is a remarkable similarity between
the small apolar molecules that form these
clathrate-like hydrates and the apolar side chains
of proteins. Some of these are shown in Fig. 1.11.
Because small molecules such as the ones shown
in Fig. 1.11 can form stable water cages, it may
be assumed that some of the apolar amino acid
side chains in a polypeptide can do the same. The
concentration of such side chains in proteins is
high, and the combined effect of all these groups
can be expected to result in the formation of a
stabilized and ordered water region around the
protein molecule. The stabilized water structure
around a protein molecule are illustrated in
Fig. 1.12.

The hydrophobic effect is responsible for the
portioning in a mixture of oil and water, resulting
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Fig. 1.10 Hydrophobic amino acids form different
hydrates in  water.  http://www.nature.com/articles/
srep02428#f5, Sa J-H, Kwak G-H, Lee BR, Park D-H,

Han K, Lee K-H. (2013) Hydrophobic amino acids as a
new class of kinetic inhibitors for gas hydrate formation.
Scientific Reports 3: 2428
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Fig.1.11 Comparison
of hydrate-forming
molecules and amino
acid apolar side chains
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Fig.1.12 Protein hydrated with water molecules stabiliz-
ing the three-dimensional structure of the protein

in separation into two distinct phases of oil and
water. The hydrophobic effect is also seen in cell
membranes providing the stability in the mem-
brane network. It is also seen on the surface of
milk fat globule membranes. Hydrophobic bond-
ing in proteins facilitates protein folding as well
as the insertion of membrane proteins into the
nonpolar lipid environments (Kauzmann 1959;
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Charton and Charton 1982; Breiten et al. 2013;
Lockett et al. 2013).

Water Activity and Sorption
Phenomena

Water activity (a,,) is the partial vapor pressure of
water in a substance divided by the partial vapor
pressure of water at the same temperature.
Essentially it is an expression of relative humid-
ity surrounding the food system. The standard
state vapor pressure is most often defined as the
partial vapor pressure of pure water at the same
temperature. The vapor pressure over pure dis-
tilled water has a water activity of exactly one. As
temperature increases, a, typically increases,
except in some products with crystalline salt or
sugar. Water activity is a physical chemistry
derived quantity. It applies to a system at equi-
librium and it should always be referred to
using a lower case a with subscript w, i.e., a,,.
Controlling the water activity in foods is more
critical to maintain quality and microbiological
stability of the food. Low water activity inhibits
microbial growth, provides textural characteristics
such as crispness and crunchiness in products like
snack foods and ready to eat breakfast cereals.
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The sound produced by ‘crunching’ a breakfast
cereal or a tortillas chip is lost if the a, exceeds
0.65. Rates of chemical reactions increase hydro-
phobic regions but reduced in hydrophilic regions.
The water activity must be carefully balanced to
obtain optimum quality of dehydrated foods and
intermediate moisture foods (Leake 2006). Foods
with an a,, > 0.95 (equivalent to about 43% w/w
sucrose) tend to be highly perishable and prone to
microbial growth. Most bacteria growth is inhib-
ited below about a, = 0.91 (equivalent to about
57% wlw sucrose); similarly, most yeasts cease
growing below a,, = 0.87 (equivalent to about 65%
w/w sucrose) and most molds cease growing
below a, > 0.80 (equivalent to about 73% w/w
sucrose). The lower limit of microbial growth is
about a,, = 0.6.

Products with higher a,, tend to support more
microbial growth. Bacteria usually require at least
0.91, and fungi at least 0.7. Water will migrate
from areas of high a,, to areas of low «,,. For exam-
ple, if a sugar syrup or honey has an a,, = 0.6 and
the relative humidity of air above it is 0.85, the
sugar solution will absorb moisture from the air. A
consequence of this is that the surface could ulti-

1.0

1

_}-;

a, ~0.75
jam and preserves 30.5%

0.5

mately gain enough moisture for mold growth on
the surface. Another example is that crackers
which have an a,, of 0.3 are exposed to air with
80% relative humidity, the crackers will lose crisp-
ness and snap when eaten. If salami (a,, ~ 0.87) is
exposed to dry air (a,,w = 0.5), the salami will lose
moisture and could adversely impact texture or
oxidative stability of the product.

Water activity does not correlate directly with
water content of the food. It is related to the
amount of soluble solids and their molecular size
in the material thus sweetened condensed milk
contains over 30% water and small size sugars
but has the same a,, as flour or rice which contain
around 12% moisture and starch and proteins as
shown in Fig. 1.13.

Water activity influences many characteristics
in foods that impact quality:

* a,~0.2-0.3 below this value reactions requir-
ing water phase do not occur

e a, ~ 0.2-0.3 below this rate of lipid oxidation
increases

e a, ~ 0.35-0.4 stickiness and caking are
observed

a,, ~0.95

Fruits 75t087%
Vegetables 78 to 95%
Milk 87%

Meat 65%

a,, ~0.80
Sweetened condensed milk 31%
Flour and rice 12%
Corn syrup 23%

a, ~0.50
Dried fruit 40 -70%

a, ~0.30
Cookies, crackers 3.5%

L

Dry cereal 3.0 -3.5%

a, ~0.03

Water content of food (%)

Fig.1.13 Water activity in foods at different moisture contents
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* a, ~ 0.4-0.5 loss of crispness on gain of
moisture

* a, ~ 0.5 onset of hardening (e.g. raisins) on
loss of moisture

* a, ~ 0.6 onset of microbial growth

* a, ~ 0.65-0.85 reaction rate in amorphous
systems enzyme activity, lipid oxidation

e a, ~ 0.85 onset of growth of bacterial
pathogens.

Water activity (a,) describes the effective
water concentration for hydration of materials.
Water activity of 1.0 indicates pure water and
zero is the complete absence of water molecules.
Mixing of solute lowers the water activity of the
system when the system reaches equilibrium.
Water activity has been reviewed for a variety of
aqueous systems (Blandamer et al. 2005) and
biological systems (Schiraldi et al. 2012). Water
activity can be determined from the dew-point
temperature of the atmosphere in equilibrium
with the material (Mathlouthi 2001; Blandamer
et al. 2005). A high a, (>0.8) indicates a moist
system and a low a,, (<0.7) indicates a ‘dry’ sys-

aqueous solution in equilibrium with ice (a, ) is
equal to the water vapor pressure over ice, to the
water pressure over pure liquid water and does
not depend on the solute’s nature or concentra-
tion (Koop et al. 2000). Solutions with the same
ice melting point therefore have the same water
activity.

Figure 1.14 is a water activity isotherm dis-
playing the hysteresis often encountered depend-
ing on whether the water is being added to the dry
material or removed (drying) from the wet mate-
rial. This hysteresis is due to non-reversible
structural changes and non-equilibrium effects.
There are many empirical equations but none
predict with sufficient accuracy, therefore, water
activity isotherm should be experimentally deter-
mined for each material.

Water activity is a property of aqueous solu-
tions and materials that contain water from the
liquid state to dry powders, a, is defined as the
ratio of the vapor pressures of pure water and a
solution:

_Pp
tem. The nature of a hydrocolloid or protein 4, = »
polymer network can influence the water activity ’
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where a,, = water activity

p = partial pressure of water in a food

P, = vapor pressure of water at the same
temperature

According to Raoult’s law, the lowering of the
vapor pressure of a solution is proportional to the
mole fraction of the solute: a,, can then be related
to the molar concentrations of soute (72;) and sol-
vent (n,):

n
o P __M

, =
p, mtn,

The extent to which a solute reduces a,, is a
function of the chemical nature of the solute. The
equilibrium relative humidity (ERH) in percent-
age is ERH/100. ERH is defined as:

equ

ERH =2
»

where

pe = partial pressure of water vapor in equi-
librium with the food at temperature T and 1
atmosphere total pressure

p* = the saturation partial pressure of water in
air at the same temperature and pressure

At high moisture contents, when the amount
of moisture in the product exceeds the soluble
solids, the water activity is close to or equal to
1.0. When the moisture content is lower than the
solids, water activity is lower than 1.0, as indi-

cated in Fig. 1.13. Below moisture content of
about 50% the water activity decreases rapidly
and the relationship between water content and
relative humidity is represented by the sorption
isotherms. The adsorption and desorption pro-
cesses are not fully reversible; therefore, a dis-
tinction can be made between the adsorption
and desorption isotherms by determining
whether a dry product’s moisture levels are
increasing, or whether the product’s moisture is
gradually lowering to reach equilibrium with its
surroundings, implying that the product is being
dried (Fig. 1.15). Generally, the adsorption iso-
therms are required for the observation of
hygroscopic products, and the desorption iso-
therms are useful for investigation of the pro-
cess of drying. A steeply sloping curve indicates
that the material is hygroscopic (curve A,
Fig. 1.15); a flat curve indicates a product that is
not very sensitive to moisture (curve B,
Fig. 1.15). Many foods show the type of curves
given in Fig. 1.15C, where the first part of the
curve is quite flat, indicating a low hygroscopic-
ity, and the end of the curve is quite steep, indi-
cating highly hygroscopic conditions. Such
curves are typical for foods with high sugar or
salt contents and low capillary adsorption. Such
foods are hygroscopic. The reverse of this type
of curve is rarely encountered. These curves
show that a hygroscopic product or hygroscopic
conditions can be defined as the case where a

Fig.1.15 Sorption
isotherms of
hygroscopic product (A)
and non-hygroscopic
product (B), high
crystalline sugar or salt
with low capillary
absorption (C)
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small increase in relative humidity causes a
large increase in product moisture content.
Sorption isotherms usually have a sigmoid
shape and can be divided into three areas that
correspond to different conditions of the water
present in the food (Fig. 1.16). The first part (A)
of the isotherm, which is usually steep, corre-
sponds to the adsorption of a monomolecular
layer of water; the second, flatter part (B) corre-
sponds to adsorption of additional layers of
water; and the third part (C) relates to condensa-
tion of water in capillaries and pores of the mate-
rial. There are no sharp divisions between these
three regions, and no definite values of relative
humidity exist to delineate these parts. Labuza
(1968) has reviewed the various ways in which
the isotherms can be explained. The kinetic
approach is based on the Langmuir equation,
which was initially developed for adsorption of
gases and solids. This can be expressed in the fol-

lowing form:
a_
Vv
where

a = water activity
b = a constant

K = 1/p, and p, = vapor pressure of water at 7,
V = volume adsorbed

V., = monolayer value

K

bV,

a
Vv

m

When a/V is plotted versus a, the result is a
straight line with a slope equal to 1/V,, and the
monolayer value can be calculated. In this form,
the equation has not been satisfactory for foods,
because the heat of adsorption that enters into the
constant b is not constant over the whole surface,
because of interaction between adsorbed mole-
cules, and because maximum adsorption is
greater than only a monolayer.

A form of isotherm widely used for foods is
the one described by Brunauer et al. (1938) and
known as the BET isotherm or equation. A form
of the BET equation given by Labuza (1968) is

where

C = constant related to the heat of adsorption

A plot of a/(1 — a)V versus a gives a straight
line, as indicated in Fig. 1.17 The monolayer cov-
erage value can be calculated from the slope and
the intercept of the line. The BET isotherm is
only applicable for values of a from 0.1 to 0.5. In
addition to monolayer coverage, the water sur-
face area can be calculated by means of the fol-
lowing equation:

a_ _ 1
(I-—a)v v,C

a (C —1)
V.C

Fig.1.16 Adsorption
and desorption
isotherms
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Fig. 1.17 BET monolayer plot. Adapted from Labuza
(1968). A = a,,, V = Volume absorbed, C = heat of adsorp-
tion constant, V,, = monolayer value

where

S =surface area,m’/ gsolid

M, , = molecular weight of water,18

N, = Avogadro'snumber, 6x10*

Ay, =areaof water molecule, 10.6x 10*m’

The BET equation has been used in many
cases to describe the sorption behavior of foods.
For example, note the work of Saravacos (1967)
on the sorption of dehydrated apple and potato.
The form of BET equation used for calculation of
the monolayer value was

p 1 C-1P
= + ._0
W(p,-p) WC WC P

where

W = water content (in percent)

p = vapor pressure of sample

p, = vapor pressure of water at same
temperature

C = heat of adsorption constant

W, = moisture consent corresponding to
monolayer

Labuza (1968) described several approaches
to analyze the sorption isotherms. The Langmuir
isotherm as modified by Brunauer et al. (1938)
has been most widely used with food products.

The Langmuir isotherm assumes that there are a
fixed number of sites where the sorption process
can occur. The process continues until all the
sites are filled. The BET theory assumes multiple
layers will continue to form after the first mono-
layer is complete.

Another method to analyze the sorption iso-
therms is the GAB sorption model described by
van den Berg and Bruin (1981) and used by Roos
(1993) and Jouppila and Roos (1994). The use of
the GAB model is described in Roos and Drusch
(2015).

The best explanation for syneresis phenome-
non appears to be the so-called ink bottle theory
(Labuza 1968). It is assumed that the capillaries
have narrow necks and large bodies, as repre-
sented schematically in Fig. 1.18. During adsorp-
tion the capillary does not fill completely until
an activity is reached that corresponds to the
large radius R. During desorption, the unfilling is
controlled by the smaller radius r, thus lowering
the water activity. Several other theories have
been advanced to account for the hysteresis in
sorption. These have been summarized by
Kapsalis (1987).

The position of the sorption isotherms depends
on temperature: the higher the temperature, the
lower the position on the graph. This decrease in
the amount adsorbed at higher temperatures fol-
lows the Clausius Clapeyron relationship,

d(Ina) 0

d(1/T) R
where
Q, = heat of adsorption
R = gas constant
T = absolute temperature

By plotting the natural logarithm of activity
versus the reciprocal of absolute temperature at
constant moisture values, straight lines are
obtained with a slope of —Q,/R (Fig. 1.19). The
values of Q; obtained in this way for foods having
less than full monolayer coverage are between
about 2000 and 10,000 cal/mol, demonstrating
the strong binding of this water.
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Fig.1.18 Ink bottle
theory of hysteresis in
sorption. Adapted from:
Labuza (1968)
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Activity (Qs)

YT

Fig. 1.19 Method for determination of heat of adsorp-
tion. Moisture content increases from M, to Ms. Adapted
from: Labuza (1968)

According to the principle of BET isotherm,
the heat of sorption Q, should be constant up to
monolayer coverage and then should suddenly
decrease. Labuza (1968) has pointed out that the
latent heat of vaporization AH,, about 10.4 kcal/
mol, should be added to obtain the total heat
value. The plot representing BET conditions as
well as actual findings are given in Fig. 1.20. The
observed heat of sorption at low moisture
contents is higher than theory indicates and falls
off gradually, indicating the gradual change from
Langmuir to capillary water.

The position of the sorption isotherms depends
on temperature: the higher the temperature, the
lower the position on the graph. This decrease in
the amount adsorbed at higher temperatures fol-
lows the Clausius Clapeyron relationship,

d(Ina) 0,

d(1/T) R

Heat of Sorption

Vm Moisture (%)

Fig. 1.20 Relationship of heat of sorption and moisture
content as actually observed and according to BET
Theory. Adapted from Labuza (1968)

where

O, = heat of adsorption
R = gas constant

T = absolute temperature

According to the principle of BET isotherm,
the heat of sorption Q, should be constant up to
monolayer coverage and then should suddenly
decrease. Labuza (1968) has pointed out that the
latent heat of vaporization AH,, about 10.4 kcal/
mol, should be added to obtain the total heat
value. The plot representing BET conditions as
well as actual findings are given in Fig. 1.20. The
observed heat of sorption at low moisture con-
tents is higher than theory indicates and falls off
gradually, indicating the gradual change from
Langmuir to capillary water.
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Types of Water

The sorption isotherm indicates that differently
structured forms of water may be present in
foods. It is convenient to divide the water into
three types: Langmuir or monolayer water, capil-
lary water, and loosely bound water. The strongly
interacting water can be attracted strongly and
held in a rigid and orderly state. In this state the
water molecules have reduced solvent capacity
and may not form ice. It is difficult to provide a
rigid definition for water strongly interacting
with food solids because much depends on the
technique used for its measurement. There are
two commonly used but not agreeable definitions
for bound water as follows:

1. Bound water is the water that remains unfro-
zen below —20 °C (note that all water mole-
cules can form ice but they may have strong
thermodynamic interactions with solids and
not show ice formation).

2. Bound water is the amount of water in a sys-
tem that is unavailable as a solvent (note that
all water molecules can act as solvent but their
thermodynamic state may not favor solvent
capacity).

The amount of unfrozen water, based on pro-
tein content, appears to vary only slightly from
one food to another. About 8—10% of the total
water in animal tissue may remain unfrozen
(Meryman 1966). Egg white, egg yolk, meat, and
fish all contain approximately 0.4 g of unfrozen
water per gram of dry protein. This corresponds
to 11.4% of total water in lean meat. Most fruits
and vegetables contain less than 6% unfrozen
water; whole grain corn, 34%. However, the pres-
ent knowledge is that in most food materials an
unfrozen maximally freeze-concentrated water-
solids phase forms at a low but composition spe-
cific temperature. Such unfrozen phase typically
contains 20% unfrozen water and 80% solids
(Levine and Slade 1986; Roos and Drusch 2015).

The “free” or bulk water is sometimes deter-
mined by pressing a food sample between filter
paper, by diluting with an added colored sub-
stance, or by centrifugation. None of these meth-

ods permits a distinct division between bulk and
strongly hydrogen bonding water, and results
obtained are not necessarily identical between
methods. This is not surprising since the adsorp-
tion isotherm indicates that the division between
the different forms of water is gradual rather than
sharp. A promising new method is the use of
nuclear magnetic resonance, which can be
expected to give results based on the freedom of
movement of the hydrogen nuclei.

The main reason for the increased water con-
tent at high values of water activity must be capil-
lary condensation. A liquid with surface tension
o in a capillary with radius r is subject to a pres-
sure loss, the capillary pressure p, = 20/r; as evi-
denced by the rising of the liquid in the capillary.
As a result, there is a reduction in vapor pressure
in the capillary, which can be expressed by the
Thomson equation,

p__20 V.
RT

where

p = vapor pressure of liquid
p, = capillary vapor pressure
¢ = surface tension

V =mole volume of liquid

R = gas constant

T = absolute temperature

This permits the calculation of water activity
in capillaries of different radii, as indicated in
Table 1.9. In water-rich foods, such as meat and
potatoes, the water is present in part in capillar-
ies with a radius of 1 pm or more. The pressure

Table 1.9 Capillary radius and water activity

Radius (nm) Activity (a)
0.51 0.116
1 0.340
2 0.583
5 0.806
10 0.898
20 0.948
50 0.979
100 0.989
1000 0.999
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Table 1.10 Pressure required to press
water from tissue at 20 °C

Radius Pressure in Pa
0.1 pm 140,003

1 pm 145,531

10 pm 14,553

0.1 mm 1455

1 mm 145.5

necessary to remove this water is small. Calculated
values of this pressure are given in Table 1.10 for
water contained in capillaries ranging from
0.1 pm to 1 mm radius. It is evident that water
from capillaries of 0.1 pm or larger can easily
drip out. Structural damage caused, for instance,
by freezing can easily result in drip loss in these
products. The fact that water serves as a solvent
for many solutes such as salts and sugars is an
additional factor in reducing the vapor pressure.

Atlow temperatures in some food systems water
can remain unfrozen at ordinary pressures. Freezing
point depression can be caused by: 1—equilibrium
effects such as freezing point depression due to
hydration or osmotic effects, 2—supercooling
which is the delay or absence of formation of an ice
crystal in the absence of efficient ice nucleators,
3—the high viscosity produced by high concentra-
tions of solutes (Wolfe et al. 2002).

The freezing point of water can be lowered as
a result of the osmotic effects of dissolved solutes
such as salt, the hydration effects of macromole-
cules or ultrastructures, such as membranes. For
each mole of soluble molecules (i.e. sugar) or ions
(i.e. Na* or CI7) in kilogram of water, one lowers
the equilibrium freezing point by (approximately)
2°. At equilibrium, freezing is a balance of mini-
mizing energy and maximizing entropy. Molecules
in ice have lower energy than liquid water, because
of interaction with neighboring molecules, but
they also have lower entropy because they cannot
move about. Solutes are minimally soluble in ice,
so the entropy of ice is unaffected by their pres-
ence. However, dissolved solutes in water increase
the entropy of the water molecules which results
in lowering energy and maximizing entropy at
low temperatures (Wolfe et al. 2002).

The depression of freezing point by hydration
occurs when water within 1 nm (0.000001 mm)

of a hydrophilic surface freezes at a lower tem-
perature than water. The closer to the surface, the
lower the freezing temperature of the water. The
water molecules closest to the surface, are very
difficult to freeze or to remove. This is because
the equilibrium hydration effect. The water near
a surface is affected by that surface. The surface
of biomolecules usually affects the energy
and orientation of nearby water molecules.
Some surfaces are charged or dipolar, and their
electric field affects the orientation and energy of
nearby water molecules. The molecules compris-
ing the surface form hydrogen bonds with water
disrupting the water near the surface. Most sur-
faces don’t form hydrogen bonds with water, but
they disrupt the water hydrogen bonds of the
water near the surface (Wolfe et al. 2002).

This disturbance of the attracted water extends
several molecular layers from a hydrophilic
surface.

The increasing energy required to remove
water molecules that are closer to the hydrophilic
surface similarly gives rise to the greater freezing
point depression. Undisturbed, bulk water freezes
below its equilibrium freezing temperature
(which depends on the solute concentration). The
more strongly the water near a surface is held (i.e.
the closer it is to the surface), the lower the tem-
perature at which it freezes (Wolfe et al. 2002).

Freezing point depression also occurs in non-
equilibrium systems such as super cooling. Small
volumes of water, or large volumes of very pure
water, can be cooled below 0 °C before they
freeze. The water in biological systems is found
in very small volumes, such as the interiors of
cells and organelles, where supercooling occurs
in processing such as freezing foods. Before
freezing nuclei are formed and these nuclei must
reach a minimum size for crystallization to occur.
The size of an ice crystal decreases with sub-
freezing temperature, but just below freezing it is
large (Wolfe and Bryant 1999). The likelihood of
a large number of molecules spontaneously
forming ice crystals is small. Consequently,
pure water can be cooled to well below zero
(sometimes to —40 °C) before ice forms. Usually
water will freeze at only a few degrees below
zero. This is because a range of substances act as
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ice nucleators: they act as surfaces on which an
ice crystal can form an embryo for their growth.
The more efficient the nucleator, and the more of
them there are, the easier it is to freeze.
Conversely, small volumes of very pure water
can be supercooled most easily.

When some of the water in a system freezes,
the solutes are concentrated in the remaining
unfrozen water, producing more concentrated
solutions. The increased concentration of solutes
results in increased viscosity of the unfrozen
water. In the more viscous solution water mole-
cules diffuse and rotate more slowly making it
less likely for ice nuclei to form and increased
likelihood for supercooling to occur. At the same
time water cannot quickly diffuse from the region
near a hydrophilic surface to a region where ice
has already started to form. Thus the amount of
unfrozen water is higher than one would expect
at equilibrium.

High viscosity and low temperature can pro-
duce a glass. A glass is a non-crystalline solid.
Window glass is an example. Glasses are formed
when the viscosity of a liquid becomes so high
that it can resist shear stresses (resist changes in
shape) for extremely long periods. When the
water in cells forms a glass, diffusion, freezing
and biochemistry are virtually stopped.

For a solute to cause significant freezing point
depression it must be sufficiently soluble to
achieve  high concentrations in  water.
Supersaturation often occurs at freezing tempera-
tures. For osmotic freezing point depression, the
direct effect of small solutes is similar at low con-
centration. Provided that one counts dissociating
solutes (MgCl, in solution is three solute ions),
the freezing point depression is approximately
proportional to concentration. At high concentra-
tion, the osmotic effects of salts may be less than
proportional to concentration. Conversely, the
osmotic effect of many solutes such as sugars
increases at high concentration by more than
simple proportionality (Wolfe and Bryant 2001).

The thermal behavior of water has been stud-
ied by Riedel (1959), who found that water in
bread did not freeze at all when moisture content
was below 18%. With this method it was possible
to determine the unfrozen water. For bread, the
value was 0.30 g/g dry matter, and for fish and

meat, 0.40 g/g protein. The unfrozen and
Langmuir water are probably not exactly the
same. Wierbicki and Deatherage (1958) used a
pressure method to determine free water in meat.
The amount of free water in beef, pork, veal, and
lamb varies from 30 to 50% of total moisture,
depending on the kind of meat and the period of
aging. A sharp drop in such water occurs during
the first day after slaughter, and is followed by a
gradual, slight increase. Hamm and Deatherage
(1960b) determined the changes in hydration
during the heating of meat. At the normal pH of
meat there is a considerable reduction of bound
water. It is important to note that “bound” water
and “free” water may refer to water that can be
mechanically removed from food and such defi-
nitions are not justified for quantification of water
freezing. A new method to determine unfrozen
water contents in multicomponent food materials
was presented by Roos and Potes (2015).

Phase Diagram

A phase diagram illustrates what phases of a sub-
stance are present at any given temperature and
pressure. The phases are simply the solid, liquid
or vapor states of a pure substance. Figure 1.21
demonstrates a phase diagram of a pure substance

A

Solid

High pressure
Low
Temperature

Pressure ——

Gas

High temperature
Low Pressure

Temperature ——>

Fig.1.21 Phase diagram of water. More detailed discussion:
http://www 1 .1Isbu.ac.uk/water/water_phase_diagram.html
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such as water. The phase diagram indicates the
existence of three phases: solid, liquid, and gas.
The conditions under which they exist are sepa-
rated by three equilibrium lines known as phase
boundaries: the vapor pressure line TA, the melt-
ing pressure line TC, and the sublimation pres-
sure line BT. The three lines meet at point T
(triple point), where all three phases are in equi-
librium. The diagram also illustrates that when
ice is heated at pressures below 6.1 mbar, it
changes directly into the vapor form. This is the
basis of freeze drying.

The Glass Transition

In aqueous systems containing polymeric sub-
stances or some low molecular weight materials
including sugars and other carbohydrates, lower-
ing of the temperature may result in formation of
a glass. A glass is an amorphous solid material
rather than a crystalline solid. A glass is an super-
cooled liquid of high viscosity that exists in a
metastable solid state (Levine and Slade 1999). A
glass is formed when a liquid or an aqueous solu-
tion is cooled to a temperature that is consider-
ably lower than its melting temperature. This is
usually achieved at high cooling rates. The nor-
mal process of crystallization involves the con-
version of a disordered liquid molecular structure
to a highly ordered arrangement in a crystal. In a
crystal, molecules, atoms or ions are arranged in
a regular, three-dimensional array. In the forma-
tion of a glass, the disordered liquid state is
immobilized into a disordered glassy solid, which
has solid-like rheological properties but no
ordered crystalline structure.

The relationships among melting point (T,,),
glass transition temperature (T,), and crystalliza-
tion are schematically represented in Fig. 1.22.
At low degree of supercooling (just below T,,),
nucleation is at a minimum and crystal growth
predominates. As the degree of supercooling
increases, nucleation becomes the dominating
effect. The maximum overall crystallization rate
is at a point about halfway between T,, and T,.
At high cooling rates and a degree of supercool-
ing that moves the temperature to below T,, no

Nucleation

Crystallization
Rate

P LL LT T
. L
.

Temperature (T)

Fig. 1.22 Relationships among crystal growth, nucle-
ation, and crystallization rate between melting tempera-
ture (T,,) and glass temperature (T,)
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Fig.1.23 Simplified state diagram showing the effect of
moisture content on melting temperature (T,,) and glass
transition temperature (T,)

crystals are formed and a glassy solid results.
During the transition from the molten state to the
glassy state, the moisture content plays an impor-
tant role. This is illustrated by the phase diagram
of Fig. 1.23. When the temperature is lowered at
sufficiently high moisture content, the system
goes through a rubbery state before becoming
glassy (Chirife and Buera 1996). The glass tran-
sition temperature is characterized by very high
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Fig. 1.24 Relationship between water activity (a,) and
glass transition temperature (T,) of some plant materials
and biopolymers. Source: Reprinted with permission from
J. Cherife and M. del Pinar Buera, Water Activity, Water

apparent viscosities of more than 10° Pa s
(Aguilera et al. 1990). The rate of diffusion lim-
ited processes is more rapid in the rubbery state
than in the glassy state, and this may be important
in the storage stability of certain foods. The effect
of water activity on the glass transition tempera-
ture of a number of plant products (carrots, straw-
berries, and potatoes) as well as some biopolymers
(gelatin, wheat gluten, and wheat starch) is shown
in Fig. 1.24 (Chirife and Buera 1996). In the rub-
bery state the rates of chemical reactions appear
to be higher than in the glassy state (Roos and
Karel 1991d).

When water-containing foods are cooled to
below the freezing point of water, ice may be
formed and the remaining water is increasingly
high in dissolved solids. When the glass transi-
tion temperature is reached, the freeze-
concentrated solids with remaining unfrozen
water is transformed into a glass. Ice formation
during freezing may destabilize sensitive prod-
ucts by rupturing cell walls and breaking emul-
sions. The presence of glass-forming substances

Glass Dynamics and the Control of Microbiological
Growth in Foods, Critical Review Food Sci. Nutr., Vol.
36, No. 5, p. 490, ©1996. Copyright CRC Press, Boca
Raton, Florida

may help prevent this from occurring. Such
stabilization of frozen products is known as
cryoprotection, and the agents are known as
cryoprotectants.

When water is removed from foods during
processes such as extrusion, drying, or freezing, a
glassy state may be produced (Roos and Drusch
2015). The T, values of high molecular mass
food polymers, proteins, and polysaccharides are
high and cannot be determined experimentally,
because of thermal decomposition. An example
of measured T, values for low molecular mass
carbohydrates is given in Fig. 1.25. The value of
T, for starch is obtained by extrapolation.

Roos and Drusch (2015) used a combined
sorption isotherm and state diagram to obtain
critical water activity and water content values
that result in depressing T, to below ambient tem-
perature (Fig. 1.26). This type of plot can be used
to evaluate the stability of low-moisture foods
under different storage conditions. When the T, is
decreased to below ambient temperature, mole-
cules are mobilized because of plasticization and
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reaction rates increase because of increased dif-
fusion, which in turn may lead to deterioration.
Roos and Himberg (1994) and Roos et al. (1996)
have described how glass transition temperatures
influence nonenzymatic browning in model sys-
tems. This deteriorative reaction showed an
increased reaction rate as water content increased.
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Fig. 1.25 Glass transition temperature (T,) for maltose,
maltose polymers, and extrapolated value for starch. M
indicates molecular weight. Adopted from from
Y.H. Roos, Glass Transition-Related Physico-Chemical
Changes in Foods, Food Technology, Vol. 49, No. 10,
p- 98, © 1995, Institute of Food Technologists

Carbohydrate polymers with different molec-
ular mass have different glass transition tempera-
tures. Figure 1.27 illustrates the glass transition
temperature (T,) of different starch hydrolysates
at different moisture contents. From the figure it
can be seen that the T, decreases with decreasing
molecular weight. All of the starches demon-
strate the reduction of T, with increasing water
content.

The water present in foods may act as a plasti-
cizer. Plasticizers increase plasticity and flexibil-
ity of food polymers as a result of weakening of
the intermolecular forces existing between mol-
ecules. Increasing water content decreases T,.
Roos and Karel (1991a) studied the plasticizing
effect of water on thermal behavior and crystal-
lization of amorphous food models. They found
that dried foods containing sugars behave like
amorphous materials, and that small amounts of
water decrease T, to room temperature with the
result of structural collapse and formation of
stickiness. Roos and Karel (1991d) reported a
linearity between water activity (a,,) and T, over
the a,, range of 0.1-0.8. This allows prediction of
T, at the a,, range typical of dehydrated and inter-
mediate moisture foods.
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Fig. 1.26 Modified state diagram showing relationship
between glass transition temperature (T,), water activity
(GAB isotherm), and water content for an extruded snack
food model. Crispness is lost as water plasticization
depresses T, to below 24 °C. Plasticization is indicated
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with critical values for water activity and water content.
Adapted from: Y.H. Roos, Glass Transition-Related
Physico-Chemical Changes in Foods, Food Technology,
Vol. 49, No. 10, p. 99, © 1995, Institute of Food

Technologists
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Water Activity and Reaction Rate

Water activity has a profound effect on the rate of
many chemical reactions in foods and on the rate
of microbial growth (Labuza 1980). This infor-
mation is summarized in Table 1.11. Enzyme
activity is virtually nonexistent in the monolayer
water (a, between 0 and 0.2). Not surprisingly,
growth of microorganisms at this level of a, is
also virtually zero. Molds and yeasts start to
grow at a,, between 0.7 and 0.8, the upper limit of
capillary water. Bacterial growth takes place
when a,, reaches 0.8, the limit of loosely bound
water. Enzyme activity increases gradually
between a,, of 0.3 and 0.8, then increases rapidly
in the loosely bound water area (a, 0.8-1.0).
Hydrolytic reactions and non-enzymic browning
do not proceed in the monolayer water range of
a,, (0.0-0.25). However, lipid oxidation rates are
high in this area, passing from a minimum at a,,
0.3-0.4, to a maximum at a,, 0.8. The influence
of a,, on chemical reactivity has been reviewed
by Leung (1987). The relationship between
water activity and rates of several reactions and
enzyme activity is presented graphically in
Fig. 1.28 (Bone 1987).

(é)]

10 15 20 25 30
water content (wb) / %

Table 1.11 Reaction rates in foods as determined by
water activity

Loosely
Monolayer | Capillary | bound
Reaction water water water
Enzyme activity | Zero Low High
Mold growth Zero Low* High
Yeast growth Zero Low?* High
Bacterial growth | Zero Zero High
Hydrolysis Zero Rapid High
increase
Nonenzymic Zero Rapid High
browning increase
Lipid oxidation High Rapid High
increase

*Growth starts at a,, of 0.7-0.8

Water Activity and Food Spoilage

The influence of water activity on food quality
and spoilage is well established and widely rec-
ognized as an important factor (Rockland and
Nishi 1980). Moisture content and water activity
affect the progress of chemical and microbiolog-
ical spoilage reactions in foods. Dried or freeze-
dried foods, which have great storage stability,
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Fig. 1.28 Relationship between water activity and a number of reaction rates. http://www.aqualab.com/education/

measurement-of-water-activity-for-product-quality/

usually have water contents in the range of about
5-15%. The group of intermediate-moisture
foods, such as dates and cakes, may have
moisture contents in the range of about 20-40%.
The dried foods correspond to the lower part of
the sorption isotherms. This includes water in the
monolayer and multilayer category. Intermediate-
moisture foods have water activities generally
above 0.5, including the capillary water.
Reduction of water activity can be obtained by
drying or by adding water-soluble substances,
such as sugar to jams or salt to pickled preserves.
Bacterial growth is virtually impossible below a
water activity of 0.90. Molds and yeasts are usu-
ally inhibited between 0.88 and 0.80, although
some osmophile yeast strains grow at water
activities down to 0.65.

Uncontrolled enzyme activity in intermediate
moisture foods can have detrimental effects on
quality.

Most enzymes are inactive when the water
activity falls below 0.85. Such enzymes include
invertases, amylases, phenoloxidases, peroxidases,
lipoxygenases and lipases (see Table 1.12). All of

these can adversely affect product quality. Lipase
can retain activity as at a,, values as low as 0.3 or
sometimes 0.1 (Loncin et al. 1968). Acker (1969)
provided examples of the effect of water activity
on some enzymatic reactions. Practical observa-
tions of lipase and lipoxygenase activity can be
observed in soy flour, whole grain wheat flours,
crackers and peanuts where rancid aroma is
observed in otherwise sable products with a,, of 0.3
or lower. Table 1.12 contains the minimum «,, and
temperatures for enzyme activity. The low water
activity for lipases is taken advantage of to produce
interesterified lipids in non-aqueous systems.
Acker found that for reactions in which lipo-
lytic enzyme activity was measured, the manner
in which components of the food system were put
into contact significantly influenced the enzyme
activity. Separation of substrate and enzyme
could greatly retard the reaction. Also, the sub-
strate has to be in liquid form; for example, liquid
oil could be hydrolyzed at water activity as low
as 0.15, but solid fat was only slightly hydro-
lyzed. Oxidizing enzymes were affected by water
activity in about the same way as hydrolytic
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Table 1.12 Minimum a,, values for enzyme activity in selected foods and model systems

Product/substrate Enzyme T (°C) a,, threshold
Grains Phytases 20 0.90
Wheat germ Glucoside-hydrolases 20 0.20
Rye flour Amylases 30 0.75
Proteases
Macaroni Phospholipases 25-30 0.45
Wheat flour dough Proteases 35 0.96
Bread Amylases 30 0.36
Proteases
Starch Amylases 37 0.40/0.75
Potato Polyphenoloxidase 25 0.25
Galactose Galactosidase 30 0.40/0.60
Olive oil Lipase 5-40 0.025
Triolein, trilaurin Phospholipases 30 0.45
Glucose Glucose oxidase 30 0.40
Linoleic acid Lipoxygenase 25 0.50/0.70
Casein Trypsin 30 0.50
Adapted from Drapon (1985). Potato data from Acker (1969)
0.6
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Fig. 1.29 Color change of milk powder (blue color
dashed line) and loss of free lysine in milk powder (red
color dashed line) kept at 40 °C for 10 days as a function
of water activity. Data adopted from: From M. Loncin,

enzymes, as was shown by the example of pheno-
loxidase from potato.

Nonenzymatic browning or Maillard reac-
tions are one of the most important factors caus-
ing spoilage in foods. These reactions are
strongly dependent on water activity and reach a
maximum rate at a values of 0.6-0.7 (Loncin
et al. 1968). This is illustrated by the browning
of milk powder kept at 40 °C for 10 days as a
function of water activity (Fig. 1.29). The loss
in lysine resulting from the browning reaction

J.J. Bimbenet, and J. Lenges, Influence of the Activity of
Water on the Spoilage of Foodstuffs, J. Food Technol.,
Vol. 3, pp. 131-142, 1968

parallels the color change, as is shown in
Fig. 1.29.

Labuza et al. (1970) have shown that, even at
low water activities, sucrose may be hydrolyzed
to form reducing sugars that may take part in
browning reactions. Browning reactions are usu-
ally slow at low humidities and increase to a
maximum in the range of intermediate-moisture
foods. Beyond this range the rate again decreases.
This behavior can be explained by the fact that, in
the intermediate range, the reactants are all dis-
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Fig. 1.30 Peroxide production in freeze-dried salmon
stored at different relative humidities. Source: From
F. Martinez and T.P. Labuza, Effect of Moisture Content

solved, and that further increase in moisture con-
tent leads to dilution of the reactants.

The effect of water activity on oxidation of
fats is complex. Storage of freeze-dried and
dehydrated foods at moisture levels above those
giving monolayer coverage appears to give maxi-
mum protection against oxidation. This has been
demonstrated by Martinez and Labuza (1968)
with the oxidation of lipids in freeze-dried
salmon (Fig. 1.30). Oxidation of the lipids was
reduced as water content increased. Thus, condi-
tions that are optimal for protection against oxi-
dation may be conducive to other spoilage
reactions, such as browning.

Other reactions that may be influenced by
water activity are hydrolysis of protopectin, split-
ting and demethylation of pectin, autocatalytic
hydrolysis of fats, and the transformation of chlo-
rophyll into pheophytin (Loncin et al. 1968).

Water Activity and Packaging

Because water activity is a major factor influenc-
ing the keeping quality of a number of foods, it is
obvious that packaging can do much to maintain

900

on Rate of Deterioration of Freeze-Dried Salmon, J. Food
Sci., Vol. 33, pp. 241-247, 1968

optimal conditions for long storage life. Sorption
isotherms play an important role in the selection
of packaging materials. Hygroscopic products
always have a steep sorption isotherm and reach
the critical area of moisture content before reach-
ing external climatic conditions. Such foods have
to be packaged in glass containers with moisture-
proof seals or in watertight plastic (thick
Polyvinylchloride). For example, consider instant
coffee, where the critical area is at about 50%
RH. Under these conditions the product cakes
and loses its flowability. Other products might
not be hygroscopic and no unfavorable reactions
occur at normal conditions of storage. Such prod-
ucts can be packaged in polyethylene containers.

There are some foods where the equilibrium
relative humidity is above that of the external cli-
matic conditions. The packaging material then
serves the purpose of protecting the product from
moisture loss. This is the case with processed
cheese and baked goods.

Different problems may arise in composite
foods, such as soup mixes, where several distinct
ingredients are packaged together. In Fig. 1.31,
for example, substance B with the steep isotherm
is more sensitive to moisture, and is mixed in
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Fig.1.31 Sorption isotherms of materials A and B

equal quantities with substance A in an imperme-
able package. The initial moisture content of B is
X, and after equilibration with A, the moisture
content is X,. The substances A and B will reach
a mean relative humidity of about 40%, but not a
mean moisture content. If this were a dry soup
mix and the sensitive component was a freeze-
dried vegetable with a moisture content of 2%
and the other component, a starch or flour with a
moisture content of 13%, the vegetable would be
moistened to up to 9%. This would result in rapid
quality deterioration due to nonenzymatic brown-
ing reactions. In this case, the starch would have
to be postdried.

Salwin and Slawson (1959) found that stabil-
ity in dehydrated foods was impaired if several
products were packaged together. A transfer of
water could take place from items of higher
moisture-vapor pressure to those of lower
moisture-vapor pressure. These authors deter-
mined packaging compatibility by examining the
respective sorption isotherms. They suggested a
formula for calculation of the final equilibrium
moisture content of each component from the
isotherms of the mixed food and its equilibrium
relative humidity:

The initial relative humidity of A is 65% and
of B, 15%.

(W1 - 'awl')+(W2 -, 'awz')
N W,-$,)+(W,-S,)

where

W, = gram solids of ingredient 1
S, = linear slope of ingredient 1
a,,; = initial a,, of ingredient 1

Water Activity and Food Processing

Water activity is one of the criteria for establishing
good manufacturing practice (GMP) regulations
governing processing requirements and classifica-
tion of foods (Johnston and Lin 1987). Process
requirements for foods are governed by a,, and pH;
a,, controlled foods are those with pH greater than
4.6 and a,, less than 0.85. At pH less than 4.6 and
a,, greater than 0.85, foods fall into the category of
low-acid foods; when packaged in hermetically
sealed containers, these foods must be processed
to achieve commercially sterile conditions.

Intermediate moisture foods are in the a,
range of 0.90-0.60. They can achieve stability by
a combination of a, with other factors, such as
pH, heat, preservatives, and E;, (equilibrium rela-
tive humidity).

The a,, level of 0.85 is applied as a point for
determining whether a low-acid canned food or an
acidified food is covered by FDA regulations. Low-
acid canned foods can be preserved by controlling
water activity at levels above 0.85. The minimum
a,, level for the growth of C. botulinum is approxi-
mately 0.93. The regulations (21 CFR 113.3(e) (1)
(i1)) state that “commercial sterility can be achieved
by the control of water activity and the application
of heat. The heat is generally necessary at a,, levels
above (.85 to destroy vegetative cells of microor-
ganisms of public health significance (e.g., staphy-
lococci) and spoilage microorganisms which can
grow in a reduced a,, environment”. (See the fol-
lowing other sections of the regulations which deal
with a,, controlled products:

21 CFR 113.10—Attendance at an approved
school giving instruction appropriate to the
preservation technology involved.

21 CFR 113.40(1)—Equipment and procedures
for thermal processing of foods where critical
factors such as water activity are used.

21 CFR 113.81(f)—Additional factors to be con-
trolled to prevent the growth of microogan-
isms not destroyed by the thermal process.

21 CFR 113.100(a) (6)—Record keeping require-
ments for a,, determinations.

Low-acid canned foods (LACF) include foods
with a finished equilibrium pH greater than 4.6
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and a water activity greater than 0.85. This
excludes tomatoes and tomato products having a
finished equilibrium pH less than 4.7.

Acidified foods (AF) are low-acid food to
which acid(s) or acid food(s) have been added
and with a finished equilibrium pH of 4.6 or
below and a water activity (a,,) greater than 0.85.

Some examples of water activity controlled
low-acid canned foods, that may have an a,, of
greater than 0.85, are: canned cake, bread, bean
paste, some chutney, salted vegetables, salted
fish, guava paste, lupini beans, syrup, toppings,
puddings, and some oriental specialty sauces.
Water activity in these products can be controlled
by the use of salt or sugar. Some examples of
foods with a range of water activity are included
in Table 1.13.

Table 1.13 Approximate a,, values of plant and animal
food categories

Animal products a,

Fresh meat, poultry, fish 0.99-1.00
Natural cheeses 0.95-1.00
Pudding 0.97-0.99
Eggs 0.97
Cured meat 0.87-0.95
Sweetened condensed milk 0.83
Parmesan cheese 0.68-0.76
Honey 0.75
Dried whole egg 0.40
Dried whole milk 0.20
Plant products a,

Fresh fruits, vegetables 0.97-1.00
Bread ~0.96
Bread, white 0.94-0.97
Bread, crust 0.30
Baked cake 0.90-0.94
Maple syrup 0.85

Jam 0.75-0.80
Jellies 0.82-0.94
Uncooked rice 0.80-0.87
Fruit juice concentrates 0.79-0.84
Fruit cake 0.73-0.83
Cake icing 0.76-0.84
Flour 0.67-0.87
Dried fruit 0.55-0.80
Cereal 0.10-0.20
Sugar 0.19
Crackers 0.10

http://www.fda.gov/Food/FoodScienceResearch/
SafePracticesforFoodProcesses/ucm(094145.htm
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Lipids

John W. Finley and John M.deMan

It is difficult to provide a clear and comprehensive
definition for the class of substances called lipids.
Early definitions were mainly based on whether
the substance is soluble in organic solvents like
ether, benzene, or chloroform and is not soluble in
water. In addition, definitions usually emphasize
the presence of fatty acids. Every definition pro-
posed so far has some limitations. For example,
monoglycerides of the short-chain fatty acids are
undoubtedly lipids, but they would not fit the defi-
nition on the basis of solubility because they are
more soluble in water than in organic solvents.
Instead of trying to find a definition that would
include all lipids, it is better to provide a scheme
describing the lipids and their components, as
illustrated in Fig. 2.1 shows. The basic compo-
nents of lipids are listed in the central column with
the fatty acids occupying the prominent position.
The left column lists the lipids known as phospho-
lipids. The right column of the diagram includes
the compounds most important from a quantitative
standpoint in foods. These are mostly esters of
fatty acids and glycerol. Up to 99% of the lipids in
plant and animal material consist of such esters,
known as fats and oils.

The fat content of foods can range from very
low to very high in both vegetable and animal
products, as indicated in Table 2.1. In non-
modified foods, such as meat, milk, cereals, and
fish, the lipids are mixtures of many of the com-
pounds listed in Fig. 2.1, with triglycerides com-
prising the major portion. The fats and oils used

© Springer International Publishing AG 2018

for making fabricated foods, such as margarine
and shortening, are almost pure triglyceride mix-
tures. Fats are sometimes divided into visible and
invisible fats. In the United States, about 60% of
total fat and oil consumed consists of invisible
fats—that is, those contained in dairy products
(excluding butter), eggs, meat, poultry, fish,
fruits, vegetables, and grain products. The visible
fats, including lard, butter, margarine, shorten-
ing, and cooking oils, account for 40% of total fat
intake. The interrelationship of most of the lipids
is represented in Fig. 2.1. A number of minor
components, such as hydrocarbons, fat-soluble
vitamins, and pigments are not included in this
scheme.

Fats and oils may differ considerably in com-
position, depending on their origin. Both fatty
acid and glyceride composition may result in dif-
ferent properties. Fats and oils can be classified
broadly as of animal or vegetable origin. Animal
fats can be further subdivided into mammal depot
fat (lard and tallow) and milk fat (ruminant) and
marine oils (fish and whale oil). Vegetable oils
and fats can be divided into seed oils (such as
soybean, canola), fruit coat fats (palm and olive
oils), and kernel oils (coconut and palm kernel).

The scientific names for esters of glycerol and
fatty acids is acylglycerols. Triacylglycerols, dia-
cylglycerols, and monoacylglycerols which have
three, two, or one fatty acid ester linkages respec-
tively. The common names for these compounds
are glycerides, e.g. triglycerides, diglycerides,
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Mono-, Di- and Tri-

Fatty Acids Sterols

Glycerides .
Glycerol
Sterol
Esters
— Phosphoric
Phospholipids Acid Glycerol
Amino Acids Ethers
Sphingomyelin
Fatty Alcohols >| Waxes
Cerebrosides Sphingosine
Hexoses

Fig.2.1 Interrelationships of lipids

Table 2.1 Composition of Lipids in various foods
expressed as % of total lipids (Belitz et al. 2009)

Milk |Soya | Wheat | Apple
Total lipids 36 23 1.5 0.088
Triacyglycerols 94 88 41 5
Mono-, Diacylglycerol | 1.5 1
Sterol <l 1 15
Steroid Ester 1 2
Phospholipids 1.5 |10 20 47
Glycolipids 1.5 |29 17
Sulfolipids 1
Others 054 |7 15

and monoglycerides. The scientific and common
names are used interchangeably in the literature,
and this practice is followed in this book.

Lipids are organic molecules generally formed
by the esterification of an fatty acid to an alcohol.
The simplest definition is a lipid as any molecule
that is insoluble in water and soluble in organic
solvents. Most lipids are soluble to some extent
in organic solvents such as hexane, ether, chloro-
form or benzene. They constitute a complex col-
lection organic compounds that include fatty
acids, (A,D, E and K). Lipids have many impor-
tant functions in vivo and in foods. The diversity
of some of the most abundant lipid structures is
illustrated in Fig. 2.2.

There is no single common structure for lip-
ids, however, the most abundant group of lipids
in foods are triglycerides, which are commonly
grouped as fats and oils. Glycerides have a glyc-
erol backbone appended with from one to three
fatty acids through ester linkages. Triglycerides
are found in most plant, animal and microbial tis-
sue. They serve as energy storage or energy
sources and are included in membranes. In ani-
mals triglycerides are found in all tissues to vary-
ing degrees.

Table 2.2 includes the principal lipid fractions
found in some common foods. The data illustrate
that most foods contain both triglycerides and
phospholipids. The compositions very widely,
the contents of cholesterol, saturated fat and
trans-fat in foods have raised some health
concerns.

Shorthand Description of Fatty
Acids and Glycerides

To describe the composition of fatty acids it is
sometimes useful to use a shorthand designa-
tion. In this convention the composition of a
fatty acid can be described by two numbers sep-
arated by a colon. The first number indicates the
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Fig.2.2 Major lipid structures
Table 2.2 Fat contents of some foods
Total fat Saturated Fat Mono- Poly- Trans Cholesterol
Food /100 g 2/100 g 2/100 g /100 g /100 g mg/100 g
Cooked rice 0.370 0.074 0.074 0.091 0 0
Macaroni cooked 0.930 0.176 0.131 0.319 0 0
Instant Oat Meal 1.360 0.226 0.391 0.426 0 0
Miniwheats 2.000 0.500 0.300 1.100 0 0
Whole Wheat Bread 3.500 0.722 0.620 1.592 0 0
Cooked Asparagas 0.220 0.048 0.000 0.105 0 0
Pinto Beans 0.480 0.058 0.035 0.276 0 0

(continued)



42 2 Lipids
Table 2.2 (continued)
Total fat Saturated Fat Mono- Poly- Trans Cholesterol

Food /100 g 2/100 g 2/100 g 2/100 g 2/100 g mg/100 g
Carrots 0.180 0.030 0.006 0.089 0 0

Sweet corn 1.500 0.197 0.374 0.603 0 0

Almonds 49.930 3.802 31.551 12.329 0 0

English Walnuts 65.210 6.126 8.933 55.194 0 0
Mayonnaise 74.850 11.703 16.843 44.690 0.187 42
Margarine (80%) 80.170 14.224 36.435 26.741 5.827 0

Butter (salted) 81.110 51.368 21.021 3.043 3.278 215
Cheddar Cheese 33.820 19.368 8.428 1.433 1.179 102

Whole Milk 3.250 1.865 0.812 0.195 0 10

Chicken 13.600 3.790 5.340 2.970 0 88

Beef Steak 11.360 4.407 5.034 0.569 0.565 85

Ground Beef 21.830 8.805 9.356 0.656 0 84

16:3<18:3>20:3>22:3>22:3

v

16:4 <18:4 20:4—> [22:4]> 24:4

18:5<20:5 >»22:5 »24:5>26:5>[28:5]>30:5

v

22:6>24:6 >26:6

Fig. 2.3 The n — 3 Family Polyunsaturated Fatty Acids
Based on Linolenic Acid. The heavy arrows show the
relationship between the most important n — 3 acids

number of carbon atoms in the fatty acid chain,
the second number indicates the number of dou-
ble bonds. Thus, 4:0 is short for butyric acid,
16:0 for palmitic acid, 18:1 for oleic acid, etc.
The two numbers provide a complete description
of a saturated fatty acid. For unsaturated fatty
acids, information about the location of double
bonds and their stereo isomers can be given as
follows: oleic acid (the cis isomer) is 18:1¢9;
elaidic acid (the trans isomer) is 18:179. The
numbering of carbon atoms in fatty acids starts
normally with the carboxyl carbon as number
one. In some cases polyunsaturated fatty acids
are numbered starting at the methyl end; for
instance, linoleic acid is represented as 18:2n — 6
and linolenic acid 18:3n — 3. These symbols
indicate straight-chain, 18-carbon fatty acids
with two and three methylene interrupted cis
double bonds that start at the sixth and third
carbon from the methyl end, respectively.

through desaturation (vertical arrows) and chain elonga-
tion (horizontal arrows)

These have also been described as w6 and 3.
The reason for this type of description is that the
members of each group n — 6 or n — 3 are related
biosynthetically through processes involving
desaturation, chain elongation, and chain short-
ening (Gunstone 1986) (Fig. 2.3).

Triglycerides can be abbreviated by using the
first letters of the common names of the compo-
nent fatty acids. SSS indicates tristearin, PPP tri-
palmitin, and SOS a triglyceride with two
palmitic acid residues in the 1 and 3 positions and
oleic acid in the 2 position. In some cases, glyc-
eride compositions are discussed in terms of sat-
urated and unsaturated component fatty acids. In
this case, S and U are used and glycerides would
be indicated as SSS for trisaturated glyceride and
SUS for a glyceride with an unsaturated fatty
acid in the 2 position. In other cases, the total
number of carbon atoms in a glyceride is impor-
tant, and this can be shortened to glycerides with
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carbon numbers 54, 52, and so on. A glyceride
with carbon number 54 could be made up of three
fatty acids with 18 carbons, most likely to happen
if the glyceride originated from one of the seed
oils. A glyceride with carbon number 52 could
have two component fatty acids with 18 carbons
and one with 16 carbons. The carbon number
does not give any information about saturation
and unsaturation.

Fatty Acids

Fatty acids are composed of hydrocarbon chains
with a carboxylic acid on one end of the mole-
cule. Generally in foods fatty acids exist as esters
of alcohols. When esterified to a long chain fatty
alcohol they are called waxes and when bound to
glycerol they are called glycerides. The variation
in chain length and saturation of the hydrocarbon
chain of fatty acids is important in determining
the physical and biological properties of lipids.
Fatty acids in biological systems are generally
composed of an even number of carbon atoms,
typically between 14 and 24, although the 16-
and 18-carbon fatty acids are the most abundant.
Fatty acids typically contain an even number of
carbon atoms because of the way in which fatty
acids are biosynthesized. The hydrocarbon side
chains in animal fatty acids have hydrocarbon
chains which are almost invariably un-branched.
The side chain may be saturated or it may contain
one or more double bonds. In unsaturated fatty
acids, the double bonds are in the cis formation.
In polyunsaturated fatty acids the double bonds
are generally separated by at least one methylene
group. The chain length and degree of saturation
control the properties that are found within the
fatty acids and lipids. Unsaturated fatty acids
have lower melting points than saturated fatty
acids of the same length. The cis-double bonds
cause curvature in the hydrocarbon chain which
prevents alignment with other side chains and
limits crystallization. The fatty acids cannot com-
pact tightly together, reducing the van der Waals
interaction between the fatty acids. The melting
point of fatty acids is also affected by chain
length. The longer the hydrocarbon chain is, the

higher the melting point. Short chain length and
unsaturation enhance the fluidity of lipids.

The common feature of these lipids is that they
are all esters of moderate to long chain fatty acids.
Acid or base-catalyzed hydrolysis yields the
component fatty acid, some examples of which
are given in the following table, together with the
alcohol component of the lipid. These long-chain
carboxylic acids are generally referred to by their
common names, which in most cases reflect their
sources. Natural fatty acids may be saturated or
unsaturated, and as the following data indicate,
the saturated acids have higher melting points
than unsaturated acids of corresponding size. The
double bonds in the unsaturated compounds listed
on the right are all cis (or Z).

Lipid Nomenclature

In nature even numbered straight chain fatty acids
constitute the majority of the fatty acids found
in triglycerides and phospholipids. Branched
chain fatty acids and hydroxyl fatty acids are
found in nature but not commonly. One hydroxyl
fatty acid of importance is ricinoleic acid which
is found in Castor plant (Ricinus communisL.,
Euphorbiaceae) seeds or in sclerotium of ergot
(Claviceps purpurea Tul., Clavicipitaceae). In
castor oil approximately 90% of the fatty acid
content in the triglyceride is ricinoleic acid.
Ricinoleic acid exerts analgesic and anti-inflam-
matory effects. It is also frequently used in lubri-
cants including motor oil (Gunstone et al. 2007,
Vieira et al. 2000).

Fatty acids are also broken in groups by chain
length. Short chain fatty acids include: Formic
acid, Acetic acid, Propionic acid, Isobutyric acid
(2-methylpropanoic  acid), Butyric  acid,
Isovaleric acid (3-methylbutanoic acid), Valeric
acid (pentanoic acid). Formic acid is the simplest
carboxylic acid. Its chemical formula is HCOOH
or HCO,H. It is an important intermediate in
chemical synthesis and occurs naturally, most
notably in ant venom. Acetic acid is widely dis-
tributed in nature and is an important food addi-
tive contributing pH control, typical acid taste
and antibacterial properties. Propionic acid is an
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important aroma constituent in Swiss cheese, at
higher concentrations it is a pungent unpleasant
aroma. Butyric acid, the only short chain fatty
acid commonly found in triglycerides is a major
component in butter fat. Free butyric acid exhib-
its a strong aroma which at low levels is an
important note in dairy flavors ranging from very
small amounts in butter to high levels in lim-
burger cheese. The other short chain fatty acids
exhibit strong aromas and are found at low levels
in food flavors.

Medium chain fatty acids generally include
saturated fatty acids with 6-12 carbons includ-
ing caproic, caprylic, capric and lauric acids.
The medium chain fatty acids are found in tri-
glycerides which are frequently used in foods
because of their oxidative stability and low melt-
ing pint making them liquid at room tempera-
tures. They are also frequently used in cosmetic
formulations.

The long chain fatty acids are 14 or greater
straight chain fatty acids. Long chain fatty acids
occur as saturated fatty acids or with varying
degrees of unsaturation.

Even-numbered, straight-chain saturated and
unsaturated fatty acids make up the greatest pro-
portion of the fatty acids of natural fats. However,
it is now known that many other fatty acids may
be present in small amounts. Some of these
include odd carbon number acids, branched-
chain acids, and hydroxyl-acids. These may
occur in natural fats (products that occur in
nature), as well as in processed fats. The latter
category may, in addition, contain a variety of
isomeric fatty acids not normally found in natural
fats. It is customary to divide the fatty acids into
different groups, for example, into saturated and
unsaturated ones. This particular division is use-
ful in food technology because saturated fatty
acids have a much higher melting point than
unsaturated ones, so the ratio of saturated fatty
acids to unsaturated ones significantly affects the
physical properties of a fat or oil. Another com-
mon division is into short-chain, medium-chain,
and long-chain fatty acids. Unfortunately, there is
no generally accepted division of these groups.
Generally, short-chain fatty acids have from 4 to
10 carbon atoms; medium-chain fatty acids, 12 or

14 carbon atoms; and long-chain fatty acids, 16
or more carbon atoms. Yet another division dif-
ferentiates between essential and nonessential
fatty acids.

Some of the more important saturated fatty
acids are listed with their systematic and com-
mon names in Table 2.3, and some of the unsatu-
rated fatty acids are listed in Table 2.3. The
naturally occurring unsaturated fatty acids in fats
are almost exclusively in the cis-form (Table 2.3),
although frans-acids are present in ruminant milk
fats and in catalytically hydrogenated fats.

Cis and trans Fatty Acids

In fats and oils fatty acids containing double
bonds can occur in two forms cis and frans as
shown in Fig. 2.4. The fatty acids have identical
chemical composition the only differences is the
orientation around the double bond. As we will
see late this can have a profound effect on the
physical properties of the fat or oil.

Most fatty acids found in human body are cis
fatty acids except for Retinoic acid present in the
eye. Vegetable oils are typically rich in mono-
and polyunsaturated fatty acids. Saturated fatty
acids can pack together more effectively result-
ing in a more solid fat whereas unsaturated fatty
acids containing cis double bonds do not line up
effectively to form solid structures thus resisting
solidification. Vegetable oils tend to be rich in
mono and poly- unsaturated fatty acids. The
unsaturated vegetable oils are converted from lig-
uids to solids by the hydrogenation reaction. The
hydrogenation results in hardening of the fats
making them solid or semi-solids. Vegetable oils
which are partially hydrogenated, are partially
saturated so the melting point increases to the
point where a solid is present at room tempera-
ture. The degree of hydrogenation of unsaturated
oils controls the final consistency of the product.

Partial hydrogenation results in the production
of trans fats. Trans fats are the result of a side
reaction with the catalyst of the hydrogenation
process. Unsaturated fat which is normally found
as a cis isomer converts to a trans isomer of the
unsaturated fat. Isomers are molecules that have
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Fig.2.4 Hydrogenation
of linoleic acid yields
monounsaturated fatty
acids and ultimately
reaches saturated stearic
acid. Eladic acid is the
preferred pathway for
monounsaturated
because trans forms are
more thermodynamically
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Fig.2.5 Isomers of linoleic acid

the same molecular formula but are bonded
together differently. Focusing on the Sp2 double
bonded carbons, a cis isomer has the hydrogens
on the same side. Due to the added energy from
the hydrogenation process, the activation energy
is reached to convert the cis isomers of the
unsaturated fat to a trans isomer of the unsatu-
rated fat. The effect is putting one of the hydro-
gens on the opposite side of one of the carbons.
This results in a trans configuration of the double
bonded carbons.

Unsaturated fatty acids are converted to satu-
rated fatty acids by the relatively simple hydroge-
nation reaction. The addition of hydrogen to an
alkene (unsaturated double bond) results in an

alkane (saturated). The hydrogenation reaction is
(Fig. 2.5):

The trans fatty acids are chemically “monoun-
saturated” or “polyunsaturated” but they differ
from the cis monounsaturated or polyunsaturated
fatty acids. The trans fatty acids (although chem-
ically still unsaturated) produced by the partial
hydrogenation process act more like saturated fat
because they form similar linear structures that
result in higher melting points than a cis fatty
acid of the same length.

The methods of hydrogenation of fats were
developed in early 1900s for the purpose of devel-
oping solid fats for making soaps. Later they were
used to hydrogenate dietary fatty acids such as
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soybean oils. Hydrogenated oils are more stable to
oxidation and therefore are less prone to produc-
ing rancid or oxidized off flavors in the products.
The hydrogenation process allowed processors to
dial in melting ranges and physical properties of
the hydrogenated fats for specific food applica-
tions such as bakery shortening or frying oil.

While there are many modifications of the
process, the major process is to heat the unsatu-
rated oils to above 200 °C, add powdered nickel
(as catalyst) bubble hydrogen through it. The
double bonds get saturated. However, all the dou-
ble bonds do not get saturated. The first hydrogen
addition is reversible. When the c-c bonding
rotates to the trans form, which is more stable,
subtraction of the hydrogen results in the forma-
tion of the trans-fat. The frans configuration is
more stable than cis. In that process at the newer
position they become frans double bond. Cis
configuration has more strain in it than trans. As
it is seen on the packet ingredient list, they are
written as “partially hydrogenated”.

Fatty acids can also form structures known as
micelles in an aqueous solution. The structure is
formed when the hydrocarbon tails form a hydro-
phobic center, while the polar heads form a
hydrophilic shell outside the interior. The signifi-
cance of micelles is that they act as emulsifiers,
thus dissolving fat-soluble vitamins or other lip-
ids that need to be absorbed.

Triglycerides

The predominant form of lipids in fats and oils are
as the triesters of fatty acids with glycerol

with either one or two fatty acids are referred to as
mono- and di- glycerides. The mono- and di-
glycerides are frequently used as emulsifiers in
food systems. Triglycerides (or triacylglycerols)
are found in both plants and animals, and compose
one of the major food groups of our diet. Figure 2.6
represents a typical glyceride structures. It should
be noted that the fatty acid in monoglycerides can
occur at any of the three positions on the glycerol
and the two fatty acids on diglycerides can be on
any two of the glycerol hydroxyl positions.
Triglycerides of animal origins such as lard or
beef tallow tend to be solid or semisolid at room
temperature are classified as fats. Those triglyc-
erides that are liquid are called oils and originate
chiefly in plants, although triglycerides from fish
are also largely oils. Some examples of the com-
position of triglycerides from various sources are
given in Table 2.4. Animal fats exhibit large vari-
ations in fatty acid composition. Chicken and
turkey tend to have higher levels of polyunsatu-
rates than beef, sheep and pig (Table 2.5).
Natural fats can be defined as mixtures of
mixed triglycerides. Simple triglycerides are vir-
tually absent in natural fats, and the distribution
of fatty acids both between and within glycerides
is selective rather than random. When asymmet-
ric substitution in a glycerol molecule occurs,
enantiomorphic forms are produced (Kuksis
1972; Villeneuve and Foglia 1997). This is illus-
trated in Fig. 2.7. Glycerol has a plane of sym-
metry or mirror plane, because two of the four
substituents on the central carbon atom are iden-
tical. When one of the carbon atoms is esterified
with a fatty acid, a monoglyceride results and two
non-superimposable structures exist. These are

(1,2,3-trihydroxypropane). Glycerol appended called enantiomers and are also referred to as

Fig.2.6 Structures of 0 0 0

glycerol lipids 1] 1l 1l
CHz'OH CHz'O'C'Rl CHZ-O-C-RI CHz‘O'C'Rl
| | I R
CH- OH CH- OH CH-0-C-R, CH-0-C-R,
| | | 0
CH,-OH  CH,- OH CH, - OH CH,-0-C-R,
Glycerol Monoglyceride Diglyceride Triglyceride
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Fig. 2.7 A typical gas-liquid chromatogram of total
bovine milk fatty acid methyl ester prepared by NaOCH3/
methanol (10 min at 50 °C) followed by HCl/methanol
(10 min at 80 °C), and separated on a 100-m fused silica
capillary column (SP-2560; Supelco Inc., Bellefonte, PA).
i 150, a anteiso; numbers 1-20 are an arbitrary consecutive

Table 2.5 Component fatty acids of animal depot fats

Fatty Acids Wt %
Animal |14:0 | 16:0 | 16:1 | 18:0 | 18:1 | 18:2 |18:3
Pig 1 24 |3 13 |41 10 1
Beef 4 25 |5 19 |36 |4 Trace
Sheep 3 21 |2 25 |34 |5 3
Chicken |1 24 |6 6 40 |17 1
Turkey |1 20 |6 6 38 24 2

chiral. A racemic mixture is a mixture of equal
amounts of enantiomers. Asymmetric or chiral
compounds are formed in I-monoglycerides; all
1, 2-diglycerides; 1, 3-diglycerides containing
unlike substituents; and all triglycerides in which
the 1- and 3-positions carry different acyl groups.

The depot fats of higher land animals, espe-
cially mammals, have relatively simple fatty acid
composition. The fats of birds are somewhat
more complex. The fatty acid compositions of
some major food fats of this group are listed in

numbering of all the peaks in the region between 18:0 and
18:2n — 6 using this column. [22:6n — 3] is not present in
these milk samples but the position at which it should
emerge in the chromatogram is indicated. Kramer, J.K.G.,
Fellner, V., Dugan, M.E.R. et al. Lipids (1997) 32: 1219.
doi:10.1007/s11745-997-0156-3

Table 2.4. The kind of feed consumed by the
animals may greatly influence the composition of
the depot fats. Animal depot fats are character-
ized by the presence of 20-30% palmitic acid, a
property shared by human depot fat. Many of the
seed oils, in contrast, are very low in palmitic
acid. The influence of food consumption applies
equally for the depot fat of chicken and turkey
(Marion et al. 1970; Jen et al. 1971). The animal
depot fats are generally low in polyunsaturated
fatty acids. The iodine value of beef fat is about
50 and of lard about 60. Iodine value is generally
used in the food industry as a measure of total
unsaturation in a fat.

Iodine value is a measure of the degree of
unsaturation of an oil or wax. The oil is reacted
with is reacted with iodine, which adds across the
double bond. The iodine unreacted iodine is then
measured and the differences is the iodine num-
ber. A saturate fat would have a value of zero.
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Cocoa butter typically has iodine values of 30-40
and highly unsaturated oil like soy has a value of
130-136. These values are used by the industry as
an index of unsaturation and vulnerability to oxi-
dation. The iodine addition reaction is shown as:

R-CH=CH-R" +1, —>R-CHI-CHI-R'

Ruminant milk fat is extremely complex in
fatty acid composition. By using gas chromatog-
raphy in combination with fractional distillation
of the methyl esters and adsorption chromatogra-
phy, Magidman et al. (1962) and Herb et al.
(1962) identified at least 60 fatty acids in cow’s
milk fat. Several additional minor fatty acid com-
ponents have been found in other recent studies.
About 12 fatty acids occur in amounts greater
than 1% (Jensen and Newburg 1995). Among
these, the short-chain fatty acids from butyric to
capric are characteristic of ruminant milk fat.
Data provided by Hilditch and Williams (1964)
and Markiewicz-Keszycka et al. 2013, on the
component fatty acids of some milk fats are listed
in Table 2.6. Fatty acid compositions are usually
reported in percentage by weight, but in the case
of fats containing short-chain fatty acids (or very
long-chain fatty acids) this method may not give a
good impression of the molecular proportions of
fatty acids present. Therefore, in many instances,
the fatty acid composition is reported in mole per-
cent, as is the case with the data in Table 2.7.

Table 2.6 The component fatty acids of some milk fats
in g/100 g

Fatty acids in g/100 g fat Goat Sheep | Cow
C4:0 Butyric 2.03 2.57 2.87
C6:0 Caproic 2.78 1.87 2.01
C8:0 Caprylic 2.92 1.87 1.39
C10:0 Capric 9.59 6.33 3.03
C12:0 Lauric 4.52 3.99 3.64
C14:0 Myristic 9.83 |10.17 |10.92
C16:0 Palmitic 24.64 |25.10 |28.70
C18:0 Stearic 8.87 8.85 |11.23
C18:1 cis-9 Oleic 18.65 |20.18 |22.39
C18:2 cis-9, cis-12 Linoleic 2.25 2.32 2.57
C18:2 cis-9, trans-11 CLA 0.45 0.76 0.57
C18:3 cis-9, cis-12, cis-15 0.77 0.92 0.50
Linolenic

Adapted from Markiewicz-Kgszycka et al. (2013)

It is impossible to determine all of the constitu-
ents of milk fatty acids by a normal chromato-
graphic technique, because many of the minor
component fatty acids are either not resolved or
are covered by peaks of other major fatty acids. A
milk fat chromatogram of fatty acid composition
is shown in Fig. 2.6. Such fatty acid compositions
as reported are therefore only to be considered as
approximations of the major component fatty
acids; these are listed in Table 2.6. This table
reports results of the major component fatty acids
in bovine milk fat as well as their distribution
among the sn-1, sn-2, and sn-3 positions in the
triacylglycerols (Jensen and Newburg 1995). Milk
fatty acids can vary considerably. Seasonal varia-
tions because of changes in feed are one of the
major factors (Jensen 2000; Mansson 2008). The
composition of bovine milk lipids over a 5 year
period was reviewed by Jensen (2002).

In most natural fats the double bonds of unsat-
urated fatty acids occur in the cis configuration.
In milk fat a considerable proportion is in the
trans configuration. These frans bonds result
from microbial action in the rumen where poly-
unsaturated fatty acids of the feed are partially
hydrogenated. Catalytic hydrogenation of oils
in the fat industry also results in frans isomer

Table 2.7 Major fatty acids of bovine milk fat and their
distribution in the triacylglycerols

Bovine milk fat

Fatty acids (mol%) | TG sn-1 sn-2 | sn-3
4:0 11.8 - - 354
6:0 4.6 - 0.9 12.9
8:0 1.9 14 0.7 3.6
10:0 37 1.9 3.0 6.2
12:0 39 4.9 6.2 0.6
14:0 11.2 9.7 175 |64
15:0 2.1 2.0 2.9 1.4
16:0 23.9 340 (323 |54
16:1 2.6 2.8 3.6 1.4
17:0 0.8 1.3 1.0 0.1
18:0 7.0 103 9.5 1.2
18:1 24.0 30.0 18.9 |23.1
18:2 2.5 1.7 3.5 2.3
18:3 Trace - - -

Adapted from R.G. Jensen and D.S. Newburg, Milk
Lipids, in Handbook of Milk Composition, R.G. Jensen,
ed., p. 546, © 1995, Academic Press
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formation. The level of trans isomers in milk fat
has been reported as 2-4% (deMan and deMan
1983). Since the total content of unsaturated fatty
acids in milk fat is about 34%, trans isomers may
constitute about 10% of total unsaturation (Akoh
1997). The complexity of the mixture of different
isomers is demonstrated by the distribution of
positional and geometric isomers in the monoe-
noic fatty acids of milk fat (Table 2.8) and in the
unconjugated 18:2 fatty acids (Table 2.9). The
iodine value of milk fat is in the range of 30-35,
much lower than that of lard, shortening, or mar-
garine, which have similar consistencies.

The higher melting points of the saturated fatty
acids are because the uniform rod-like shape of
their molecules which allows the fatty acids to
align in crystal like forms. Unsaturated fatty acids

Table 2.8 Positional and geometric isomers of bovine
milk lipid monoenoic fatty acids (Wt%)

cis Isomers trans Isomers
Position of
double bond | 14:1 | 16:1 | 17:1 |18:1 |16:1 |18:1
5 1.0 | Tr 2.2
6 0.8 1.3 |34 7.8 1.0
7 09 |56 |21 6.7 0.8
8 0.6 |Tr 20.1 1.7 |50 3.2
9 96.6 | 88.7 [71.3 [958 |32.8 |10.2
10 - Tr Tr Tr 1.7 10.5
11 - 26 (29 |25 106 357
12 - Tr Tr - 129 4.1
13 - - - - 10.6 |10.5
14 - - - - - 9.0
15 - - - - - 6.8
16 - - - - - 7.5

Source: From R.G. Jensen, Composition of Bovine Milk
Lipids, J. Am. Oil Chem. Soc., Vol. 50, pp. 186-192, 1973

there contain one or more double bonds causing
curvature in the chain and results in lower the
melting point of the fatty acid. In most fats and oils
the natural form of the fatty acid \double bond is in
the cis form. The cis-double bond(s) in the unsatu-
rated fatty acids introduces a kink in chain, which
makes it more difficult to pack their molecules
together in a stable repeating array or crystalline
lattice. The trans-double bond isomer of oleic
acid, known as elaidic acid, has a linear shape and
a melting point of 45 °C (32 °C higher than its cis
isomer). The shapes of stearic and oleic acids are
displayed in the models below.

Marine oils have also been found to contain a
large number of component fatty acids. Ackman
(1972) has reported as many as 50 or 60 compo-
nents. Only about 14 of these are of importance
in terms of weight percent of the total. These con-
sist of relatively few saturated fatty acids (14:0,
16:0, and 18:0) and a larger number of unsatu-
rated fatty acids with 16-22 carbon atoms and up
to 6 double bonds. This provides the possibility
for many positional isomers.

The complexity of the fatty acid composition
of marine oils is evident from the chromatogram
shown in Fig. 2.8. The end structure of the poly-
unsaturated fatty acids is of nutritional impor-
tance, especially eicosapentaenoic acid (EPA),
20:5m3 or 20:5 n-3, and docosahexaenoic acid
(DHA), 22:6®3 or 22:6 n-3. The double bonds in
marine oils occur exclusively in the cis configu-
ration. EPA and DHA can be produced slowly
from linolenic acid by herbivore animals, but not
by humans. EPA and DHA occur in major
amounts in fish from cold, deep waters, such as
cod, mackerel, tuna, swordfish, sardines, and

Table 2.9 Location of double bonds in unconjugated 18:2 isomers of milk lipids

cis, cis cis, trans or trans, cis trans, trans

11, 15 11, 16 and/or 11, 15 12, 16

10,15 10, 16 and/or 10, 15 11, 16 and/or 11, 15
9,15 9, 15 and/or 9, 16 10,16 and/or 10, 15

8, 15 and/or 8, 126
7, 15 and/or 7, 12
15 and/or 6, 12

8, 16 and/or 8, 15 and/or 8, 12

9, 16 and/or 9, 15 and/or 9, 13

Adopted from R.G. Jensen, Composition of Bovine Milk Lipids, J. Am. Oil Chem. Soc., Vol. 50, pp. 186-192, 1973;
Morrison, W.R., in “Topics in Lipid Chemistry,” Vol. 1, Ed. by F.D. Gunstone, Logos Press, London, 1970, p. 51.; Van
der Wel, H., and K. De Jong, Fette Seifen Anstrichm. 67:279 (1967)
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Fig.2.8 Analysis fatty acid methyl esters of a typical marine oil sample. www.agilent.com/cs/library/applications/5989-

3760EN.pdf

herring (Ackman 1988a; Simopoulos 1988).
Arachidonic acid is the precursor in the human
system of prostanoids and leukotrienes.

Ackman (1988b) has drawn attention to the
view that the fatty acid compositions of marine
oils are all much the same and vary only in the
proportions of fatty acids. The previously held
view was that marine oils were species-specific.
The major fatty acids of commonly consumed
seafood are found in Table 2.10.

The fatty acid composition of egg yolk is
given in Table 2.11. The main fatty acids are pal-
mitic, oleic, and linoleic. The yolk constitutes
about one-third of the weight of the edible egg
portion. The relative amounts of egg yolk and
white vary with the size of the egg. Small eggs
have relatively higher amounts of yolk. The egg
white is virtually devoid of fat.

Diet can exert a significant impact on the lipid
profile of foods. Milinsk et al. fed chickens diets
enriched with various lipids and observed that the
fatty acid profiles in egg yolk are altered by the
diet. The control diet was based on soy and the
flax, soy and canola diets were all enriched with

3% flax, soy or canola oil. The flax oil which is
rich in omega-3 fatty acids resulted in higher lev-
els of omega-3 fatty acids in the egg yolk. All three
experimental diets resulted in higher levels of
mono and poly unsaturated fatty acids (Table 2.12).
Commonly used food oils have a wide range of
fatty acid composition which impacts functional-
ity in food systems, nutritional profile and oxida-
tive stability. Table 2.13 summarizes some of the
variations seen between vegetable oils.

Component Glycerides

Natural fats can be defined as mixtures of mixed
triglycerides. Simple triglycerides are virtually
absent in natural fats, and the distribution of fatty
acids both between and within glycerides is
selective rather than random. When asymmetric
substitution in a glycerol molecule occurs, enan-
tiomorphic forms are produced (Kuksis 1972;
Villeneuve and Foglia 1997). This is illustrated in
Fig. 2.9. Glycerol has a plane of symmetry or
mirror plane, because two of the four substituents
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Table 2.10 Total fat content, fatty acid content of raw seafood

Atlantic

Anchovy | Salmon |Cod Raw |Shrimpraw | Tuna Raw, Bluefin | Bluefish Raw
Nutrient ¢/100 g Edible portion
Water 73.37 68.5 81.22 78.45 68.09 70.86
Total lipid (fat) 4.84 6.34 0.67 0.51 4.9 4.24
Lipids
Fatty acids, total saturated | 1.282 0.981 0.131 0.101 1.257 0.915
C14:0 0.302 0.137 0.009 0.001 0.139 0.179
C16:0 0.715 0.632 0.091 0.052 0.81 0.576
C18:0 0.252 0.21 0.03 0.037 0.307 0.16
Fatty acids, total 1.182 2.103 0.094 0.086 1.6 1.793
monounsaturated
Cleé:1 0.4 0.251 0.016 0.003 0.162 0.277
C18:1 0.624 1.351 0.061 0.038 0.924 0.684
C20:1 0 0.223 0.015 0.002 0.277 0.34
C22:1 0.115 0.279 0.003 0 0.237 0.492
Fatty acids, total 1.637 2.539 0.231 0.152 1.433 1.06
polyunsaturated
C18:2 0.097 0.172 0.005 0.032 0.053 0.06
Cl18:3 0 0.295 0.001 0.002 0 0
Cl18:4 0.055 0.083 0.001 0 0.039 0.167
C20:4 0.007 0.267 0.022 0.012 0.043 0
20:5 n-3 (EPA) 0.538 0.321 0.064 0.03 0.283 0.252
22:5n-3 (DPA) 0.029 0.287 0.01 0.002 0.125 0.062
22:6 n-3 (DHA) 0911 1.115 0.12 0.031 0.89 0.519
Cholesterol (mg) 60 55 43 161 38 59

National Nutrient Database for Standard Reference Release 28 slightly revised May, 2016 https://ndb.nal.usda.gov/ndb/

foods

Table 2.11 Fatty acid composition of egg yolk

Fatty Acid %
Total saturated 36.2
14:0 0.3
16:0 26.6
18:0 9.3
Total monounsaturated 48.2
16:1 4.0
18:1 44.1
Total polyunsaturated 14.7
18:2 13.4
18:3 0.3
20:4 1.0

on the central carbon atom are identical. When
one of the carbon atoms is esterified with a fatty
acid, a monoglyceride results and two nonsuper-
imposable structures exist. These are called enan-
tiomers and are also referred to as chiral. A

racemic mixture is a mixture of equal amounts of
enantiomers. Asymmetric or chiral compounds
are formed in 1-monoglycerides; all 1,
2-diglycerides; 1, 3-diglycerides containing
unlike substituents; and all triglycerides in which
the 1- and 3-positions carry different acyl groups.
The glyceride molecule can be represented in
the wedge and slash form (Fig. 2.10). In this spa-
tial representation, the wedge indicates a substit-
uent coming out of the plane toward the observer,
and the slash indicates a substituent going away
from the observer. The three carbon atoms of the
glycerol are then described by the stereospecific
numbering (sn) with the three carbon atoms des-
ignated sn-1 from the top to sn-3 at the bottom.
When a fat or oil is characterized by determi-
nation of its component fatty acids, there still
remains the question as to how these acids are
distributed among and within the glycerides.
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Table 2.12 Influence of lipid supplementation on fatty
acid distribution in egg yolk fatty acids

Control |Flax |Soy |Canola

C14:0 1.27 029 1029 |03
C16:0 25 225 232 |229
C:16:1n9 0.7 094 1083 094
C16:1n7 2.14 247 191 191
C17:0 0.17 0.16 |0.18 |0.18
C17:1n10 0.12 0.16 |0.13 |0.14
C18:0 12.4 887 1946 |8.83
C18:1n9 39.6 433|415 |44
C18:2n6 14.7 13.7 17.8 |15.8
C18:3n6 0.06 0.08 0.13 |0.13
C18:3n3 0.22 3.4 0.63 |0.55
C18:4n3 Nd 0.06 |0.05 |0.08
C20:1n9 0.27 0.17 1024 1034
C20:2n6 0.22 021 |024 [0.26
C20:3n6 0.2 0.18 1023 03
C20:4n6 2.63 1.17 1.74 | 194
C20:5n3 Nd 0.18 |Nd Nd
C22:4n6 0.52 0.09 0.2 0.18
C22:5n6 Nd 0.08 038 0.4
C22:5n3 Nd 029 |0.1 0.1
C22:6n3 0.64 1.55 |0.65 |0.65
Total Fat 4.12 444 522 |5.70
OSaturated FA 38.84 31.82 | 33.13 |32.21
Mono Unsaturated | 42.83 47.04 | 44.61 4733
Total PUFA 19.19 20.99 | 22.15 |20.39
n-3 FA 0.86 5.48 1.43 | 1.38

Adapted from Milinsk et al. (2003)

Originally theories of glyceride distribution were
attempts by means of mathematical schemes to
explain the occurrence of particular kinds and
amounts of glycerides in natural fats. Subsequent
theories have been refinements attempting to
relate to the biochemical mechanisms of glycer-
ide synthesis. Hilditch proposed the concept of
even distribution (Gunstone 1967). In the rule of
even (or widest) distribution, each fatty acid in a
fat is distributed as widely as possible among
glyceride molecules. This means that when a
given fatty acid A constitutes about 35 mole per-
cent or more of the total fatty acids (A + X), it
will occur at least once in all triglyceride mole-
cules, as represented by GAX,. If A occurs at lev-
els of 35-70 mole percent, it will occur twice in
an increasing number of triglycerides GA,X. At
levels over 70%, simple triglycerides GA; are

formed. In strictly random distribution the
amount of GA; in a fat would be proportional to
the cube of the percentage of A present. For
example, at 30% A there would be 2.7% of GA;,
which under rules of even distribution would
occur only at levels of A over 70% (Fig. 2.11).

The theory of restricted random distribution
was proposed by Kartha (1953). In this theory the
fatty acids are distributed at random, but the con-
tent of fully saturated glycerides is limited to the
amount that can remain fluid in vivo. This theory
is followed by the 1,3 random, 2 random distribu-
tion hypothesis of Vander Wal (1964). According
to this theory, all acyl groups at the 2-positions of
the glycerol moieties of a fat are distributed
therein at random. Equally, all acyl groups at the
1- and 3-positions are distributed at random and
these positions are identical. Application of this
theory to the results obtained with a number of
fats gave good agreement (Vander Wal 1964), as
Table 2.14 shows.

In vegetable fats and oils, the saturated fatty
acyl groups have a tendency to occupy the 1- and
3- positions in the glycerides and the unsaturated
acyl groups occupy the 2-position (Fig. 2.12).
Since these fats contain a limited number of fatty
acids, it is customary to show the glyceride com-
position in terms of saturated (S) and unsaturated
(U) acids. The predominant glyceride types in
these fats and oils are S-U-S and S-U-U. Lard is
an exception—saturated acyl groups predomi-
nate in the 2-position. The glyceride distribution
of cocoa butter results in a fat with a sharp melt-
ing point of about 30-34 °C. It is hard and brittle
below the melting point, which makes the fat use-
ful for chocolate and confectionery manufacture.
Other fats with similar fatty acid composition,
such as sheep depot fat (see Table 2.4), have a
greater variety of glycerides, giving the fat a
higher melting point (about 45 °C) and a wider
melting range, and a greasy and soft appearance.

Brockerhoff et al. (1966) studied the fatty acid
distribution in the 1-, 2-, and 3-positions of the tri-
glycerides of animal depot fats by stereospecific
analysis. The distribution among the three posi-
tions was nonrandom. The distribution of fatty
acids seems to be governed by chain length and
unsaturation. In most fats a short chain and unsatu-
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Fig.2.9 Plane of Symmetric
symmetry of a glycerol
molecule (fop) and
mirror image of two H
enantiomers of a
mono-acylglycerol ¢
(bottom) = "
HO ™ OH
o]
H
Enatiomers
H H
0 | | 0
1 el A n
RCOH,C~~ T~0OH HO™ *CH,0CR
HOH,C CH,OH
Mirror Plane
sn-1— CH,COOR 1- and 3-positions, whereas in cocoa butter the
= major portion of the unsaturation is located in the
R'COO m=— C —a<—gn2 2—positiqn. This .difference gccounts for the dif-
H ference in physical properties of the two fats
= (deMan et al. 1987).
sn-3—> CH,COOR Milk fat, with its great variety of fatty acids,

Fig. 2.10 Stereospecific numbering of the carbons in a
triacylglycerol

ration direct a fatty acid toward position 2. The
depot fat of pigs is an exception, palmitic acid
being predominant in position 2. In the fats of
marine animals, chain length is the directing factor,
with polyunsaturated and short-chain fatty acids
accumulated in the 2-position and long chains in
the 1- and 3- positions. In the fats of birds, unsatu-
ration seems to be the only directing factor and
these acids accumulate in the 2-position.

The positional distribution of fatty acids in pig
fat (lard) and cocoa butter is shown in Table 2.15.
Most of the unsaturation in lard is located in the

also has a very large number of glycerides. It is
possible, by, for example, fractional crystalliza-
tion, to separate milk fat in a number of fractions
with different melting points (Chen and deMan
1966). Milk fat is peculiar in some respects. Its
short-chain fatty acids are classified chemically
as saturated compounds but behave physically
like unsaturated fatty acids. One of the unsatu-
rated fatty acids, the so-called oleic acid, is partly
trans and has a much higher melting point than
the cis isomers. In the highest melting fraction
from milk fat, there is very little short-chain fatty
acid and little unsaturation, mostly in the trans
configuration (Woodrow and deMan 1968). The
low melting fractions are high in short-chain
fatty acids and unsaturation (cis). The general
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100

Glyceride in mole %

Fatty Acid in mole % 100

Fig. 2.11 Calculated values for glyceride types in ran-
dom distribution (solid lines) and even distribution (dotted
lines). Adapted from: F.D. Gunstone, An Introduction to
the Chemistry of Fats and Fatty Acids, 1967, Chapman
and Hall

wax ester ¢}

distribution of major fatty acids in whole milk fat
is as follows (Morrison 1970): 4:0 and 6:0 are
located largely snl and sn-3 positions; 18:0 and
18:1 are preferentially in primary positions; 10:0,
12:0, and 16:0 are distributed randomly or with a
slight preference for the secondary position; and
14:0 is predominantly in the secondary position.
Prosser et al. (Table 2.16) have shown that C14
and C16 are predominantly in the sn-2 position
of the triglyceride in both human and cow milk.

Waxes

Waxes are esters of fatty acids with long chain
monohydric alcohols (one hydroxyl group).
Natural waxes are often mixtures of such esters,
and may also contain hydrocarbons. The formu-
las for three well known waxes are given below,
with the carboxylic acid moiety colored red and
the alcohol colored blue.

[0 M g S

Spermaceti
CHg(CH,)14C04-(CH,)15CH3

Beeswax
CH3(CH3)24C05-(CHy)29CH3

Carnuba wax
CH3(CHz)30C02-(CHy)33CH3

Spermaceti Beeswax

Carnuba wax

CH}(CHZ) I4C02_(CH2) 1 SCH3

CH;(CH,)»,CO,—(CH,)»CH;

CH;(CH,)3CO,—(CH,);;CH;

Table 2.14 Comparison of the glyceride composition of some natural fats as determined experimentally and as calcu-

lated by 1,3 random, 2 random hypothesis

Molecular species

SSS SuUS SSuU UsSu uus uuu
Fat Method (Mole %) (Mole %) (Mole %) (Mole %) (Mole %) (Mole %)
Lard Experiment 8 0 29 36 15 12
Lard Calculated 6 2 29 36 12 15
Chicken fat Experiment 3 10 9 12 38 28
Chicken fat Calculated 3 10 10 9 36 32
Cocoa butter Experiment 5 66 7 3 20
Cocoa butter Calculated 5 69 2 0 22 2

Adapted from R.J. Vander Wal, Triglyceride Structure, Adv. Lipid Res., Vol. 2, pp. 1-16, 1964
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Fig.2.12 Fatty acid
distribution in the

triacylglycerols of
vegetable oils
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v

~

saturated
+
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/

Table 2.15 Positional distribution fatty acids in pig fat
and cocoa butter

Fatty acid (Mole %)
Fat Position | 14:0 | 16:0 | 16:1 | 18:0 | 18:1 | 18:2
Pig fat | 1 09 | 95| 24 295 513 | 64
2 4.1 |723 | 48 2.1 134 33
3 0 04| 15| 74 727 182
Cocoa |1 - 340 | 0.6 |504 123 | 1.3
butter | > - 1.7 02| 2.1 (874 86
3 - 365 0.3 528 86| 04

Source: From W.C. Breckenridge, Stereospecific Analysis
of Triacylglycerols, in Fatty Acids and Glycerides,
A. Kuksis, ed., 1978, Plenum Press

v

Waxes are widely distributed in nature on
leaves and fruits of many plants. The waxy coat-
ings may protect the leaves and fruit from dehy-
dration and small predators. Bird feathers and the
fur of some animals have similar coatings which
serve as a water repellent.

Waxes occur primarily in plants and are gener-
ally composed of long chain alcohols esterified to
fatty acids. The chain-length and degree of unsat-
uration and branching of the aliphatic constituents
will vary with the origin of the wax. Some waxes
of marine origin or from some higher animals, the

Table 2.16 Fatty acid contents of cow milk and breast milk and the fatty acid distribution in the sn-2 position of the

triglycerides Adapted from Prosser et al. 2010

Cow Milk Breast Milk
Total Fatty acids In sn-2 position Total Fatty acids In sn-2 position
mol/100 mol mole/100 mol mol/100 mol mole/100 mol
C4:0 8.4 ND
C6:0 4.5 0.9
C8:0 22 1.7 0.1 ND
C10:0 4.3 4.2 1.2 0.3
C12:0 4.3 5.9 55 42
C14:0 13.0 21.7 6.0 9.6
C15:0 1.4 2.0 0.2 0.5
C16:0 31.0 40.8 21.0 57.0
C17:0 0.8 0.7 0.4 0.4
C18:0 9.6 4.9 7.4 14
C18:1n9 14.0 10.2 42.0 16.0
C18:2n6 0.6 1.2 18.0 13.0
C18:3n3 0.7 1.6 0.8 0.7
C20:0 0.1 ND 0.2 0.1
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aliphatic moieties tend to be saturated or monoe-
noic. A number of waxes are produced commer-
cially in large amounts for use in food coatings,
cosmetics, lubricants, polishes, inks and many
other applications. Bees secrete a wax, which
they use to construct the honeycomb. The wax is
recovered as a by-product when the honey is har-
vested and refined. It contains a high proportion
of wax esters (35-80%). The hydrocarbon con-
tent is highly variable. The wax esters consist of
C40 to C46 molecular species, based on 16:0 and
18:0 fatty acids some with hydroxyl groups in the
®-2 and w-3 positions. In addition, some diesters
with up to 64 carbons may be present, together
with triesters, hydroxy-polyesters and free acids
(which are different in composition and nature
from the esterified acids). The jojoba plant
(Simmondsia chinensis), which grows in the
semi-arid regions of Mexico and the U.S.A., pro-
duces wax esters rather than triacylglycerols in its
seeds. The wax consists mainly of 18:1 (6%),
20:1 (35%) and 22:1 (7%) fatty acids linked to
20:1 (22%), 22:1 (21%) and 24:1 (4%) fatty alco-
hols. Therefore, it contains C38 to C44 esters with
one double bond in each alkyl moiety. As methy-
lene-interrupted double bonds are absent, the wax
is relatively resistant to oxidation.

The leaves of the carnauba palm, Copernicia
cerifera which grows in Brazil, have a thick coat-
ing of wax, which is harvested from the dried
leaves. It contains mainly wax esters (85%),
accompanied by small amounts of free acids and
alcohols, hydrocarbons and resins. The wax
esters constitute C:16 to C:20 fatty acids linked
to C30 to C34 alcohols, resulting in C:46 to C:54
molecular species.

Waxes are widely distributed in nature on
leaves and fruits of many plants. The waxy coat-
ings, may protect the leaves and fruit from dehy-
dration and small predators. Bird feathers and the
fur of some animals have similar coatings which
serve as a water repellent.

Phospholipids

After triglycerides, phospholipids are the second
most abundant class of lipids found in nature.
Phospholipids are found in animal, plant and
microbial cell membranes. Like triglycerides
phospholipids contain a glycerol backbone
appended with two fatty acids, plus phosphoric
acid and a low-molecular-weight alcohol on one
of the hydroxyl groups of the glycerol backbone.
Common phospholipids include lecithins and
cephalins.

Phospholipids are the primary constituents of
cell membranes. They resemble the triglycerides
in being ester derivatives of glycerol appended
with fatty acids and phosphoric acid. The phos-
phate moiety of the resulting phosphatidic acid is
further esterified with ethanolamine, choline or
serine. Figure 2.13 illustrates some of the struc-
tural components of fatty acids and Fig. 2.14
illustrates the structures of the most abundant
phospholipids. Note that the fatty acid compo-
nents (R & R’) may be saturated or unsaturated.

Phospholipids are an important class of bio-
molecules. Phospholipids are the fundamental
building blocks of cellular membranes. These
molecules have a glycerol backbone, a polar or
charged head group and a pair of nonpolar fatty

Phospholipid Components

NH2
HO OH  Fatty Acids HO™

H>C—0OH OH saturated & ethanolamine

1 unsaturated
H(I:—|\||-|2 glycerol =
HC—OH e ® ©

] 5 /\/N(CHS]S OH
HC=CH-(CH2)12CH3 HO" OH HO

sphingosine

Fig.2.13 Components of phospholipids

phosphoric acid

choline hydroxide
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Fig.2.14 Structure of CH,OCOR
the major phospholipids |
CHOCOR
I

Phosphatidylicholine
(lecithin)

CHp0~PO,™ ~OCH,CHyN*(CHZl3

CH,0OCOR
I

CHOCOR
I

Phosphatidylethanolamine
{cephalin)

CH0~PO(OH)~OCH,CHyNH,

CH,OCOR
|

CHOCOR
1

Phosphatidylserine

CHy—POIOH) ~OCH,CHICOOHINH,

CH,0COR
I

CHOCOR

Phosphoinositides

OH OH

|
CHzo—m{OHI—O-OOH

acid tails esterified to the glycerol backbone. The
combination of polar and nonpolar segments is
termed amphiphilic, and the word describes the
tendency of these molecules to assemble at inter-
faces between polar and nonpolar phases.

Two fatty acid chains, each typically having
an even number of carbon atoms between 14 and
20, attach via esterification to the first and second
carbons of the glycerol molecule, denoted as the
snl and sn2 positions, respectively. The third
hydroxyl group of glycerol, at position sn3, is
appended with phosphoric acid to form phospha-
tidate bond. Phospholipids are widely distributed
in nature, generally one of the groups are bound
to the phosphatidic acid moiety such as serine,
ethanolamine, choline, glyercol, or inositol. The
resulting phospholipids may be charged, for
example, phosphatidyl serine (PS), phosphatidyl
inositol (PI), and phosphatidyl glyercol (PG); or
dipolar (having separate positively and nega-
tively charged regions), for example, phosphati-
dyl choline (PC), and phosphatidyl ethanolamine

OH OH

(PE). Phosphatidyl choline commercially called
lecithin is important in foods as an emulsifier. A
typical phospholipid contains a saturated fatty
acid, such as palmitic or stearic acid, at the snl
position, and an unsaturated or polyunsaturated
fatty acid, such as oleic or arachodonic acid.

Phosphatidylcholine (lecithin) is usually the
most abundant phospholipid in plants, often
amounting to almost 50% of the total phospho-
lipid in the system. Phosphotidyl choline is a key
building block of membrane bilayers. It makes
up a very high proportion of the outer leaflet of
the plasma membrane. Phosphatidylcholine is
also the principal phospholipid circulating in
plasma, where it is an integral component of the
lipoproteins, especially the HDL.

In food systems where it is more commonly
referred to as lecithin it is a valuable emulsifier.
Phospholipids are amphoteric (mixed ionic
charges), thus, they can aggregate or self-
assemble when mixed with water. This aggrega-
tion differs from the surface activity of soaps and
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detergents. Soaps and detergents tend to form
micelles. The two pendant alkyl chains present in
phospholipids and the unusual mixed charges in
their head groups, micelle formation is unfavor-
able relative to a bilayer structure. As shown in
Fig. 2.15, the polar head groups on the faces of
the bilayer contact water, and the hydrophobic
alkyl chains form a nonpolar interior. The phos-
pholipid molecules can move about in their half
the bilayer, but there is a significant energy bar-
rier preventing migration to the other side of the
bilayer. The bilayer membrane structure is also
found in aggregate structures called liposomes.

Liposomes are microscopic vesicles consisting of
an aqueous core enclosed in one or more phos-
pholipid layers. They are formed when phospho-
lipids are vigorously mixed with water. Unlike
micelles, liposomes have both aqueous interiors
and exteriors. Liposomes therefore are extremely
valuable for encapsulation of aqueous food, fla-
vor components or lipid soluble components. The
liposome protects the guest material from oxida-
tion or enzymatic attack.

Soy beans are a rich source of phospholipids
which are extracted and refined for use as emulsi-
fiers n foods. Table 2.17 illustrates the range and

water ,

Y

aggregation
in water

phospholipid

liposome d{'

TR RE TR R

: water
planar bilayer

aqueous

£1h!

aqueous exterior

Fig.2.15 Phospholipids form lipid bilayers and lipid micelles

Table 2.17 Range of phospholipids in soy

Component Shorthand abbreviation Low Intermediate High
Phosphatidylcholine PC 12.0-21.0 29.0-39.0 41.0-46.0
Phosphatoidylethanolamine PE 8.5-9.5 20.0-26.3 31.0-34.0
Phosphatidylinositol PI 1.7-7.0 13.0-17.5 19.0-21.0
Phosphatoidic Acid PA 0.2-1.5 5.0-9.0 14
Phosphatidyl Serine PS 0.2 5.9-6.6 —
Lysophosphatidylcholine LPC 1.5 8.5 —
Lysophosphatidylinositol PLI 0.4-1.8 - -
Lysophosphatidylserine LPS 1 - -
Lysophosphatidic acid LPA 1 - -
Phytoglycolipids - - 14.3-15.4 29.6

Szuhaj (1989)
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Table 2.18 Total and principal phospholipids of different foods
Food Total lipid Total phospholipid PC PE PS PI
2/100 g product mg/100 g product
Beef (L. dorsi) Fattened 12.4 690 3402 124 96° 32
Beef (L. dorsi) Lean 1.7 597 260° 106 48° 44
Pork (L. dorsi) 2.58 596 304 167 57¢
Chicken breast 1.12 782 391 187 100
Chicken thigh 3.26 1386 662 352 186 tr
Turkey breast 0.73 418 231 92 330
Turkey thigh 2.48 418 231 92 340
Cod 0.59 520 359 99 26
Tuna (Dorsal) 3.79 617 166 132 93
Cow milk 3.66 34 12 10 1 2
Egg Yolk 318 10,306 6771 1917 64
Peanut 48.5 620 270 50 150
Soybean 20.8 2038 917 536 287
Corn 3.7 213 139 15 26
Hard wheat (whole grain) 2.5 1060 164 56 69
“PC + LPC
°PS + PA + CL
‘PS + PI

PC phosphatidyl choline, PE phosphatidyl ethanolamine, PS phosphatidyl Serine, P/ phosphatidyl Inositol, LPC lyso-

phosphatidyl choline
Adapted from Weihrauch and Son (1983)

distribution of soy phospholipids. Table 2.18
contains distribution of phospholipids found in a
variety of foods. Frequently the phosphatidyl
choline is refined and sold as lecithin which can
be used as an emulsifier in foods and cosmetics.

Unsaponifiables

The unsaponifiable fraction of fats contains ste-
rols, terpenic alcohols, aliphatic alcohols, squa-
lene, and hydrocarbons. The distribution of the
various components of the unsaponifiable frac-
tion in some fats and oils is given in Table 2.19.
In most fats the major components of the unsa-
ponifiable fraction are sterols.

Terpenes

Compounds classified as terpenes constitute a
large and diverse group of natural compounds. A
majority of these compounds are found only in

plants, but some of the larger and more complex
terpenes (e.g. squalene & lanosterol) occur in
animals. Are classified by the number and struc-
tural organization. Terpenes are primarily made
of isoprene (more accurately isopentane) units,
an empirical feature known as the isoprene rule.
Because of this, terpenes usually have 5n carbon
atoms (n is an integer), and are subdivided as fol-
lows (Table 2.20):

Isoprene itself, a C5SH8 gaseous hydrocarbon,
is emitted by the leaves of various plants as a
natural byproduct of plant metabolism. Next to
methane it is the most common volatile organic
compound found in the atmosphere. Examples of
C10 and higher terpenes, representing the four
most common classes are shown in Fig. 2.16.

Steroids

The class of lipids called steroids is recognized by
their tetracyclic skeleton, consisting of three fused
six-membered and one five-membered ring.
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Table 2.19 Composition of the unsaponifiable fraction of some fats and oils

Oils Hydrocarbons Squalene Aliphatic alcohols Terpenic alcohols Sterols
Olive 2.8-3.5 32-50 0.5 20-26 20-30
Linseed 3.7-14.0 1.0-3.9 2.5-5.9 29-30 34.5-52
Tea seed 34 2.6 - - 22.7
Soybean 3.8 2.5 4.9 232 58.4
Rapeseed 8.7 4.3 7.2 9.2 63.6
Corn 1.4 2.2 5.0 6.7 81.3
Lard 23.8 4.6 2.1 7.1 47.0
Tallow 11.8 1.2 2.4 5.5 64.0

Source: From G. Jacini, E. Fedeli, and A. Lanzani, Research in the Nonglyceride Substances of Vegetable Oils, J. Assoc.

Off. Anal. Chem., Vol. 50, pp. 84-90, 1967

Table 2.20 Terpene

Classification Isoprene units Carbon atoms
monoterpenes 2 C10
sesquiterpenes 3 C15
diterpenes 4 C20
sesterterpenes 5 C25
triterpenes 6 C30

Steroids structures are not based a glycerol back-
bone or ester linkages. The four rings in sterols
structures are designated A, B, C & D shown in
Fig. 2.17. The numbers in red represent the num-
bering of the ring carbon atoms in the sterol struc-
ture. The substituents designated by R are often
alkyl groups. The R group at the A:B ring fusion is
most commonly methyl or hydrogen, the R group
at the C:D fusion is generally a methyl group. The
R- substituent at C-17 varies considerably, and is
usually larger than methyl if it is not a functional
group. The most common locations of functional
groups are C-3, C-4, C-7, C-11, C-12 & C-17.
Animal fats contain cholesterol and, in some
cases, minor amounts of other sterols such as
lanosterol. Plant fats and oils contain phytoster-
ols, usually at least three, and sometimes four
(Fedeli and Jacini 1971). Plants can contain trace
amounts or cholesterol. The predominant phytos-
terol found in plants is p-sitosterol; others include
campesterol and stigmasterol. In rapeseed oil,
brassicasterol takes the place of stigmasterol
(Table 2.21). Table 2.22 contains the typical phy-
tosterol content found in servings of plant foods.
Plant sterols are beneficial in helping control
cholesterol re-absorption thus possibly educing
serum cholesterol. Wheat germ and rice bran oil

are excellent sources of phytosterols. Sterols con-
tain the perhydrocyclopenteno-phenanthrene
nucleus, which is shared in common with many
other natural compounds, including bile acids,
hormones, and vitamin D. The nucleus and the
description of the four rings, as well as the sys-
tem of numbering of the carbon atoms, are shown
in Fig. 2.18a. The sterols generally have high
melting points and therefore are solid at room or
body temperatures. Stereochemically they are
relatively flat molecules, usually with all trans
linkages, as shown in Fig. 2.18. The ring junction
between rings A and B is frans in some steroids,
cis in others. The junctions between B and C and
C and D are normally frans. Substituents that lie
above the plane, as drawn in Fig. 2.18c, are
named f, those below the plane, a. The 3-OH
group in cholesterol (Fig. 2.18c) is the
B-configuration, and it is this group that may form
ester linkages. The structuresof the major plant
sterols is given in Fig. 2.15. Part of the sterols in
natural fats are present as esters of fatty acids; for
example, in milk fat, about 10% of the choles-
terol occurs in the form of cholesterol esters.

Cholesterol has 256 stereoisomers, although
only two of them are of biochemical significance
(nat-cholesterol and ent-cholesterol,land only
one of them occurs naturally (nat-cholesterol). In
animal tissues, cholesterol (cholest-5-en-3§3-ol)
is by far the most abundant member of a family
of polycyclic compounds known as sterols.

In animals cholesterol has an essential struc-
tural role in membranes and in lipid metabolism.
Cholesterol is the biosynthetic precursor of bile
acids, vitamin D and steroid hormones (glucocor-
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Fig.2.17 Sterol structure and major plant sterols



66

2 Lipids

Table 2.21 Sterol content of fats and oils

Fat Sterol (%)
Lard 0.12
Beef tallow 0.08
Milk fat 0.3
Herring 0.2-0.6
Cottonseed 1.4
Soybean 0.7
Corn 1.0
Rapeseed 0.4
Coconut 0.08
Cocoa butter 0.2

Table 2.22 Phytosterol content of selected food oils

Total Phytosterol per serving of various food oils

Food Serving Phytosterols (mg)

Wheat germ | Y2 cup (57 g) 197

Rice bran oil | 1 tablespoon (14 g) | 162

Sesame oil 1 tablespoon (14 g) | 118

Corn oil 1 tablespoon (14 g) | 102

Canola oil 1 tablespoon (14 g) |92

Peanuts 1 ounce (28 g) 62

Wheat bran | %2 cup (29 g) 58

Almonds 1 ounce (28 g) 39

Brussels Yacup (78 g) 34

sprouts

Rye bread 2 slices (64 g) 33

Macadamia | 1 ounce (28 g) 33

nuts

Olive oil 1 tablespoon (14 g) |22

Benecol® 1 tablespoon (14 g) | 850 mg plant stanol

spread esters (500 mg free
stanols)

http://lpi.oregonstate.edu/mic/dietary-factors/phytochem-
icals/phytosterols; USDA Nutrient Database for Standard
Reference, Release 20. 2007. Available at: http://ndb.nal.
usda.gov//. Accessed 7/24/08.; (Norman et al. 2002;
Normen et al. 1999; Phillips et al. 2002)

ticoids, estrogens, progesterone’s, androgens and
aldosterone), the central nervous system, and it
has major functions in signal transduction and
males,m it is required for sperm development.
Plasma cholesterol levels are also risk factors for
heart disease because they can be a major con-
tributory factor to atherogenesis. Cholesterol is
ubiquitous in in the membranes all animal tissues
(and of some fungi, although it is not evenly dis-
tributed. The highest levels of unesterified cho-
lesterol are found in plasma membrane (roughly
30-50% of the lipid in the membrane or 60-80%

CH,

C CH;

CH
CHsy 3

HO

Fig.2.18 Sterols. (a) Structure of the steroid nucleus, (b)
stereochemical representation, and (¢) Cholesterol

of the cholesterol in the cell). Cholesterol levels
in mitochondria and the endoplasmic reticulum
are very low and the Golgi contains intermediate
levels. The brain contains more cholesterol than
any other organ, where it comprises roughly a
quarter of the total free cholesterol in the human
body. Cholesterol can occur in the free form,
esterified to long-chain fatty acids (cholesterol
esters), and in other covalent and non-covalent
linkages in animal tissues, including the plasma
lipoproteins. In plants, it tends to be a minor
component only of a complex mixture of struc-
turally related phytosterols, although there are
exceptions, but it is nevertheless importance as a
precursor of some plant hormones. http:/lipidli-
brary.aocs.org/Lipids/simple.html.

Phytosterols

The sterols provide a method of distinguishing
between animal and vegetable fats by means of
their acetates. Cholesterol acetate has a melting
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Fig.2.19 Isomeric forms of cholesterol

point of 114 °C, whereas phytosterol acetates
melt in the range of 126-137 °C. This provides a
way to detect adulteration of animal fats with
vegetable fats.

The most common phytosterols and phytosta-
nols (examples of structures are shown in
Fig. 2.19 are sitosterol (3fp-stigmast-5-en-30l;
CAS number 83-46-5), sitostanol (3p,5a-
stigmastan-3-ol; CAS Number 83-45-4), campes-
terol  (3p-Ergost-5-en-3-ol; CAS  Number
474-62-4), campestanol (3f,5a-ergostan-3-ol;
CAS Number 474-60-2), stigmasterol
(3p-stigmasta-5,22-dien-3-ol; CAS  Number
83-48-7) and brassicasterol (3p-ergosta-5,22-
dien-3-ol; CAS Number 474-67-9). Each com-
mercial source has its typical phytosterols
composition. Commercially, phytosterols are iso-
lated from vegetable oils, such as soybean oil,
rapeseed (canola) oil, sunflower oil or corn oil, or
from so-called “tall oil”, a by-product of the
manufacture of wood pulp. Phytosterols can be
hydrogenated to obtain phytostanols. Phytosterols
and phytostanols are high melting powders.
Phytostanol and phytosterol esters are chemically
stable materials, having comparable chemical
and physical properties to edible fats and oils.

The substances are insoluble in water, but soluble
in non-polar solvents, such as hexane, iso-octane
and 2-propanol. The esters are also soluble in
vegetable fats and oils. Phytostanol and phytos-
terol esters are added to margarine and promoted
for reduction of serum cholesterol.

Edible vegetable oils, extracted from oil seeds,
are typically refined to remove minor oil compo-
nents such as phosphatides, free fatty acids,
oxidized fatty acids, pigments and odors, while
minimizing damage to the glycerides. The most
common processes are referred to as either physi-
cal or chemical. Chemical or alkaline refining an
alkali is used to neutralize the free fatty acids
which are removed as soapstock. The chemical
refining process consists of water degumming
which where the gums a dried and used to pro-
duce lecithin, aalkal neutralization resulting in
sproduction of soap stock, dewaxing, bleaching,
and deodorization yielding edible oils. In physi-
cal refining acid degumming yields gums, dewax-
ing bleaching, are followed by deacidification
yielding fatty acids and deodorization procedure
comprises degumming, neutralization, bleaching
and deodorization. In physical refining the neu-
tralization step is omitted and the residual free
fatty acids are removed in the final deodorization
step. Deodorization is the last step in the edible
oil refining process in which volatiles are
removed that can adversely affect the stability,
flavor, and odor of the oil.

This process relies on the large volatility dif-
ferences between the oil itself (triglycerides) and
the volatile compounds to be removed and is car-
ried out under reduced pressure, an elevated tem-
perature in the presence of a stripping gas. The
volatiles are recovered in a vapor condenser. This
distillate mainly contains free fatty acids, but also
significant levels of tocopherols (5-15%) and
phytosterols (8—20%).

In a transesterification (methanolysis) step,
the glycerides are converted into fatty acid methyl
esters and glycerol and the phytosterol-esters into
free phytosterols and fatty acid methyl esters.
After removal of the methanol/glycerol phase,
the methyl esters are removed and the free phy-
tosterols and tocopherols removed by distillation.
The phytosterols are separated from the tocoph-
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Table 2.23 Hydrocarbon composition of some vegetable oils

Oils n-Paraffins iso-and/or ante-iso Paraffins Unidentified Total Hydrocarbons
Corn Ciia Ciia 8 40

Peanut Ciis0 Ciins 7 40

Rapeseed Ciial Ciiiz, Cigan 6 36

Linseed Ciiss Ciia 7 43-45

Olive Ci1, Ciz 0 - 6 29

Source: From G. Jacini, E. Fedeli, and A. Lanzani, Research in the Nonglyceride Substances of Vegetable Oils, J. Assoc.

Off- Anal. Chem., Vol. 50, pp. 84-90, 1967

erols by solvent crystallization and filtration
using food grade solvent. The phytosterols are
further purified by re-crystallisation, mainly to
remove wax-esters (Table 2.23).

Plants also produce low levels of paraffin
hydrocarbons. Traces of hydrocarbons remain in
vegetable oils, however most are removed during
refining of the oil. Table 2.23 the contents of
hydrocarbons in some common vegetable oils.

Lipid Reactions

Lipids contain two main functions which become
involved in chemical reactions. Lipids that are
unsaturated can undergo oxidation reactions both
in food and in vivo. Lipids with ester bonds such
as triglycerides, phospholipids and waxes can
undergo hydrolysis or interesterification. The
interesterification reactions are commercially
important for formation of modified triglycerides
and for analytical purposes forming esters of
fatty acids for analysis. Interesterifcation reac-
tions are important for forming new triglycerides
with desired functionalities.

The acidity of the carboxylic acids function on
fatty acids results in react with bases to form
ionic salts, as shown below (Fig. 2.20). In the
case of alkali metal hydroxides and simple
amines (or ammonia) the resulting salts have pro-
nounced ionic character and are usually soluble
in water.

Fatty Acid Salts

RCO.H | +
RCO.H | +

NaHCO; | —
(CH;);N: | —

RCO,(-) Na(+) + CO, + H,O
RCO,(—) (CH3);NH(+)

Hydrolysis

Interesterification

Interesterification can be defined as a redistribu-
tion of the fatty acid moieties present in triglycer-
ides. In the presence of certain catalysts, the fatty
acid radicals can be made to move between
hydroxyl positions so that an essentially random
fatty acid distribution results, according to the
following reaction pattem (Formo 1954):

RCOOR? + R!COOR3—> RCOOR3 + R!COOR?

Interesterification is used in industry to modify
the crystallization behavior and the physical prop-
erties of fats. It can also be used to produce solid
fats for margarine and shortening that are low in
trans fatty acids. An additional advantage is that
polyunsaturated fatty acids, which are destroyed
during hydrogenation, are not affected. Several
types of interesterification are possible. A fat can be
randomized by carrying out the reaction at tem-
peratures above its melting point, several raw
materials may be interesterified together so that a
new product with desired physical properties
results. Fat can be interesterified at a temperature
below its melting point so that only the liquid frac-
tion reacts (this is known as directed interesterifica-
tion). The effect of randomization can be
demonstrated with the case of a mixture of equal
amounts of two simple glycerides, such as triolein
and tristearin. Interesterification of two equal glyc-
erides (Fig. 2.21 OOO SSS) such as triolein and
tristearin results in the formation of six possible
triglycerides. When the blend of the two glycerides
is other than in equal quantities the results can be
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derived from a graph such as the one in Fig. 2.22.
The graph indicates that the maximum levels of the
intermediate glycerides A,B and AB, are formed at
molar fractions of one-third A or one-third B.

The theoretical number of glycerides formed
by interesterification of mixtures containing dif-
ferent fatty acids has been described by Rozenaal
(1992) and is shown in Table 2.24. The table also
gives the formula for calculating the total number

Table 2.24 Theoretical Triacylglycerol Composition
after Interesterification for n Fatty Acids (A, B, C, D) with
Molar Fractions a, b, ¢, d

Type Number Amount
Mono acid n a’, b, ¢!
(AAA, BBB)

Diacid (AAB, AAC)
Triacid (ABC, BCD)
Total

3a’b, 3ab?, 3a’c
6abc, 6acd

n(n-1)
1/6 n(n—-1) (n-2)
n36 +n*2 + n/3
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of glycerides formed. For example, for n = 4 the
number of glycerides formed is 20 and for n = 6
the number is 56. Thus, interesterification results
in increased complexity of the oil.

This is results in a randomized distribution of
the fatty acids on the glycerol moiety when the
reaction is carried out in a single, liquid phase.

In directed interesterification, one of the reac-
tion components is removed from the reaction
mixture. This can be achieved by selecting a
reaction temperature at which the trisaturated
glycerides become insoluble and precipitate. The
equilibrium is then disturbed and more trisatu-
rates are formed, which can then be precipitated.
Because of the low temperature employed, the
reaction is up to 10-20 times slower than the ran-
dom process. Another procedure of directed
interesterification involves the continuous distill-
ing of low molecular weight fatty acids, such as
those present in coconut oil with high free fatty
acid content (Hustedt 1976).

The reaction mechanism of interesterification
using sodium methoxide as a catalyst is a two-step
process (Sreenivasan 1978; Rozenaal 1992). First,
the catalyst combines with the glyceride at one of
the carbonyl locations (Fig. 2.23). Then the anion
of the catalyst and the alkoxy group of the ester are
exchanged. The catalyst has changed but remains
active. At the end of the reaction there remains an
amount of fatty acid methyl ester equivalent to the
amount of sodium methoxide catalyst used. The
randomization reaction continues until equilib-
rium has been reached. The reaction is terminated
by destroying the catalyst through addition of
water or organic acid, which converts the fatty

acid methyl ester into free fatty acid. The reaction
is intramolecular as well as intermolecular. An
active catalyst for interesterification can be devel-
oped with sodium hydroxide and glycerol which
form an active catalyst as illustrated in Fig. 2.24.
Freeman (1968) has reported that the intramolecu-
lar rearrangement occurs at a faster rate than the
general randomization.

Rozenaal determined the reaction rate for the
randomization of palm oil (Fig. 2.25). The reac-
tion rate, which was measured by determination
of the solid fat content, increased with
temperature. There is evidence of an induction
period at lower temperatures.

Random interesterification can result in either
an increase or a decrease in melting point and
solid fat content, depending on the composition of
the original fat or fat blend. When cocoa butter is
interesterified, the unique melting properties are
completely changed (Fig. 2.26). Cocoa butter is a
relatively expensive fat, used in confectionery,
because of its sharp melting point between room
temperature and body temperature; chocolate lit-
erally melts in the mouth. This is due to the fairly
small variation in the structure of the constituent
triglycerides; 80% have palmitic acid or stearic
acid in the 1 and 3 positions with oleic acid in the
central 2 position. Cocoa butter substitutes have
been produced from palm oil, the acid hydrolysis
is accomplished by dissolving stearic acid in hex-
ane containing enough water to activate the lipase.
Olive oil may be similarly improved by exchang-
ing its 1,3-oleic acid residues for palmityl groups.
The products may be recovered by recrystalliza-
tion from aqueous acetone.

o} o Na* 0
1] -
CH,-0 — C CHy-0 —— c — OMe” CH,-0 Na* +¢_ome
l +Na* Ome” — ¢ l
Ry R,
0 o Na* 0
M ] : N 1] B
CH,-0 Na* C-0-CH, CHz-O—(]? — OMe”  CH,-0 —‘15 Na® "0-CH,
+ Ry — R, R, +

Fig.2.23 Reaction mechanism of the interesterification process
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Fig.2.24 Formation of interesterification catalyst from sodium hydroxide and glycerol in a two-step process. Adapted
from: A. Rozenaal, Interesterification of Oils and Fats, Inform, 3, pp. 1233-1235, © 1992, AOCS Press
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Fig. 2.25 Randomization of palm oil at different tem-
peratures. Adapted from: A. Rozenaal, Interesterification
of Oils and Fats, Inform, 3, pp. 1233-1235, © 1992,
AOCS Press

Interesterification of lard has been used exten-
sively. Lard produces coarse crystals because it
tends to crystallize in the  form. Palmitic acid is
mostly located in the sn-2 position of the disatu-
rated glycerides (S,U). When lard is randomized,
the level of palmitic acid in the sn-2 position
drops from 64 to 24%. The result is a smooth-
textured fat that crystallizes in the p’ form.
Randomized lard has an improved plastic range

100

80

(o))
o

iy
o

Solid Fat Index (SFI)

20

20 30 40 50 60
Temperature °C

Fig.2.26 Solid fat index (SFI) of cocoa butter before and
after interesterification

and makes a better shortening. Palm oil shows the
phenomenon of post-hardening or post-
crystallization. This is a disadvantage in a num-
ber of applications. Interesterification eliminates
this problem.
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In the formulation of margarines and shorten-
ings, a hardstock is often combined with unmodi-
fied liquid oil. A useful hardstock for the
formulation of soft margarines is an interesteri-
fied blend of palm stearin and palm kernel oil or
fully  hydrogenated palm  kernel oil.
Interesterification is used to produce trans free
fats for making margarines and shortenings. The
traditional method for transforming oils into fats
involves hydrogenation and this results in high
trans levels. The physical and chemical proper-
ties of trans free fats made by interesterfication
have been described by Petrauskaite et al. (1998).

Ester interchange of fats with a large excess
of glycerol, at high temperature, under vacuum,
and in the presence of a catalyst, results in an
equilibrium mixture of mono-, di-, and triglyc-
erides. After removal of excess glycerol, the
mixture is called technical monoglyceride and
contains about 40% of 1-monoglyceride.
Technical monoglycerides are used as emulsify-
ing agents in foods. Molecular distillation yields
products with well over 90% 1-monoglycerides;
the distilled monoglycerides are also widely
used in foods. Interesterification can also be

S+M — [S—M)]

SIS

4

M+ H, &= (M—H,)
(2)

carried out by using lipase enzymes as a cata-
lyst. This type of application is described in
Chap. 10.

Hydrogenation

Hydrogenation of fats is a chemical reaction con-
sisting of addition of hydrogen at double bonds
of unsaturated acyl groups. This reaction is of
great importance to industry, because it permits
the conversion of liquid oils into plastic fats for
the production of margarine and shortening. For
some oils, the process also results in a decreased
susceptibility to oxidative deterioration. In the
hydrogenation reaction, gaseous hydrogen, lig-
uid oil, and solid catalyst participate under agita-
tion in a closed vessel. Although most industrial
processes use solid nickel catalysts, interest in
organometallic compounds that serve as homo-
geneous catalysts has increased greatly. Frankel
and Dutton (1970) have represented catalytic
hydrogenation by the following scheme, in which
the reacting species are the olefinic substrate (S),
the metal catalyst (M), and H,:

(8—M—H,] — SH, +M

(3)

The intermediates 1, 2, and 3 are organometal-
lic species. If the reaction involves heterogeneous
catalysis, the olefins and hydrogen are bound to
the metal by chemisorption. If homogeneous
catalysis takes place, the intermediates are
organometallic complexes. The intermediates are
labile and short-lived and cannot usually be iso-
lated. In heterogeneous catalysis, the surface of
the metal performs the function of catalyst and
the preparation of the catalyst is of major impor-
tance. When hydrogen is added to double bonds

in a natural fat consisting of many component
glycerides and different component unsaturated
fatty acids, the result depends on many factors, if
the reaction is not carried to completion.
Generally, hydrogenation of fats is not carried to
completion and fats are hydrogenated only par-
tially. Under these conditions, hydrogenation
may be selective or nonselective. Selectivity
means that hydrogen is added first to the most
unsaturated fatty acids. Selectivity is increased
by increasing hydrogenation temperature and
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decreased by increasing pressure and agitation.
Table 2.25 shows the effect of selectivity on the
properties of soybean oil. The selectively hydro-
genated oil is more resistant to oxidation because
of the preferential hydrogenation of the linolenic
acid. The influence of selectivity conditions on
the fatty acids of hydrogenated cottonseed and
peanut oil is demonstrated by the data presented
in Table 2.26 The higher the selectivity, the lower
the level of polyunsaturated fatty acids will be
and the higher the level of monounsaturates.

It is now commonly accepted that the nickel-
catalyzed hydrogenation of unsaturated fatty
acids follows the Horiuti-Polanyi mechanism.
According to this mechanism, molecular hydro-
gen is adsorbed onto the nickel surface (reaction
1 in Fig. 2.27 where adsorbed species are indi-
cated by an asterisk) and dissociated into two
hydrogen atoms (reaction 2). Fatty acids are also
adsorbed onto this nickel surface by their double
bond or bonds and in a first step, a hydrogen atom
is added to this bond to form a half-hydrogenated

Table 2.25 Differences in selective and nonselective
hydrogenation of soybean oil

Characteristic Selective | Non-selective
Induction period AOM (h) | 240 31
Micropenetration 70 (more | 30
plastic)

Capillary mp (°C) 39 55
Condition

Temp (°C) 177 121

Pressure (psi) 5 50

Ni catalyst (%) 0.05 0.05

Source:  From W.O. Lundberg, Autoxidation and

Antioxidants, 1961, John Wiley & Sons

intermediate. If a second hydrogen atom is then
added to this intermediate, the original double
bond has been saturated but because the first
addition is reversible, the intermediate can also
dissociate.  http://lipidlibrary.aocs.org/process-
ing/hydrog-mech/index.htm.

Figure 2.27 shows how dienes (D for short)
are hydrogenated to from monoenes (M) and
finally stearic acid (D). So linoleic acid (9¢,12¢—
octadecadienoic acid, c¢,c-D) 1is reversibly
adsorbed in reaction 3 and a hydrogen atom H* is
reversibly added to the adsorbed linoleic acid
(c,c-D*) to form a half-hydrogenated intermedi-
ate (c-DH*). This is still adsorbed as shown by
the asterisk (*) but has only a single double bond
left that has retained its cis-configuration. This
half-hydrogenated intermediate can do one of
several things. It can react irreversibly with a fur-
ther hydrogen atom (H*) in reaction 10 or it can
dissociate.

The hydrogen atom leaving on this dissocia-
tion can be the same as the one that has been
added as shown in reaction —4 (where the minus
sign indicates the reverse reaction), it can be a
different atom on the same carbon atom or it can
be a hydrogen atom leaving from a different car-
bon atom. Accordingly, the fatty acid resulting
from this dissociation can have undergone geo-
metrical isomerisation so that the original cis-
configuration of the double bond has been
changed into a trans-configuration as shown in
reaction 5. It can also have undergone positional
isomerisation meaning that the double bond has
shifted one position along the fatty acid chain;
this type of isomerisation is not shown in the
figure. In methylene-interrupted polyunsatu-

Table 2.26 Fatty acid composition of cottonseed and peanut oil hydrogenated under different conditions of selectivity

to iodine value 65

Fatty acids
Oil Hydrogenation conditions Saturated (%) Oleic (%) Linoleic (%)
Cottonseed Moderately selective 31.5 64.5 4.0
Peanut Moderately selective 27.5 72.5 -
Cottonseed Nonselective 36.0 56.0 8.0
Peanut Nonselective 30.0 67.0 3.0
Cottonseed Very nonselective 39.5 48.5 12.0
Peanut Very nonselective 33.0 61.0 6.0
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Fig. 2.27 Horiuti-Polanyi mechanism for hydrogenation with nickel catalyst. http:/lipidlibrary.aocs.org/processing/

hydrog-mech/index.htm

rated fatty acids this can lead to the formation of
conjugated double bonds. Because the double
bond is no longer present in the half-hydroge-
nated intermediate, this intermediate can rotate
around the original double bond and this can
result in an isomerisation that is both geometri-
cal and positional. http:/lipidlibrary.aocs.org/
processing/hydrog-mech/index.htm.

When a half-hydrogenated intermediate is
saturated by reacting with another hydrogen
atom, heat is liberated since the hydrogenation
process is strongly exothermic. Consequently,
the reaction product is so ‘hot’ that it immedi-
ately leaves the catalyst surface. By sharing its
kinetic energy with its surroundings, it cools
down so that it can be re-adsorbed at its remain-
ing double bond (c-M*). This monoene can then
react with an adsorbed hydrogen to form the half-
hydrogenated monoene (MH*) that just as above
can react in several ways one of which (reaction

16) leads to stearic acid. (http://lipidlibrary.aocs.
org/processing/hydrog-mech/index.htm).
Another important factor in hydrogenation is
the formation of positional and geometrical iso-
mers. Formation of frans isomers is rapid and
extensive. The isomerization can be understood
by the reversible character of chemisorption.
When the olefinic bond reacts, two carbon-metal
bonds are formed as an intermediate stage (repre-
sented by an asterisk in Fig. 2.28). The intermedi-
ate may react with an atom of adsorbed hydrogen
to yield the “half-hydrogenated” compound,
which remains attached by only one bond.
Additional reaction with hydrogen results in for-
mation of the saturated compound. There is also
the possibility that the half-hydrogenated olefin
may again attach itself to the catalyst surface at a
carbon on either side of the existing bond, with
simultaneous loss of hydrogen. Upon desorption
of this species, a positional or geometrical isomer
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Fig.2.28 Hydrogenation of an olefinic compound

may result. The proportion of trans acids is high
because this is the more stable configuration.
Double bond migration occurs in both direc-
tions and more extensively in the direction away
from the ester group. This is true not only for the
trans isomers that are formed but also for the cis
isomers. The composition of the positional iso-
mers in a partially hydrogenated margarine fat is
shown in Figs. 2.29 and 2.30 (Craig-Schmidt
1992). In a partially hydrogenated fat, the analy-
sis of component fatty acids by gas-liquid chro-
matography is difficult because of the presence of
many isomeric fatty acids. This is shown in the
chromatogram in Fig. 2.31 (Ratnayake 1994).
Nickel catalysts are poisoned by sulfur and
phosphorous compounds, free fatty acids, and
residual soaps. Oils are refined and sometimes
bleached before hydrogenation. Sulfur com-
pounds are not easily removed from the oil. Oils
that contain sulfur compounds are rapeseed oil,

—CH,~CH,~CH—CH,—

desorption

—CH ™ CH;" CHz =CH ™

canola oil, and fish oils (Wijesundera et al. 1988).
High-erucic rapeseed oil is very difficult to
hydrogenate unless it is deodorized (deMan et al.
1995). Canola oils of the double-zero variety that
are low in erucic acid and glucosinolates still
contain traces of sulfur in the form of isothiocya-
nates (Abraham and deMan 1985).

When catalysts are poisoned by sulfur the
hydrogenation reaction is slowed down and the
formation of frans isomers is increased. U.S.
stick margarines are reported to contain 24% of
trans fatty acids, and soft margarines contain
14—18%. Shortenings contain 22.5%, and fats in
snack foods contain up to 46% of trans fatty
acids (Craig-Schmidt 1992).

It is difficult to eliminate oxidation-sensitive
polyunsaturated  fatty acids by partial
hydrogenation of fish oils. This has been demon-
strated by Ackman (1973) in the progressive
hydrogenation of anchovetta oil. The original
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Fig. 2.29 Positional isomers of 18:1 cis formed in the
partial hydrogenation of a margarine fat. Adapted from
M.C. Craig-Schmidt, Fatty Acid Isomers in Foods, in
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Fatty Acids in Foods and Their Health Implications,
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Fig. 2.30 Positional isomers of 18:1 frans formed in the
partial hydrogenation of a margarine fat. Adapted from
M.C. Craig-Schmidt, Fatty Acid Isomers in Foods, in

eicosapentaenoic acid (20:5 ® 3) is not com-
pletely removed until an iodine value of 107.5 is
reached. Even at this point there are other poly-
unsaturated fatty acids present that may be sus-
ceptible to flavor reversion.

NN
AN

11 12 13 14 15 16

Fatty Acids in Foods and Their Health Implications,
C.K. Chow, ed., p. 369, 1992, by courtesy of Marcel
Dekker, Inc.

In the nonselective hydrogenation of typical
seed oils, polyunsaturated fatty acids are rapidly
reduced and frans-isomer levels increase to high
values. Figure 2.32 shows the hydrogenation of
canola oil (de El-Shattory et al. 1982).
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Lipid Oxidation

The unsaturated bonds present in fats and oils
represent active centers that, among other things,
may react with oxygen. This reaction leads to the
formation of primary, secondary, and tertiary oxi-
dation products that may make the fat or fat-
containing foods unsuitable for consumption.

The process of autoxidation and the resulting
deterioration in flavor of fats and fatty foods are
often described by the term rancidity. Usually
rancidity refers to oxidative deterioration but, in
the field of dairy science, rancidity refers usually
to hydrolytic changes resulting from enzyme
activity. Lundberg (1961) distinguishes several
types of rancidity. In fats such as lard, common
oxidative rancidity results from exposure to oxy-
gen; this is characterized by a sweet but undesir-
able odor and flavor that become progressively
more intense and unpleasant as oxidation pro-
gresses. Flavor reversion is the term used for the
objectionable flavors that develop in oils contain-
ing linolenic acid. This type of oxidation is pro-
duced with considerably less oxygen than with
common oxidation. A type of oxidation similar to
reversion may take place in dairy products, where
a very small amount of oxygen may result in
intense oxidation off-flavors. It is interesting to
note that the linolenic acid content of milk fat is
quite low.

Among the many factors that affect the rate of
oxidation are the following:

e amount of oxygen present

e degree of unsaturation of the lipids

e presence of antioxidants

e presence of prooxidants, especially copper,
and some organic compounds such as heme-
containing molecules and lipoxidase

* nature of packaging material

 light exposure

e temperature of storage

The lipid oxidation process during lipid per-
oxidation consists of three partially overlapping
phases of radical reactions which can be distin-
guished: initiation, propagation, and termina-
tion (Fig. 2.33). In the initiation phase reactions
prevail that form and expand the pool of radicals.

H

NI

LH
Initiation XH

S . L*
hydroper-  OOH + 0,
oxide
(slow) Propagation (fast)

\_/Hh/
" W peroxyl
0o* radical

+ AHorR*®
Termination

non-radical or stable
radical products (A)

Fig. 2.33 Mechanism of lipid oxidation. http://www.
ncbi.nlm.nih.gov/pmc/articles/PMC2868362/

During the propagation phase the chain reaction
between fatty acid radicals and molecular oxygen
leads to the formation and accumulation of the
primary hydroperoxide products. Reactions
between radicals leading to non-radical products
dominate during the termination phase.

In the initiation part, hydrogen is abstracted
from an olefinic compound to yield a free radical.
The removal of hydrogen takes place at the car-
bon atom next to the double bond and can be
initiated by light or metal ions such as iron or
copper. The dissociation energy of hydrogen in
various olefinic compounds has been listed by
Ohloff (1973) and is shown in Table 2.27. Once a
free radical has been formed, it will combine with
oxygen to form a peroxy-free radical, which can
in turn abstract hydrogen from another unsatu-
rated molecule to yield a peroxide and a new free
radical, thus starting the propagation reaction.
This reaction may be repeated up to several thou-
sand times and has the nature of a chain reaction.

The hydroperoxides formed in the propagation
part of the reaction are the primary oxidation prod-
ucts. The hydroperoxide mechanism of autoxida-
tion was first proposed by Farmer (1946). These
oxidation products are generally unstable and
decompose into the secondary oxidation products,
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Table 2.27 Dissociation energy for the abstraction of
hydrogen from olefinic compounds and peroxides

Compound AE (kcal/mole)
H—CH=CH, 103
H—CH,—CH,—CH, 100
H—CH,—CH=CH, 85
H—CH—CH=CH—CH, — 71
[
CH,
—CH=CH—CH—CH=CH— | 65
|
H
H—OO—R 90

Source: From G. Ohloff, Fats as Precursors, in Functional
Properties of Fats in Foods, J. Solms, ed., 1973, Forster
Publishing

which include a variety of compounds, including
carbonyls, which are the most important. The per-
oxides have no importance to flavor deterioration,
which is wholly caused by the secondary oxida-
tion products. The nature of the process can be
represented by the curves of Fig. 2.34 (Pokorny
1971). In the initial stages of the reaction, the
amount of hydroperoxides increases slowly; this
stage is termed the induction period. At the end of
the induction period, there is a sudden increase in
peroxide content. Because peroxides are easily
determined in fats, the peroxide value is frequently

Propagation
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conjugated diene T NN ™S o
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used to measure the progress of oxidation.
Organoleptic changes are more closely related to
the secondary oxidation products, which can be
measured by various procedures, including the
benzidine value, which is related to aldehyde
decomposition products. As the aldehydes are
themselves oxidized, fatty acids are formed; these
free fatty acids may be considered tertiary oxida-
tion products. The length of the induction period,
therefore, depends on the method used to deter-
mine oxidation products.

Initiation
The attack of a ROS able to abstract a hydrogen
atom from a methylene group (—CH2—), generat-

ing free radicals from polyunsaturated fatty acids.
OH is the most efficient ROS to do that attack.

'
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Energy requirement for radical production by
rupture of a CH bond is about 80 kcal.
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Formation of hydroperoxides: by reaction of a peroxyl radical with a-tocopherol: chain breaking
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R: +ROO: ------ >ROOR

ROO- +ROO: ------> ROOR + 02
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Fig.2.34 Autoxidation
of Lard comparing (a)
peroxide value, (b) Peroxide
benzidine value, (¢) acid .
value. Adapted from Benzidine
J. Pokorny, Stabilization I
of Fats by Phenolic
Antioxidants, Can. Inst. 3
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Vol. 4, pp. 68-74, 1971
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Fig.2.35 Peroxide formation and decomposition as a function of time

The mechanism of the autoxidation of polyun-
saturated fatty acids as a radical chain reaction
was established in the middle of the twentieth
century is illustrated in Fig. 2.34. Soon after fol-
lowed the elucidation of the role of antioxidants
as agents that break the radical chain (Inglold
1961), and the identification of secondary trans-
formation products of the primary hydroperox-
ides through enzymatic and non-enzymatic
transformations, the latter an active area of
research that continues to unravel novel enzymes
and products (Gardner 1989; Gerwick 1996;
Grechkin 1998; Tijet and Brash 2002; Schneider
et al. 2007).

The propagation can be followed by termina-
tion if the free radicals react with themselves to
yield non-active products, as shown here:

R'+R°">R—R
R'+RO, - RO,R
nRO; — (RO,).

The rate and course of autoxidation depend pri-
marily on the composition of the fat—its degree of
unsaturation and the types of unsaturated fatty
acids present. The absence, or at least a low value,
of peroxides does not necessarily indicate that an
oil is not oxidized. As Fig. 2.35 indicates, perox-
ides are labile and may be transformed into sec-
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ondary oxidation products. A combined index of
primary and secondary oxidation products gives a
better evaluation of the state of oxidation of an oil.
This is expressed as Totox value: Totox value =2 x
peroxide value + anisidine value. (Anisidine value
is a measure of secondary oxidation products.)
Removal of oxygen from foods will prevent oxida-
tion, but, in practice, this is not easy to accomplish
in many cases. At high temperatures (100-140 °C)
such as those used in the accelerated tests for oil
stability (active oxygen method), formic acid is
produced, which can be used to indicate the end of
the induction period. The formation of formic acid
results from aldehyde decomposition. Peroxidation
of aldehydes establishes a resonance equilibrium
between two limiting forms.

The hydroperoxides formed in the propaga-
tion part of the reaction are the primary oxidation
products. The hydroperoxide mechanism of
autoxidation was first proposed by Farmer
(1946). These oxidation products are generally
unstable and decompose into the secondary oxi-
dation products, which include a variety of com-
pounds, including carbonyls, which are the most
important. The peroxides have no importance to
flavor deterioration, which is wholly caused by
the secondary oxidation products. The nature of
the process can be represented by the curves of
Fig. 2.36 (Labuza 1971). In the initial stages of
the reaction, the amount of hydroperoxides
increases slowly; this stage is termed the induc-

tion period. At the end of the induction period,
there is a sudden increase in peroxide content.
Because peroxides are easily determined in fats,
the peroxide value is frequently used to measure
the progress of oxidation. Organoleptic changes
are more closely related to the secondary oxida-
tion products, which can be measured by various
procedures, including the benzidine value, which
is related to aldehyde decomposition products.
As the aldehydes are themselves oxidized, fatty
acids are formed; these free fatty acids may be
considered tertiary oxidation products.

Although even saturated fatty acids may be
oxidized, the rate of oxidation greatly depends on
the degree of unsaturation. In the series of
18-carbon-atom fatty acids 18:0, 18:1, 18:2, 18:3,
the relative rate of oxidation has been reported to
be in the ratio of 1:100:1200:2500. The reaction
of unsaturated compounds proceeds by the
abstraction of hydrogen from the o carbon, and
the resulting free radical is stabilized by reso-
nance as follows:

1 2 3 1 2 3
—CH—CH=CH— == —CH=CH—CH~—

If oleic acid is taken as example of a mono-
ethenoid compound (cis-9-octadecenoic acid),
the reaction will proceed by abstraction of hydro-
gen from carbons 8 or 11, resulting in two pairs
of resonance hybrids.

I
,!
;TN
/ Perokide Value
Unsaturated 7 (Hydroperoxides)
~ 7 Lipid Content T T T — . _ /" .
=y N\ N
T T~ \ -
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Fig. 2.36 The volatiles and non-volatiles contain the secondary oxidative by-products. Adapted from: Labuza, T. P.
1971. Kinetics of Lipid Oxidation in Foods, 2: 355-405. CRC Cerit. Rev. Food Technol
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B 9 10 1u
C:DDH"_‘(CH) e '—'CH, —CH=CH '—c}lg _{Cﬂz }g'—'CH;

8 9 10 1
—CH—CH=CH—CH, —

and

a8 a9 10 11
—CH=CH—CH—CH,—

This leads to the formation of the following
four isomeric hydroperoxides:

8 9 10 11
—<|:H—CH=CH-—CH,

OOH

8 9 10 11
—CH=CH—CH—CH,

OOH

8 9 10 11

—CH, —(I:H—CH =CH—
OOH

8 9 10 11

—CH, —CH=CH—CH—
OOH

In addition to the changes in double bond
position, there is isomerization from cis to
trans, and 90% of the peroxides formed

8 9 10 11
—CH; —CH—CH=CH—
and

8 ] 10 11
—CH, —CH=CH—CH—

may be in the frans configuration (Lundberg
1961).

From linoleic acid (cis-cis-9,12-octadeca-
dienoic acid), three isomeric hydroperoxides can
be formed as shown in the next formula. In this
mixture of 9, 11, and 13 hydroperoxides, the con-
jugated ones occur in greatest quantity because
they are the more stable forms. The hydroperox-
ides occur in the cis-trans and trans-trans con-
figurations, the content of the latter being greater
with higher temperature and greater extent of
oxidation. From the oxidation of linolenic acid
(cis, cis, cis-9,12,15-octadecatrienoic acid), six
isometric hydroperoxides can be expected
according to theory, as shown:

9 10 1 12 1
—(IJH—CH =CH—CH=CH—

OOH

8 10 11 12 13
—CH=CH—(')H—CH=CH—

OOH

9 10 11 12 13

—CH=CH—CH=CH—(l3H—-
OOH

15 16

9 10 11 12 4 14
—(I2H—CH=CH—CH=CH, —CH,—CH=CH—

OOH

1
—CH =CH—(IIH —CH=CH—CH,—CH=CH—

OOH
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2
—CH=CH—CH, —EI:H—CH=CH —CH=CH—

OOH

13
—CH= CH—CH=CH—(I3H—C}'12 —CH=CH—

OOH

14
—CH=CH—CH, —CH=CH—(IZH —CH=CH—

OOH

16
—CH=CH—CH, —CH=CH—CH=CH—(lJH—

Hydroperoxides of linolenate decompose
more readily than those of oleate and linoleate
because active methylene groups are present. The
active methylene groups are the ones located
between a single double bond and a conjugated
diene group. The hydrogen at this methylene
group could readily be abstracted to form dihy-
droperoxides. The possibilities here for decom-
position products are obviously more abundant
than with oleate oxidation.

The decomposition of hydroperoxides has
been outlined by Keeney (1962). The first step
involves decomposition to the alkoxy and
hydroxy free radicals.

R—CH(OOH)—R — R.—'CIH—R + OH
o
The alkoxy radical can react to form
aldehydes.

R—(ITH—'R — R’ + RCHO
o

This reaction involves fission of the chain and
can occur on either side of the free radical. The
aldehyde that is formed can be a short-chain vol-
atile compound, or it can be attached to the glyc-
eride part of the molecule; in this case, the
compound is nonvolatile. The volatile aldehydes

OOH

are in great part responsible for the oxidized fla-
vor of fats.

The alkoxy radical may also abstract a hydro-
gen atom from another molecule to yield an alco-
hol and a new free radical, as shown:

R—CH—R+R'H—->R—CH—R+R"
I I
(0} OH

The new free radicals formed may participate
in propagation of the chain reaction. Some of the
free radicals may interact with themselves to ter-
minate the chain, and this could lead to the for-
mation of ketones as follows:

R—CH—R+R"—->R—C—R+R'H
I Il
) o

As indicated, a variety of aldehydes have been
demonstrated in oxidized fats. Alcohols have also
been identified, but the presence of ketones is not
as certain. Keeney (1962) has listed the alde-
hydes that may be formed from breakdown of
hydroperoxides of oxidized oleic, linoleic, linole-
nic, and arachidonic acids (Table 2.28). The alde-
hydes are powerful flavor compounds and have
very low flavor thresholds; for example,
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Table 2.28 Hydroperoxides and aldehydes (with single oxygen function) that may be formed in autoxidation of some
unsaturated fatty acids

Isomeric hydroperoxides formed from the
Methylene Group | structures contributing to the intermediate | Aldehydes formed by decomposition
Fatty acid Involved* free radical resonance hybrid of the hydroperoxides
Oleic 11 11-hydroperoxy-9-ene octanal
9-hydroperoxy-10-ene 2-decenal
8 8-hydroperoxy-9-ene 2-undecenal
10-hydroperoxy-8-ene nonanal
Linoleic 11 13-hydroperoxy-9,11-diene hexanal
11-hydroperoxy-9,12-diene 2-octenal
9-hydroperoxy-10,12-diene 2,4-decadienal
Linolenic 14 16-hydroperoxy-9,12,14-triene propanal
14-hydroperoxy-9,12,15-triene 2-pentenal
12-hydroperoxy-9,13,15-triene 2,4-heptadienal
11 13-hydroperoxy-9,11,15-triene 3-hexenal
11-hydroperoxy-9,12,15-triene 2,5-octadienal
9-hydroperoxy-10,12,15-triene 2.,4,7-decatrienal
Arachidonic 13 15-hydroperoxy-5,8,11,13-tetraene hexanal
13-hydroperoxy-5,8,11,14-tetraene 2-octenal
11-hydroperoxy-5,8,12,14-tetraene 2,4-decadienal
10 12-hydroperoxy-5,8,10,14-tetraene 3-nonenal
10-hydroperoxy-5,8,11,14-tetraene 2,5-undecadienal
8-hydroperoxy-5,9,11,14-tetraene 2.,4,7-tridecatrienal
7 9-hydroperoxy-5,7,11,14-tetraecne 3,6-dodecadienal
7-hydroperoxy-5,8,11,14-tetraene 2,5,8-tetradecatrienal
5-hydroperoxy-6,8,11,14-tetraene 2.,4,7,10-hexadecatetraenal

Source: From M. Keeney, Secondary Degradation Products, in Lipids and Their Oxidation, H.-W. Schultz et al., eds.,

1962, AVI Publishing Co.

2Only the most active methylene groups in each acid are considered

2.4-decadienal has a flavor threshold of less than
one part per billion. The presence of a double
bond in an aldehyde generally lowers the flavor
threshold considerably. The aldehydes can be
further oxidized to carboxylic acids or other ter-
tiary oxidation products.

When chain fission of the alkoxy radical
occurs on the other side of the free radical group,
the reaction will not yield volatile aldehydes but
will instead form nonvolatile aldehydo-
glycerides. Volatile oxidation products can be
removed in the refining process during deodor-
ization, but the nonvolatile products remain; this
can result in a lower oxidative stability of oils
that have already oxidized before refining.

R-CH, -CO =R -CH-CHO

The rate and course of autoxidation depend
primarily on the composition of the fat—its
degree of unsaturation and the types of unsatu-
rated fatty acids present. The absence, or at least
a low value, of peroxides does not necessarily
indicate that an oil is not oxidized. As Fig. 2.16
indicates, peroxides are labile and may be trans-
formed into secondary oxidation products. A
combined index of primary and secondary oxida-
tion products gives a better evaluation of the state
of oxidation of an oil. This is expressed as Totox
value: Totox value = 2 x peroxide value + anisi-
dine value. (Anisidine value is a measure of sec-
ondary oxidation products.) Removal of oxygen
from foods will prevent oxidation, but, in prac-
tice, this is not easy to accomplish in many cases.
At high temperatures (100-140 °C) such as those
used in the accelerated tests for oil stability
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(active oxygen method), formic acid is produced,
which can be used to indicate the end of the
induction period. The formation of formic acid
results  from  aldehyde  decomposition.
Peroxidation of aldehydes establishes a reso-
nance equilibrium between two limiting forms.

The second hybrid ties up oxygen at the o car-
bon to yield the a-hydroperoxy aldehyde as
follows:

o
!
)
|
R-CH-CHO+0, - R -~ CH-CHO

Breakdown of oxygen and carbon bonds
yields formic acid and a new aldehyde.

o
|
o
|

R-C-CH+CHO — HCOOH + RCHO

deMan et al. (1987) investigated this reaction
with a variety of oils and found that although for-
mic acid was the main reaction product, other
short-chain acids from acetic to caproic were also
formed. Trace metals, especially copper, and to a
lesser extent iron, will catalyze fat oxidation;
metal deactivators such as citric acid can be used
to reduce the effect. Lipoxygenase (lipoxidase)
and heme compounds act as catalysts of lipid oxi-
dation. Antioxidants can be very effective in
slowing down oxidation and increasing the
induction period. Many foods contain natural
antioxidants; the tocopherols are the most impor-
tant of these. They are present in greater amounts
in vegetable oils than in animal fats, which may
explain the former’s greater stability.

Antioxidants such as tocopherols may be nat-
urally present; they may be induced by processes
such as smoking or roasting, or added as syn-
thetic antioxidants. Antioxidants act by reacting
with free radicals, thus terminating the chain. The
antioxidant AH may react with the fatty acid free
radical or with the peroxy free radical,

AH+R — RH+A
AH+RO, - RO,H+A

The antioxidant free radical deactivated by
further oxidation to quinones, thus terminating
the chain. Only phenolic compounds that can
easily produce quinones are active as antioXi-
dants (Pokorny 1971). At high concentrations
antioxidants may have a prooxidant effect and
one of the reactions may be as follows:

A'+RH —- AH+R

Tocopherols in natural fats are usually present
at optimum levels. Addition of antioxidant
beyond optimum amounts may result in increas-
ing the extent of prooxidant action. Lard is an
example of a fat with very low natural antioxi-
dant activity and antioxidant must be added to it,
to provide protection. The effect of antioxidants
can be expressed in terms of protection factor, as
shown in Fig. 2.37 (Pokorny 1971). The highly
active antioxidants that are used in the food
industry are active at about 10-50 parts per mil-
lion (ppm). Chemical structure of the antioxi-
dants is the most important factor affecting their
activity. The number of synthetic antioxidants
permitted in foods is limited, and the structure of
the most widely used compounds is shown in
Fig. 2.38. Propyl gallate is more soluble in water
than in fats. The octyl and dodecyl esters are
more fat soluble. They are heat resistant and non-
volatile with steam, making them useful for fry-
ing oils and in baked products. These are
considered to have carry-through properties.
Butylated hydroxyanisole (BHA) has carry-
through properties but butylated hydroxy toluene
(BHT) does not, because it is volatile with steam.
The compound fert-butyl hydroquinine (TBHQ)
is used for its effectiveness in increasing oxida-
tive stability of polyunsaturated oils and fats. It
also provides carry-through protection for fried
foods. Antioxidants are frequently used in com-
bination or together with synergists. The latter
are frequently metal deactivators that have the
ability to chelate metal ions. An example of the
combined effect of antioxidants is shown in
Fig. 2.39. It has been pointed out (Zambiazi and
Przybylski 1998) that fatty acid composition can
explain only about half of the oxidative stability
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Fig.2.37
Determination of
protection factor. (a)
Lard, (b) lard +
antioxidant. Adapted
Jfrom J. Pokomy,
Stabilization of Fats by
Phenolic Antioxidants,
Can. Inst. Food Sci.
Technol. J., Vol. 4,

pp. 68-74, 1971
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Fig.2.38 Mechanism of oxidation, propagation and antioxidant protection

of a vegetable oil. The other half can be contrib- The formation of 9-, 11-, and 13-hydroperox-
uted to minor components including tocopherols, ides is expected based on the three mesomeric
metals, pigments, free fatty acids, phenols, phos-  structures for the pentadienyl radical of linoleic

pholipids, and sterols.

acid. That implicate localization (and therefore
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Fig.2.39 Structure of propyl gallate (PG), butylated hydroxyanisole (BHA), butylated hydroxy toluene (BHT), and

tert-butyl hydroquinone (TBHQ)

Fig.2.40 Effect of

copper concentration on
protective effect of
antioxidants in lard.
(Adapted from

J. Pokorny, Stabilization
of Fats by Phenolic
Antioxidants, Can. Inst.
Food Sci. Technol. J.,
Vol. 4, pp. 68-74, 1971

Peroxide Value (PV)

Lard + 0.005% BHT and 0.05% ascorbyl palmitate

Lard + 0.01% BHT /
Lard + 0.01% ascorbyl palmitate

reactivity with O,) of the radical at carbons 9, 11,
and 13 (Fig. 2.38). The (9- and 13-)hydroperox-
ides are easily identified in autoxidation reac-
tions, the 11-hydroperoxide has proven elusive
for decades (Haslbeck et al. 1983). The instabil-
ity of the intermediate bis-allylic peroxyl radical
of this hydroperoxide has made it difficult to
identify and isolate. In order to explain the mech-
anistic basis for formation of the bis-allylic
hydroperoxide, the concept of radical reactions

Log C¢,

as reversible and competing reactions help
explain the chemistry. This will help explain how
the rate constants of different and competing
reactions are a determining factors explaining
products formed during lipid autoxidation
(Fig. 2.40). http://www.ncbi.nlm.nih.gov/pmc/
articles/PMC2868362/.

There are a number of antioxidants that can
be applied to obtain certain effects in fats and
oils.


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2868362/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2868362/
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Antioxidants used to control oxidation fat or oil

Butylated Improves oxidative stability,

hydroxyanisole antioxidants

(BHA)

Butylated Improves oxidative stability,

hydroxytoluene antioxidants

(BHT)

Carotene (Pro-Vitamin | Enhances color of finished

A) foods; color additive

Citric acid Inhibit metal-catalized
oxidation and production of
dark colors; metal chelating
agents.

Methyl silicone Inhibits oxidation; antifoam

agent

Inhibit metal-catalyzed
oxidation and production of
dark colors; metal chelating

Phosphoric acid

agent
tertiary Improves oxidative stability,
butylhydroquinone antioxidants
(TBHQ)
Tocopherols Natural antioxidant,
improves oxidative stability
Photooxidation

Oxidation of lipids, in addition to the free radical
process, can be brought about by at least two
other mechanisms—photooxidation and enzymic
oxidation by lipoxygenase. The latter is dealt
with in Chap. 10. Light-induced oxidation or
photooxidation results from the reactivity of an
excited state of oxygen, known as singlet oxygen
(!0,). Ground-state or normal oxygen is triplet
oxygen (*0,). The activation energy for the reac-
tion of normal oxygen with an unsaturated fatty
acid is very high, of the order of 146-273 kJ/
mole. When oxygen is converted from the ground
state to the singlet state, energy is taken up
amounting to 92 kJ/mole, and in this state the
oxygen is much more reactive. Singlet-state oxy-
gen production requires the presence of a sensi-
tizer. The sensitizer is activated by light, and can
then either react directly with the substrate (type
I sensitizer) or activate oxygen to the singlet state
(type II sensitizer). In both cases unsaturated
fatty acid residues are converted into hydroper-
oxides. The light can be from the visible or ultra-
violet region of the spectrum.

Singlet oxygen is short-lived and reverts back
to the ground state with the emission of light.
This light is fluorescent, which means that the
wavelength of the emitted light is higher than that
of the light that was absorbed for the excitation.
The reactivity of singlet oxygen is 1500 greater
than that of ground-state oxygen. Compounds
that can act as sensitizers are widely occurring
food components, including chlorophyll, myo-
globin, riboflavin, and heavy metals. Most of
these compounds promote type II oxidation reac-
tions. In these reactions the sensitizer is trans-
formed into the activated state by light. The
activated sensitizer then reacts with oxygen to
produce singlet oxygen.

hv
*
sen—sen

sen’ +0, - sen+' O,

The singlet oxygen can react directly with
unsaturated fatty acids.

'0, +RH — ROOH

The singlet oxygen reacts directly with the
double bond by addition, and shifts the double
bond one carbon away. The singlet oxygen
attack on linoleate produces four hydroperox-
ides as shown in Fig. 2.41. Photooxidation has
no induction period, but the reaction can be
quenched by carotenoids that effectively com-
pete for the singlet oxygen and bring it back to
the ground state.

Phenolic antioxidants do not protect fats from
oxidation by singlet oxidation (Yasaei et al.
1996). However, the antioxidant ascorbyl palmi-
tate is an effective singlet oxygen quencher (Lee
et al. 1997). Carotenoids are widely used as
quenchers. Rahmani and Csallany (1998)
reported that in the photooxidation of virgin olive
oil, pheophytin A functioned as sensitizer, while
p-carotene acted as a quencher.

The combination of light and sensitizers is
present in many foods displayed in transparent
containers in brightly lit supermarkets. The light-
induced deterioration of milk has been studied
extensively. Sattar et al. (1976) reported on the
light-induced flavor deterioration of several oils
and fats. Of the five fats examined, milk fat and
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Fig.2.41
Photooxidation.
Singlet-oxygen attack on

oleate produces two 0=0 H
hydroperoxides;
linoleate yields four Methy! oleate
hydroperoxides
0=0
H
Methyl oleate

OOH

OOH

Methyl linoleate
OOH OOH
12 9 _ 10 - A
. NVl
0=0 H
Methyl hinoleate
Fig.2.42 Effect of
temperature on rate of 200[- 609c
oxidation of illuminated 40
com oil. Adapted from: 25
M.H. Chahine and J.M.
deMan, Autoxidation of
Com Oil under the 150|-
Influence of Fluorescent =
Light, Can. Inst. Food i 4 -20
Sci. Technol. J.,Vol. 4, -
pp. 24-28,1971 qg;
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soybean oil were most susceptible and corn oil
least susceptible to singlet oxygen attack. The
effect of temperature on the rate of oxidation of
illuminated corn oil was reported by Chahine and

Storage Time (Hours)

deMan (1971) (Fig. 2.42). They found that tem-
perature has an important effect on photooxida-
tion rates, but even freezing does not completely
prevent oxidation.
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Heated Fats: Frying

Fats and oils are heated during commercial pro-
cessing and during frying. Heating during pro-
cessing mainly involves hydrogenation, physical
refining, and deodorization. Temperature used in
these processes may range from 120 °C to
270 °C. The oil is not in contact with air, which
eliminates the possibility of oxidation. At the
high temperatures used in physical refining and
deodorization, several chemical changes may
take place (Erickson and Frey 1994). These
include randomization of the glyceride structure,
dimer formation, cis-tfrans isomerization, and
formation of conjugated fatty acids (positional
isomerization) of polyunsaturated fatty acids
(Hoffmann 1989). Heating oils during frying can
result in three types of chemical modification of
the oil. They are hydrolysis, oxidation and ther-
mal degradation. Table 2.29 summarizes the prin-
cipal degradation products form these reactions.
Hydrolysis is the splitting of the triacylglyc-
erol molecule, with formation of diacylglycerols
and fatty acids resulting in nonvolatile fatty acids
with molecular weight significantly lower than
that of the parent triacylglycerols. Analysis of
glycerides and free fatty acids in frying oils with

Table 2.29 Principal degradation products compounds
formed during frying

Reaction Products found

Reaction Cause in oil

Hydrolysis | Moisture Fatty acids

Diacylglycerols

Air Oxidized monomeric

triacylglycerols

Oxidation

Oxidized dimeric and
oligomeric
triacylglycerols

Volatile compounds
(aldehydes, ketones,
alcohols, hydrocarbons,
etc.)

Thermal
degradation

High
Temperature

Cyclic monomeric
triacylglycerols

Isomeric monomeric
triacylglycerols

Nonpolar dimeric and
oligomeric
triacylglycerols

high levels of free fatty acids demonstrated that
the formation of monoacylglycerols is minimal
and also that the reaction is not selective and con-
sequently, is independent of the fatty acid com-
position of the frying oil. Hydrolysis is arelatively
simple reaction but many consider it to be one of
the most important reactions during frying.
Pokorny et al. (1998) reported that used frying
oils from fast food operations exhibited high con-
tents of both diacylglycerols and fatty acids. In
well-controlled frying operations of potatoes
substrate had a very high content of water over a
wide range of conditions, hydrolytic products were
minor compounds within the total recovered deg-
radation compounds (Dobarganes et al. 1993).

Lipid oxidation at high temperatures such as
those encountered in baking and frying is very
complex because both oxidative and thermal
reactions are proceeding simultaneously.
Although oxygen is highly soluble in cooking
oils, the oil solubility decreases at high tempera-
ture, however, the high temperatures cause the
oxidation reactions to increase (Velasco et al.
2008; Frankel 1997).

Figure 2.43 illustrates the oxidation process
that occurs during frying. The oxidation proceeds
via a free radical mechanism with chain reactions,
where RH represents here the triacylglycerol
molecule undergoing oxidation in one of its
unsaturated fatty acyl groups. In the initiation
stage, an alkyl radical is formed by abstraction of
a hydrogen radical from an allylic or bis allylic
position of an unsaturated fatty acid. In the propa-
gation step, the alkyl radical reacts with oxygen at
rates controlled by diffusion to form peroxyl radi-
cals that in turn react with new triacylglycerol
molecules giving rise to hydroperoxides as the
primary oxidation products and new alkyl radi-
cals that propagate the reaction chain. Finally, in
the termination stage, radicals react between them
to yield relatively stable non-radical species.
(http://lipidlibrary.aocs.org/frying/frying.html).

The oxygen content becomes depleted at fry-
ing temperatures thus the alkylperoxyl radicals
(ROO" are diminished and the concentration of
alkyl radicals (R) increases. These changes result
in the formation of more polymeric products
through reactions mainly involving alkyl (R") and
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Fig.2.43 Simplified scheme of thermal oxidation. http:/lipidlibrary.aocs.org/frying/frying.html

alkoxyl (RO") radicals. Polymerization com-
pounds become significant in the accelerated stage
of oxidation after the end of the induction period
(Mérquez-Ruiz and Dobarganes 2005). At high
temperatures, formation of new compounds is
very rapid, ROOH are practically absent above
150 °C, indicating that the rate of ROOH decom-
position becomes higher than that of their forma-
tion, and polymeric compounds are formed from
the very early stages of heating. Also, the forma-
tion of significant amounts of non-polar triacylg-
lycerol dimers (R-R), typical compounds formed
in the absence of oxygen through interaction of
alkyl radicals, is a clear indication of the low oxy-
gen concentration (Dobarganes and Pérez-Camino
1987). Dimers and oligomers: are the major com-
pounds in used frying fats and are formed through
interaction between triglyceride radicals.
Conditions prevailing during frying are less
favorable than those encountered in the above-
mentioned processes. Deep frying, where the
food is heated by immersion in hot oil, is prac-
ticed in commercial frying as well as in food ser-
vice operations. The temperatures used are in the

range of 160-195 °C. At lower temperatures fry-
ing takes longer, and at higher temperatures dete-
rioration of the oil is the limiting factor. Deep
frying is a complex process involving both the oil
and the food to be fried. The reactions taking
place are schematically presented in Fig. 2.44.
Steam is given off during the frying, which
removes volatile antioxidants, free fatty acids,
and other volatiles. Contact with the air leads to
autoxidation and the formation of a large number
of degradation products. The presence of steam
results in hydrolysis, with the production of free
fatty acids and partial glycerides. At lower frying
temperatures the food has to be fried longer to
reach the desirable color, and this results in
higher oil uptake. Oil absorption by fried foods
may range from 10 to 40%, depending on condi-
tions of frying and the nature and size of the food.

Oils used in deep frying must be of high qual-
ity because of the harsh conditions during deep
frying and to provide satisfactory shelf life in
fried foods. The suitability of an oil for frying is
directly related to its content of unsaturated fatty
acids, especially linolenic acid. This has been
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described by Erickson (1996) as “inherent stabil-
ity” calculated from the level of each of the unsat-
urated fatty acids (oleic, linoleic, and linolenic)
and their relative reaction rate with oxygen. The
inherent stability calculated for a number of oils
is given in Table 2.30. The higher the inherent
stability, the less suitable the oil is for frying. The
liquid seed oils, such as soybean and sunflower
oil, are not suitable for deep frying and are usu-
ally partially hydrogenated for this purpose. Such
hydrogenated oils can take the form of shorten-
ings, which may be plastic solids or pourable sus-
pensions. Through plant breeding and genetic
engineering, oils with higher inherent stability
can be obtained, such as high-oleic sunflower oil,
low-linolenic canola oil, and low-linolenic soy-
bean oil.

The stability of frying oils and fats is usually
measured by an accelerated test known as the
active oxygen method (AOM). In this test, air is
bubbled through an oil sample maintained at
95 °C and the peroxide value is measured at
intervals. At the end point the peroxide value
shows a sharp increase, and this represents the
AOM value in hours. Typical AOM values for lig-
uid seed oils range from 10 to 30 h; heavy-duty
frying shortenings range from 200 to 300 h. AOM
values of some oils and fats determined by mea-
suring the peroxide value and using an automatic
recording of volatile acids produced during the
test are given in Table 2.31 (deMan et al. 1987).

As shown in Fig. 2.44, oil breakdown during
frying can be caused by oxidation and thermal
alteration. Oxidation can result in the formation
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Table 2.30 Inherent stability of oils for use in frying

Oil Todine value Inherent stability®
Soybean 130 7.4
Sunflower 120 7.7
High-oleic 90 2.0
sunflower

Corn 110 6.2
Cottonseed 98 52
Canola 110 5.4
Peanut 92 4.5
Lard 60 1.4
Olive 88 1.8
Palm 55 1.4
Palm olein 58 1.6
Palm stearin 35 1.0
Tallow 50 0.7
Palm kernel 17 0.5
Coconut 9 0.4

“Inherent stability calculated from decimal fraction of
fatty acids multiplied by relative reaction rates with oxy-
gen, assuming rate for oleic acid = 1, linoleic acid = 10,
and linolenic acid = 25

Table 2.31 Active oxygen method (AOM) time of sev-
eral oils and fats as determined by peroxide value and
conductivity measurements

AOM time

Oil AOM Time (POV)? (conductivity)®
Sunflower 6.2 7.1
Canola 14.0 15.8
Olive 17.8 17.8

Corn 12.4 13.8
Peanut 21.1 21.5
Soybean 11.0 10.4
Triolein 8.1 7.4

Lard 42.7 43.2
Butterfat 2.8 2.0

Source: Reprinted with permission from J.M. deMan,
et al., Formation of Short Chain Volatile Organic Acids in
the Automated AOM Method, J.A.O.C.S., Vol. 64, p. 996,
© 1987, American Oil Chemists’ Society

At peroxide value 100

At intercept of conductivity curve and time axis

of oxidized monomeric, dimeric, and oligomeric
triglycerides as well as volatile compounds
including aldehydes, ketones, alcohols, and
hydrocarbons. In addition, oxidized sterols may
be formed. Thermal degradation can result in
cyclic monomeric triglycerides and nonpolar

dimeric and oligomeric triglycerides. The polym-
erization reaction may take place by conversion
of part of the cis-cis-1,4 diene system of linole-
ates to the trans-trans conjugated diene. The 1,4
and dienes can combine in a Diels-Alder type
addition reaction to produce a dimer as shown in
Fig. 2.45. Other possible routes for dimer forma-
tion are through free radical reactions. As shown
in Fig. 2.46, this may involve combination of
radicals, intermolecular addition, and intramo-
lecular addition. From dimers, higher oligomers
can be produced; the structure of these is still
relatively unknown.

Another class of compounds formed during
frying is cyclic monomers of fatty acids. Linoleic
acid can react at either the C9 or C12 double
bonds to give rings between carbons 5 and 9, 5
and 10, 8 and 12, 12 and 17, and 13 and 17.
Cyclic monomers with a cyclopentenyl ring have
been isolated from heated sunflower oil, and their
structure is illustrated in Fig. 2.47 (Le Quéré and
Sébédio 1996).

Some countries such as France require that
frying oils contain less than 2% linolenic acid.
Several European countries have set maximum
limits for the level of polar compounds or for the
level of free fatty acids beyond which the fat is
considered unfit for human consumption. In con-
tinuous industrial frying, oil is constantly being
removed from the fryer with the fried food and
replenished with fresh oil so that the quality of
the oil can remain satisfactory. This is more dif-
ficult in intermittent frying operations.

Flavor Reversion

Soybean oil and other fats and oils containing
linolenic acid show the reversion phenomenon
when exposed to air. Reversion flavor is a partic-
ular type of oxidized flavor that develops at com-
paratively low levels of oxidation. The off-flavors
may develop in oils that have a peroxide value of
as little as 1 or 2. Other oils may not become ran-
cid until the peroxide value reaches 100.
Linolenic acid is generally recognized as the
determining factor of inversion flavors. These
off-flavors are variously described as grassy,
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fishy, and painty (Cowan and Evans 1961). The
origin of these flavors appears to be the volatile
oxidation products resulting from the terminal
pentene radical of linolenic acid, CH;—CH,—
CH=CH-CH,~. Hoffmann (1962) has listed the
flavor descriptions of reverted soybean oil
(Table 2.32) and the volatile decomposition prod-
ucts isolated from reverted or oxidized soybean
oil (Table 2.33).

The first perceptible reversion flavor was
found to be caused by 3-cis-hexenal, which has a
pronounced green bean odor. Other flavorful
aldehydes isolated were 2-trans-hexenal (green,
grassy), 2-trans-nonenal (rancid), and 2-trans-6-
cis-nonadienal (cucumber flavor). These findings
illustrate the complexity of the reversion flavor.
Similar problems occur with other polyunsatu-
rated oils such as fish oil and rapeseed oil.

Table 2.32 Flavor descriptions used for crude, pro-
cessed, and reverted soybean oil

State Flavor

Crude Grassy, beany

Freshly Sweet, pleasant, nutty

processed

Reverted Grassy, bany, buttery, melony,
tallowy, painty, fishy

Source: From G. Hoffmann, Vegetable Oils, in Lipids and
Their Oxidation, H-W. Schultz et al., eds., 1962, AVI
Publishing Co.

Physical Properties

Fats and oils are mixtures of mixed triglycerides.
Fats are semisolid at room temperature; they are
known as plastic fats. The solid character of fats
is the result of the presence of a certain propor-
tion of crystallized triglycerides. Most fats con-
tain a range of triglycerides of different melting
points from very high to very low. When a fat is
liquefied by heating, all glycerides are in the liq-
uid state; upon cooling, some of the higher melt-
ing fractions become insoluble and crystallize.
As the temperature is lowered, more glycerides
become insoluble and crystallize, thereby
increasing the solid fat content.

Crystallization of a fat is a slow process,
whereas melting is instantaneous. When a fat
crystallizes, the latent heat of crystallization is
liberated and a volume contraction takes place.
When a fat melts, the heat effect is negative and
volume expands (Fig. 2.48). These changes have
been used for the measurement of some fat prop-
erties such as melting point, solidification tem-
perature, and solid fat content. Because fats
contain a range of glycerides of different melting
points, there is no distinct melting point but rather
a melting range. Nevertheless, melting points of
fats are often determined. These are not real melt-
ing points, but some arbitrary temperature at
which virtually all of the fat has become liquid.
The value of these melting points depends on the

Table 2.33 Volatile compounds isolated from reverted or oxidized soybean oil

Aldehydes
Saturated A2 Unsaturated A2,4 Unsaturated A3 Unsaturated
C,C,Cy" C4CsCy” C,C5CCyCy CeC;C;" Cy'Cy CsCe

— ——
CCsCy Cy'CyCyy Ci0Cio" Cra

—~—
Ketones and Dicarb. Alcohols and Esters Acids
Methyl-pentyl ketone 1-octen-3-ol Saturated
Di-n-propyl ketone Ethanol C,—Cy or Cyg
Malondialdehyde Ethyl formate
Ethyl acetate

*Main products
“—~~— Stereo-isomers

Source: From G. Hoffmann, Vegetable Oils, in Lipids and Their Oxidation, H.-W. Schultz et al., eds., 1962, AVI

Publishing Co.
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Table 2.34 Melting points of some fatty acids ;g
Fatty Acid MP(°C) 40 -
Oleic (cis) 13
Elaidic (trans) 44 30
Stearic 70
Linoleic (cis-cis) -5
Linelaidic (trans-trans) 28 20
Butyric -8 Hard Waxy
10
Heat
Table 2.35 Melting points of some triglycerides Resistant
Triglycerides MP (°C) 0 L 4 :
Trisaturated S-S-S 72 0 10 20 30 40 50
P-P-P 65 Temperature (°C)
- S-P-P 62 Fig. 2.49 Physical properties of tallow and cocoa butter
Disaturated P-0-P 37 as influenced by solid fat profile. Adapted from™:
O-P-P 34 U. Bracco, Effect of Triglyceride Structure on Fat
S-0-P 35 Absorption, American Journal of Clinical Nutrition, Vol.
S-P-O 39 60., '(Suppl.) P 1008S, © 1994, American Society for
P-S-0 36 Clinical Nutrition
Diunsaturated 0-0-P 19
. 0-0-§ 2L solid fat content. Because the solid fat content is
Triunsaturated 0-0-0 5 dependent on temperature, it is common to deter-
Eff 4210 mine the solid fat profile, which is a graph repre-

S stearic, P palmitic, O oleic, E elaidic, L linoleic

measurement technique employed (Mertens and
deMan 1972). The melting point of a fat is basi-
cally determined by the melting points of its con-
stituent fatty acids. As shown in Table 2.34, chain
length and unsaturation of fatty acids affect melt-
ing point. In addition, the configuration around
the double bond is important. The arrangement of
the fatty acids in different glyceride types also
affects the melting point, as shown in Table 2.35.
One of the most important properties of fats is the

senting the relationship between solid fat content
and temperature. Earlier methods for measuring
solid fat were based on dilatometry, a technique
using the melting expansion of fats on heating.
Modem methods employ pulsed nuclear mag-
netic resonance. The dilatometer technique gives
an approximation of the true solid fat content and
is reported as solid fat index (SFI). The nuclear
magnetic resonance results are true solid fat mea-
surements and reported as solid fat content (SFC).
The relationship between solid fat content and
physical properties is demonstrated in Fig. 2.49
(Bracco 1994), where the difference in properties
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of cocoa butter and tallow is demonstrated. The
steep solid fat curve of cocoa butter provides
coolness and flavor release, and its high solids
content at room temperature ensures hardness
and heat resistance. Tallow has a less steep solids
curve with solids beyond 37 °C, which gives rise
to a waxy mouthfeel.

The rate at which a liquid fat is cooled is
important in establishing solid fat content and
crystal size. In contrast to the glassy state form-
ing systems described in Chap. 1, fats do not
form a glassy state. The rate of supercooling
determines whether nucleation or crystal growth
will predominate. At low supercooling, nucle-
ation is at a minimum and large crystals are
formed. At high supercooling, nucleation is high
and small crystals result. Another result of high
supercooling is the formation of solid solutions
or mixed crystals. When fats are cooled quickly
to well below their melting point (e.g., 0 °C), the
high melting glycerides crystallize together with
some of the lower melting ones into mixed crys-
tals. When the fat is subsequently tempered at a
temperature close to the melting point, the mixed
crystals recrystallize into crystals of more uni-
form composition. This means that a rapidly
cooled fat contains more solid fat than the same
fat that has been tempered after the same cooling
treatment (Table 2.36).

In many food products and processing opera-
tions, control of lipid crystallization is important
to obtain the desired number of fat crystals, their
size distribution, polymorphic form, and
dispersion of the crystalline phase. Crystallization
of triacylglycerols (TAG) is the most important
factor, however crystallization of other lipid com-
ponents (i.e., monoacylglycerols, diacylglycerols,
phospholipids, etc.) can impact product quality.

Table 2.36 Solid fat content of a soft margarine fat with
and without tempering at °C

Solid fat content
Temperature (°C) Tempered Not tempered
10 22.3 30.7
20 11.7 16.0
30 4.1 6.3
35 2.8 1.9

Control of the crystalline microstructure in
lipid systems provides control of the physical
properties of the food. For example, to obtain the
desired polymorphic form of chocolate temper-
ing prior to molding or enrobing is applied to
control crystallization of the cocoa butter into a
large number of very small crystals. The cocoa
butter crystals in chocolate contribute to the
desired appearance (shine or gloss), snap, and fla-
vor release, melting in the mouth, and stability
during shelf life. Control of fat crystallization is
also important in butter, margarine, whipped
cream, ice cream, shortening, peanut butter, and
other foods.

Fats crystallization is often used to modify the
properties of the fat. For example, winterization
of vegetable oils removes fractions that crystal-
lize at higher temperatures assuring that oil
remains a clear liquid even when stored at low
temperatures for extended time periods. Many
fats, including palm oil, palm-kernel oil, milk fat,
and tallow, are fractionated by crystallization to
produce different functional fats.

Generally about 98% of the content of fats are
present as triglycerides (TAGs), the remainder
lipids like diacylglycerols (DAGs), monoacylg-
lycerols (MAGs), free fatty acids (FFAs), phos-
pholipids, glycolipids, sterols, and other trace
components. These minor lipids are partially
removed resulting in lower concentrations than in
unrefined fats. Although the TAGs form the main
crystalline phase, the minor components, or
impurities, can influence how crystallization
occurs and as a result crystallization may be dif-
ferent in refined oil than in the unrefined starting
material.

It is important to understand the nature of the
liquid phase prior to crystallization to understand
how crystals form. Lipids retain some degree of
order in the liquid phase, with temperatures well
above the meltin. When melting fats, this liquid
ordering is termed a crystalline memory effect,
where subsequent recooling leads to formation of
a different (usually more stable) phase than
would occur if the fat was heated to higher tem-
peratures to destroy the liquid memory (Larsson
1972; Hernqvist 1984).
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Nucleation, refers to the organization of mol-
ecules leading to the formation of the crystalline
phase from the liquid. The inherent ordering of
the liquid phase in lipids leads to crystal forma-
tion. Rapid cooling of liquid lipids results in the
formation of a diffuse crystalline phase (low-
energy polymorph) because of the ordering struc-
ture in the liquid phase. This effect differs from
rapid cooling of other systems, most notably sug-
ars and starches which results in the formation of
a glassy state where molecules that are randomly
organized together with no long-term ordering.

Slower cooling from the liquid, the lipid mol-
ecules have time to organize into lamellae (1) and
eventually can form coherent, three-dimensional
crystals (shown schematically in Fig. 2.50). The
arrangement of the molecules into the crystalline
state depends on such factors as the cooling rate,
the temperature at which crystallization occurs,
the agitation rate, and the composition of the
lipid phase.

Polymorphism is the ability of a molecule to
take more than one crystalline form depending
on its arrangement within the crystal lattice. The
polymorphic forms in lipids are determined by
the differences in hydrocarbon chain packing
and variations in the angle of tilt of the hydro-
carbon chain. The crystallization behavior of
TAG, including crystallization rate, crystal size,
morphology, and total crystallinity, are affected
by polymorphism. The molecular structure of
the TAG and several external factors like tem-
perature, pressure, rate of crystallization, impu-
rities, and shear rate influence polymorphism
(Sato 2001).

Polymorphism is described a s the ability of a
chemical compound to exist in differing crystal-
line or liquid crystalline forms. Table 2.37
describes the basic physical properties of the
three main polymorphic forms found in fats. The
three forms are «, p” and p. Polymorph « is the
least stable is readily transformed to either  or
forms. Polymorph f’ is a meta-stable form which
is found in margarine and shortening because the
fat networks provide the desired physical and
rheological properties. The f form is the most
stable, forming large plate like structures which
result in poor margarine or shortening qualities.
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Fig. 2.50 Proposed mechanism (highly schematic) for
nucleation of triacylglycerols (TAGs). Straight chains
indicate crystallized TAGs, whereas bent chains indicate
fluid TAGs (Hartel 2001)

TAGs are oriented in a chair or tuning fork
configuration in the crystalline lattice. The TAG
can take either a double or triple chain-length
structure as seen in Fig. 2.51 The fatty acids of
TAG pairs overlap in a double chain-length struc-
ture whereas in triple chain packing, the fatty
acids do not overlap. The height of these chair
structures and the distance between the mole-
cules in the chair structures are found by using
the X-ray spectra as the long and short spacings,
respectively.

The polymorphic forms of fats are often sim-
ply classified into three categories, o, ', and f, in
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Table 2.37 Physical properties of the three principal polymorphic forms found in fat
Form Stability Density Melting point Morphology Unit cell
o Least Lowest Lowest Amorphous Hexagonal
p' Metastable Intermediate Intermediate Rectangular Orthorhombic
B Most Highest Highest Needle-shaped Triclinic
Adopted from Sato and Ueno 2014
Fig.2.51 Packing
arrangements of
triacylglycerol
molecules in the crystal
lattice
Double packing  Triple packing Triple packing
Saturated Fatty  Saturated Fatty Unsaturated
Acids Acids Fatty Acid

increasing order of stability. The o form is the
least stable polymorph with the lowest melting
point and latent heat of fusion. The § form is the
most stable, with the highest melting point and
latent heat. Each polymorphic form has distinct
short spacings (the distances between parallel
acyl groups on the TAG) that are used to distin-
guish the polymorphic forms based on their
X-ray diffraction patterns, as summarized in
Table 2.37 Based on the unique configuration of
the molecules within the crystal lattice, each
polymorph has a different crystallographic unit
cell, also shown in Table 2.37.

Applying measuring X-ray diffraction (XRD)
short spacing patterns of poly-crystalline samples
the subcellular structures of the three polymorphs
can be determined. The three fat polymorphs, a,
B’ and P of fats, exhibit differing subcell struc-
tures: o polymorphs are hexagonal sub-cell (H);
B’ polymorphs are orthorhombic—perpendicular

subcell (OL); and p polymorphs are triclinic—par-
allel subcell (T//) (Larsson 1966;) as illustrated in
Fig. 2.52a.

Figure 2.52b illustrates the chain-length struc-
ture, applying the repetitive sequence of the acyl
chains involved in a unit cell lamella along the
long-chain axis (Larsson 1972). A double chain-
length structure is formed when the chemical
properties of the three acid moieties are the same
or very similar as in tripalmitin or a homologus
fat with high content of long chain fatty acids or
trans fatty acids. Conversely, when the chemical
properties of one or two fatty acid side chains are
different, a triple chain-length (TCL) structure is
formed because of chain sorting. TAGs with three
saturated fatty acids crystallize in double chain-
length packing, whereas triple chain-length pack-
ing is obtained if the TAG contains fatty acids
with different chain lengths and unsaturation).
Lutton (1950) stated that if the fatty acids of a
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Fig.2.52 Proposed structure of the form and form of tri-
glycerides with double chain length longitudinal organi-
zations as seen in the ca projection. For the form, the

TAG differ in length by more than four carbons,
it forms a triple chain-length structure. Triple
chain-length packing is also observed in TAG
containing a cis-unsaturated fatty acid because
this causes a kink in the structure, as seen in
Fig. 2.52. Because the fatty acids are not linear,
cis-unsaturated fatty acids do not mix in one
layer with the more linear saturated fatty acids,
and triple chain-length crystals are formed.
Trans-unsaturated fatty acids incorporate into a
crystal structure in the same way as the saturated
fatty acids. This is why oils are hydrogenated to
produce solid components in the fat for marga-
rines and shortenings. The chain-length structure
influences the mixing-phase behavior of different
types of TAGs in solid phases (Sato 2001). The
triple chain-length structure has greater long
spacings than does the double chain-length struc-
ture. (Metin and Hartel 1998)

The relevance of the chain-length structure is
revealed in the mixing phase behavior of the dif-
ferent types of the TAGs in the solid phase: when
the fatty acids with different chain lengths or
degrees of unsaturation are mixed with the TCL
fats, phase separation readily occurs. The chain

methyl end-group regions are somewhat disordered, as in
liquid crystals. (Lopez et al. 2006) (Permission requested)

length structures can be determined solely by
measuring the XRD long spacing patterns of the
poly-crystalline samples. In food fats, transforma-
tion from polymorph 3’ to polymorph p can result
in deterioration of the end product resulting from
changes in the crystal morphology and network,
as shown in Table 2.37. The p-type polymorph is
found in confectionery fats made of cocoa butter
(Timms 2003). There are two p-type crystals: a
meta-stable 2 form is more useful than the more
stable Bl form (Sato and Koyano 2001; Van
Mechelen et al. 2006a, b; Sato and Ueno 2014).
Monotropic polymorphism occurs in lipids
where unstable forms are the first to crystallize in
a subcooled fat, because of their lower energy
state. Subsequently these unstable forms trans-
form into more stable forms. The changes con-
tinue to occur until the most stable polymorph for
a given lipid is reached. The transformations
occur at temperatures slightly above the melting
temperature of the less stable form. The increase
in temperature first causes the melting of the
unstable forms followed by solidification in a
more stable form. Transformation to a more sta-
ble form can also take place without melting. The
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Fig. 2.53 Tllustration of fat crystallization in milk fat.
a-crystals (hexagonal subcell structure), forms directly
from the melt, while p’-crystals (orthorhombic subcell)
forms either via recrystallization of o to f> or directly

Orthorhombic

Triclinic

from the melt. B-crystals (triclinic subcell) are formed via
recrystallization from f’. Representation of the Packing of
Triacylglycerols in the Three Main Polymorphic Forms.
(Rgnholt et al. 2014)

Row 1 %0 _____ @ 0 @@

Row 3 Q ........ % @@ 0@

Alpha

Beta Prime

Fig.2.54 Cross-sectional structures of long-chain compounds (Lutton 1972)

polymorphic state becomes more stable and
higher melting as the molecules become more
tightly arranged in the crystal lattice. Figure 2.53
represents the differences in packing of the three
polymorphic forms. It is assumed that the chair
structure is maintained during polymorphic
transformations (Larsson 1966). The layer
arrangement of the o polymorph does not change
when it is transformed to the P’ polymorph,
although its lateral chain packing and angle of tilt
changes during polymorphic transformation.
The hydrocarbon chain packing of the 3 poly-
morph is denser than that of the o polymorph.
The denser chain packing in the  polymorph
gives increased stability compared with the o
polymorph. The different polymorphic forms

typically crystallize at rates in order of their sta-
bility (x < p’ < p). Thus, the least-stable polymor-
phic form typically crystallizes first in a strongly
subcooled molten fat because of the lower sur-
face energy (Bailey 1950).

Assignment of the polymorphic form of a fat
can be done unequivocally only by X-ray diffrac-
tion, sometimes supported by differential scan-
ning calorimetry. The characteristics of the three
polymorphs are as follows:

* o form—one strong, short spacing in the X-ray
diffraction pattem at 0.42 nm. The chains are
arranged in a hexagonal crystal structure (H) with
no order of the zigzag chain planes. The chains
have no angle of tilt (Lutton 1972) (Fig. 2.54).
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e B’ form—two strong, short spacings in the
X-ray diffraction pattem at 0.38 and 0.42 nm.
The chains are arranged in an orthorhombic
crystal structure. The zigzag planes are arranged
in a perpendicular crystal structure. The chains
have an angle of tilt between 50 and 70°.

e [ form—one strong, short spacing at 0.46 nm
and two spacings at 0.37 and 0.39 nm. This
form is the most densely packed and is in a
triclinic structure. The zigzag planes are in a
parallel arrangement, and the chains have an
angle of tilt of 50-70°.

The rate of polymorphic transformation
depends on the length of the fatty acid chain. The
rate of change is longest for TAGs with short-
chain fatty acids such as butterfat (Bailey 1950).
Natural fats generally contain a large number of
different TAGs. This heterogeneity results in
very slow transition form unstable to stable forms
is often very slow. As mentioned previously, the
a- form is generally formed first in a rapidly
cooled liquid fat, but it is usually very unstable
and rapidly transforms to the B’ form. The f’
form may remain for hours to days. In many fats
the B’ However, in many natural fats, the ' poly-
morph can exist for long periods of time because
the complex mixtures result in the development
of a solid solution (Walstra et al. 1987). In some
mixed-acid TAGs, no  polymorph may form and
B’ is the most stable. In some systems both f
forms may be present (Sato 2001).

More than one subtype within the main poly-
morphic grouping has been identified in some
fats. For example, six different polymorphic
forms have been identified in cocoa butter,
although there is still some debate whether they
are all truly unique polymorphs (Table 2.38).
Two B’ and two P forms have been identified for
cocoa butter (Loisel et al. 1998). These poly-
morphs have slightly different melting points, but
they have X-ray spectra that fit within the defini-
tion of that polymorph (Metin and Hartel 1998;
van Malssen et al. 19964, b, ¢).

Different nomenclatures for cocoa butter have
been used to describe the polymorphic forms as
seen in Table 2.39. In the Greek nomenclature,
where polymorphs are given a Greek letter, the
most stable form within a polymorph type is

Table 2.38 Polymorphic forms of cocoa butter melting
temperature (°C)

Form Wille and Lutton (13) | Davis and Dimick (13)
1 Y 17.3 13.1
I |ja |233 17.7
I | p, 255 224
vV |py 275 26.4
vV o |B, 338 30.7
VI B 363 33.8

given the subscript 1, and other polymorphs
within that form are ordered in decreasing stabil-
ity or melting temperature. For example, cocoa
butter has two B’ forms, with the 'l form having
the highest melting point (most stable) (Mertin
and Hartel 1998).

Chocolate is first melted to eliminate existing
crystalline structures. The molten chocolate is
then cooled and allowed for seeds to form or fre-
quently type V seeds are added to initiate crystal-
line growth. The chocolate is then warmed
slightly and maintained at that temperature to
allow conversion of most of the structure to Type
V crystals. The chocolate is then cooled to room
temperature and allowed to solidify. This product
will then have appropriate shine, snap in biting
and cooling in the mouth. The temperature choc-
olate is also resistant to bloom. Bloom is the
migration of fat to the surface of eh product leav-
ing a unsightly white residue on the surface.

The polymorphs of chocolate exhibit differing
characteristics as shown in Table 2.39 (Beckett
2007).

Melting
temperature

17 °C

Form Typical properties

Produced when liquid
chocolate is cooled rapidly.
Unstable form results in soft
crumbly product that will
bloom.

I |ja |21°C After storing rapidly cooled
form chocolate morphs to this
form. Soft, crumbly and tends

to boom

I |p', [26°C Form II crystals become form
11T after storage at low

temperatures
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Melting
temperature

28 °C

Form
vV B,

Typical properties

Produced by cooling chocolate
to room temperature with no
further tempering. Product will
be firm but not snap, Melts at
too low a temperature

34 °C Produced by properly
tempering chocolate. Very
stable, high glows, good snap,

resistant to bloom

VI |p |36°C Produced when well-tempered
chocolate is stored at room
temperature for many months.
Product will be hard and

difficult to melt

The tendency of fats to remain stable in the p’
form for a long time or to quickly convert to the 3
form is more difficult to predict than that of pure
triglycerides. In margarines and shortenings it is
desirable that the fat crystals are in the ' form. In
margarines this results in a smooth texture, shiny
surface, and good meltdown properties. The p’
crystals in shortenings give good aeration in
cakes and creams. The solids or fat crystals in
margarines and shortenings consist of triglycer-

ides with melting points considerably higher than
those of the whole fat. These triglycerides are
referred to as high melting glycerides (HMGs)
and can be obtained by fractionation from ace-
tone (D’Souza et al. 1991). When the HMGs con-
sist of a high level of the same fatty acid such as
palmitic acid or stearic acid or a mixture of stearic
and any trans isomeric form 18:1, the fat crystals
quickly transform from p’ to f form. This hap-
pens when canola oil or sunflower oil is hydroge-
nated and used as a sole hardstock in margarines
and shortenings (Hernqvist 1984, 1988). The
fatty acid composition of canola oil (see
Table 2.13) consists mainly of 18-carbon fatty
acids such as 18:0, 18:1, 18:2, and 18:3; it con-
tains only 4% palmitic acid. When canola oil is
hydrogenated, the solids that are produced con-
sist of triglycerides of 18:0 or 18:1 trans fatty
acid, which results in a high level of 54 (3 x 18)
carbon triglycerides. These triglycerides are lia-
ble to undergo polymorphic transition to the 3
form. Triglycerides consisting of only palmitic
acid or tripalmitin (48-carbon triglycerides) are
equally likely to convert to the  form. This can

Table 2.39 Characteristics of various crystalline forms of cocoa butter

Melting

Polymorph of cocoa butter point °F | Properties

Form I 61-67 Produced by rapid cooling such as placing liquid cocoa butter n freezer

Beta prime 2 Most unstable form

Y Soft, crumbly, blooms and melts at low temperature

Form II 70-73 Produced by rapid cooling placing chocolate in refrigerator of freezer

Alpha Alpha crystals form after short time storage at freezing temperatures

o Melts at low temperature, contains many polymorps, soft crumbly and
blooms heavily

Form III 7778 Produced by too rapid cooling in freezer

Mixture of Alpha and Form after storage at cool temperatures above freezing

Beta-prime I

Form IV 81-84 Cooling at room temperature with no further tempering

Beta-prime Crystals are firm but do not have snap

p Product melts below body temperature and blooms

Form V 92-95 Produced by tempering. After tempering cool slowly at room
temperature

Beta 2 Highly desirable polymorph

B Very stable, smooth shiny surface, good snap, melts readily when eaten

Form VI 97 Formed on long term storage of tempered chocolate at room
temperature

Beta 1 Very hard, does not melt easily

B Can be reversed by retempering
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Table 2.40 Triacylglycerol (TAG) composition (%) by
carbon number of common vegetable oils

Table 2.41 Major triacylglycerols (TAGs) of palm oil
and their melting points

TAG (Carbon Number) Melting Point (°C)
Oil 48 |50 52 54 56 TAG Carbon Number | % B B
Canola - 1.1 |13.0 |[76.8 5.6 PPPP 48 6 56.7 66.2
Soybean — 33 |27.6 66.7 1.7 *PPS 50 1 59.9 62.9
Sunflower - 2.8 202 |75.1 0.7 PSP 50 0.5 |68.8 -
Sunflower high olein |- 20 |15.0 [80.6 1.0 POP 50 26 30.5 353
Corn - 4.6 304 642 038 PPO |50 6 354 40.4
Olive - 4.7 277 66.7 0.9 PLP 50 7 18.6 NA
Peanut - 55 1309 542 |53 POO 52 19 14.2 19.2
Cottonseed 09 |13.6 |435 405 1.3 POS 52 3 33.2 38.2
Palm 8.0 (42,5 |40.5 (9.0 |- PLO 52 4 NA NA
000 |54 3 —11.8 5.1

happen when palm stearin, which is obtained
from fractionated palm oil, is used as the sole
hardstock for a margarine or shortening (deMan
and deMan 1995). Soybean oil contains 11% pal-
mitic acid (see Table 2.13). When soybean oil is
hydrogenated, the solids are more diverse in fatty
acid chain length than those of hydrogenated
canola or sunflower oil of similar consistency.
The triglyceride composition (carbon number) of
common vegetable oils is displayed in Table 2.40.
Canola and sunflower oil contain high levels of
54-carbon triacylglycerol (TAG), while palm oil
has the lowest level. When these oils are hydro-
genated, the solids in the early stages of hydroge-
nation contain less 54-carbon and more 50-carbon
triglycerides than the original oils, because the
50-carbon triglycerides already contain two satu-
rated fatty acids and are likely to be included in
the solids at the early stage. The 50-carbon tri-
glycerides of the solids consist mainly of PSP or
PEP (E stands for elaidic acid or any form of iso-
meric 18:1 trans). These triglycerides are very
stable in the B’ form, as mentioned earlier, and
preferably should be part of the solids. The solid
52-carbon triglycerides are mainly made up of
PSS or PEE. Palmitic acid in vegetable oils is
mainly located in the 1 or the 3 position. Palm oil
has a high level of 50- and 52-carbon triglycer-
ides and a low level of 54-carbon TAG
(Table 2.41). The 50-carbon TAG consist mainly
of POP (26%) and PLP (8%). When palm oil is
hydrogenated, POP and PLP change to PSP or

Likely to be in the palm stearin fraction
NA Not available

PEP, which provides a high level of desirable f’
triglycerides. In addition, the solid 52-carbon tri-
glycerides that are produced are also ' tending.
The P’ stability of hydrogenated canola oil can be
greatly enhanced by incorporation of hydroge-
nated palm oil at a level of 10%. For margarines
where it is desirable to have low levels of frans
fatty acids, palm mid-fraction that contains very
high levels of POP and PLP (up to 60%) can be
hydrogenated and incorporated at lower levels to
secure a desirable level of PSP and PEP.

Diversification of the fatty acid composition
of the solids can also be achieved by including
lauric oils such as palm kernel or coconut oil,
preferably in the fully hydrogenated form (Nor
Aini et al. 1996, 1997). A B’ stable hardstock can,
upon dilution with liquid oil, crystallize in the
form, as is done in soft margarines and to a cer-
tain extent in stick margarines. Elevated storage
temperatures can also induce a polymorphic tran-
sition. P crystals are initially small but upon stor-
age can grow into large, needle-like agglomerates
that make the product grainy, make the texture
brittle, and give the surface a dull appearance.
Shortenings always contain about 10-12%
hydrogenated palm oil—usually in the fully
hydrogenated form, which extends the plastic
range so that the product is still plastic at higher
temperatures. The melting point of shortenings is
in the low range of 4045 °C.
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Fractionation

Fats can be separated into fractions with different
physical characteristics by fractional crystalliza-
tion from a solvent or by fractionation from the
melt. The former process gives sharply defined
fractions but is only used for production of high-
value fats; the latter process is much simpler and
more cost-effective. Fractionation from the melt
or dry fractionation is carried out on a very large
scale with palm oil and other fats including beef
tallow, lard, and milk fat.

There are several reasons for employing frac-
tional crystallization (Hamm 1995):

e To remove small quantities of high melting
components that might result in cloudiness of
an oil. This can be either a triacylglycerol
fraction or non-triacylglycerol compound.
The former happens when soybean oil is
lightly hydrogenated to convert it to a more
stable oil. The resulting solid triglycerides
have to be removed to yield a clear oil. The
latter occurs when waxes crystallize from oils
such as sunflower oil. This type of fraction-
ation is known as winterization.

* To change a fat or oil into two or more frac-
tions with different melting characteristics. In
simple dry fractionation, a hard fraction (stea-
rin) and a liquid fraction (olein) are obtained.
This is by far the most common application of
fractionation.

e To produce well-defined fractions with special
physical properties that can be used as spe-
cialty fats or confectionery fats. This is often
done by solvent fractionation.

The process of fractionation involves the con-
trolled and limited crystallization of a melted fat.
By careful management of the rate of cooling and
the intensity of agitation, it is possible to produce
a slurry of relatively large crystals that can be sep-
arated from the remaining liquid oil by filtration.
The major application of fractionation is with
palm oil; many millions of tons of palm oil are
fractionated into palm stearin and palm olein every
year. Palm oil is unusual among vegetable oils. It
has a high level of palmitic acid; contains a sub-
stantial amount of a trisaturated simple glyceride,
tripalmitin; and has a high level of SUS glycerides.

Table 2.42 Composition and slip melting point (SMP)
of palm oil and its fractions

Fatty Acid (Wt %) \
Product 16:0 [18:0 [18:1 |18:2 [SMP (°C)
Palm oil 441 44 (390 106 367
Palmolein 409 |42 [415 116 |215
Palm stearin | 56.8 |49 290 |72 514

Source: Reprinted with permission from W.L. Siew, et al.,
Identity Characteristics of Malaysian Palm Oil Products:
Fatty Acid and Triglyceride Composition and Solid Fat
Content, E.L.A.E.LS., Vol. 5, No. 1, p. 40, © 1993, Palm
Oil Research Institute of Malaysia

Table 2.43 Composition of palm oil and palm olein

Triglyceride Palm oil Palm olein
SSS (mainly PPP) 8 0.5

SUS (mainly POP) 50 48

SUU (mainly POO) 37 44

uuu 5 7

Iodine value 51-53 57-58

Source: Reprinted with permission from W.L. Siew, et al.,
Identity Characteristics of Malaysian Palm Oil Products:
Fatty Acid and Triglyceride Composition and Solid Fat
Content, E.L.A.E.LS., Vol. 4, No. 1, p. 40, ©1993, Palm
Oil Research Institute of Malaysia

The major glycerides present in palm oil are listed
in Table 2.42, together with their melting points.
When a liquid fat is cooled, a crystalline solid is
formed; its composition and yield are determined
by the final temperature of the oil. From Table 2.43
it is obvious that the glycerides most likely to crys-
tallize are PPP, PPS, and PSP. It is theoretically
impossible to separate these glycerides sharply
from the rest of the glycerides. There are two rea-
sons: (1) the formation of solid solutions and (2)
the problem of entrainment.

The formation of solid solutions can be
explained by the phase diagram of Fig. 2.55
(Timms 1984, 1995). This relates to two triglycer-
ides A and B, which form a solid solution. In
other words, they crystallize together into mixed
crystals. At temperature T, the solid phase has the
composition indicated by ¢ and the liquid phase
composition is a. The fraction of the solid phase is
equal to ab/ac. As the crystallization temperature
differs from T, the composition of the solid and
liquid phases will also differ. Solid solutions are
formed when two or more solutes have melting
points that are not very different. If the solute and
solvent molecules have widely differing melting
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points, no solid solutions will be formed and the
solubility is dependent only on the solute. This is
known as ideal solubility. A plot of the solubility
of tripalmitin in 2-oleo-dipalmitin is presented in
Fig. 2.56. At all temperatures the actual solubility
is higher than the ideal solubility, and the result-
ing solid phase that crystallizes is composed not
only of tripalmitin but a solid solution of tripalmi-
tin and 2-oleo-dipalmitin (Fig. 2.57).

Entrainment results from mechanical entrap-
ment of liquid phase in the crystal cake obtained
by filtration. The composition of the filter cake is
highly dependent on the degree of pressure applied
in the filtration process. The composition of palm
oil and its main fractions are given in Table 2.42
(Siew et al. 1992, 1993). The triglycerides in palm
oil and palm olein are listed in Table 2.43
Depending on the process used, the stearin can be
obtained in yields of 20-40%, with iodine values
ranging from 29 to 47. This is important because
the olein is considered the more valuable com-
modity. Palm olein is widely used as a liquid oil in
tropical climates. However, in moderate climates,
it crystallizes at lower temperatures, just as olive
oil and peanut oil do. Palm stearin is finding
increasing application as a nonhydrogenated hard
fat and as a component in interesterification for
the production of no-frans margarines.

The fractionation of palm oil can be carried
out in a number of ways to yield a variety of
products as shown in Fig. 2.58. In this multistage
process, a palm midfraction is obtained that can
be further fractionated to yield a cocoa butter
equivalent (Kellens et al. 1994). Palm oil can be
double fractionated to yield a so-called super
olein with iodine value of 65.

= Milk Chocolate

White Chocolate

TEMPERATURE

SOLID +
LiQuio

LIQUID

SOuD

A COMPOSITION B

Fig. 2.56 Phase diagram of mixture of triglycerides A
and B, showing a continuous solid solution. Source:
Reprinted from R.E. Timms, Crystallization of Fats, in
Developments in Oils and Fats, R.J. Hamilton, ed., p. 206,
© 1995, Aspen Publishers, Inc.

Milk fat fractionation has been described by
Deffense (1993). By combining multistep fraction-
ation and blending, it is possible to produce modi-
fied milk fats with improved functional properties.

Emulsions and Emulsifiers

A satisfactory definition of emulsions has been
provided by Becher (1965), who states that an
emulsion is a heterogeneous system, consisting



Fig.2.57 Solubility

diagram of tripalmitin in 100 -
2-oleo-dipalmitin. PPP (% OF POP + PPP)
Source: Reprinted from (LOG SCALE)
R.E. Timms, 50 |-
Crystallization of Fats,
in Developments in Oils
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Fig. 2.58 Products obtained by multistage fractionation of palm oil. Source: Reprinted with permission from
Developments in Fat Fractionation Technology, Paper No. 0042, Kellens et al. 1994, p. 29, © Mark Kellens, PhD
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of one immiscible liquid intimately dispersed in
another one, in the form of droplets with a
diameter generally over 0.1 pm. These systems
have a minimal stability, which can be enhanced
by surface-active agents and some other sub-
stances. In foods, emulsions usually contain the
two phases, oil and water. If water is the continu-
ous phase and oil the disperse phase, the emul-
sion is of the oil in water (O/W) type. In the
reverse case, the emulsion is of the water in oil
(W/O) type. A third material or combination of
several materials is required to confer stability
upon the emulsion. These are surface-active
agents called emulsifiers. The action of emulsifi-
ers can be enhanced by the presence of stabiliz-
ers. Emulsifiers are surface-active compounds
that have the ability to reduce the interfacial ten-
sion between air-liquid and liquid-liquid inter-
faces. This ability is the result of an emulsifier’s
molecular structure: the molecules contain two
distinct sections, one having polar or hydrophilic
character, the other having nonpolar or hydro-
phobic properties. The extent of the lowering of
interfacial tension by surface-active agents is
shown in Fig. 2.59. Most surface-active agents
reduce the surface tension from about 50 dynes/
cm to less than 10 dynes/cm when used in con-
centrations below 0.2%.

The relative size of the hydrophilic and hydro-
phobic sections of an emulsifier molecule mostly
determines its behavior in emulsification. To make
the selection of the proper emulsifier for a given
application, the so-called HLB (hydrophile-
lipophile balance) system was developed. It is a
numerical expression for the relative simultaneous
attraction of an emulsifier for water and for oil.
The HLB of an emulsifier is an indication of how
it will behave but not how efficient it is. Emulsifiers
with low HLB tend to form W/O emulsions, those
with intermediate HLB form OAV emulsions, and
those with high HLB are solubilizing agents. HLB
values can be calculated from the saponification
number of the ester (S) and the acid value of the
fatty acid radical (A,) as follows:

HLB = 20(1 - i)
AV

In many cases the HLB value is determined
experimentally and various methods have been

used (Friberg 1976). The HLB scale goes from 0
to 20, in theory at least, since at each end of the
scale the compounds would have little emulsify-
ing activity. The HLB values of some commer-
cial nonionic emulsifiers are given in Table 2.44
(Griffin 1965).

Foods contain many natural emulsifiers, of
which phospholipids are the most common. Crude
phospholipid mixtures obtained by degumming of
soya oil are utilized extensively as food emulsifiers
and are known as soya-lecithin. This product con-
tains a variety of phospholipids, not just lecithin.

Emulsifiers can be tailor-made to serve in
many food emulsion systems. Probably the most
widely used is the group of monoglycerides
obtained by glycerolysis of fats. Reaction of an
excess of glycerol with a fat under vacuum at high
temperature and in the presence of a catalyst
results in the formation of so-called technical
monoglycerides. These are mixtures of mono-,
di-, and triglycerides. Only the 1-monoglycerides
are active as emulsifiers. By molecular distillation
under high vacuum, a product can be obtained in
which the 1-monoglyceride content exceeds 90%.

The ability of emulsifier molecules to orient
themselves at interfaces is exemplified in the
phase behavior of monoglycerides. The emulsi-

CONCENTRATION %

Fig. 2.59 Lowering of the surface tension of water by
most surface-active compounds. Source: From R Becher,
Emulsions—Theory and Practice, Becher 1965, Van
Nostrand Reinhold Publishing Co.
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Table 2.44 HLB values of some commercial nonionic emulsifiers
Trade name Chemical designation HLB
Span 85 Sorbitan trioleate 1.8
Span 65 Sorbitan tristearate 2.1
Atmos 150 Mono- and diglycerides from the glycerolysis of edible fats 32
Atmul 500 Mono- and diglycerides from the glycerolysis of edible fats 3.5
Atmul 84 Glycerol monostearate 3.8
Span 80 Sorbitan monooleate 43
Span 60 Sorbitan monostearate 4.7
Span 40 Sorbitan monopalmitate 6.7
Span 20 Sorbitan monolaurate 8.6
Tween 61 Polyoxyethylene sorbitan monostearate 9.6
Tween 81 Polyoxyethylene sorbitan monooleate 10.0
Tween 85 Polyoxyethylene sorbitan trioleate 11.0
Arlacel 165 Glycerol monostearate (acid stable, self-emulsifying) 11.0
Myrj 45 Polyoxyethylene monostearate 11.1
Atlas G-2127 Polyoxyethylene monolaurate 12.8
Myrj 49 Polyoxyethylene monostearate 15.0
Myrj 51 Polyoxyethylene monostearate 16.0

Source: From W.C. Griffin, Emulsions, in Kirk-Othmer Encyclopedia of Chemical Technology, 2nd ed., Vol. 8, pp. 117-

154, 1965, John Wiley & Sons

fier molecules in aqueous systems show meso-
morphism (formation of liquid crystalline
phases). In such systems, several mesophases
may exist, as Krog and Larsson (1968) have
shown. When I-monopalmitin crystals in
20-30% of water are heated to 60 °C, a meso-
phase, called the neat phase, is formed
(Fig. 2.60a). This structure consists of bimolecu-
lar lipid layers separated by water, with the chains
in a disordered state. If this phase is cooled, a gel
is formed (Fig. 2.60b). The structure is lamellar
with the hydrocarbon chains extended and tilted
in a 54° angle toward the water layers. When the
neat phase is heated, a stiff cubic phase is formed,
called viscous isotropic (Fig. 2.60c). It consists
of small water spheres arranged in a face-centered
lattice with the polar groups pointed toward the
water. On further heating, an isotropic fluid is
obtained (Fig. 2.60d), in which polar groups and
water form disk-like arrangements. With excess
water, a dispersion is formed (Fig. 2.60e), which
consists of concentric bimolecular shells of
monoglyceride molecules alternating with water.

Emulsions are stabilized by a variety of com-
pounds, mostly macromolecules such as proteins
and starches.

Emulsifiers have many additional functions in
foods. They form complexes with food compo-
nents, resulting in modified physical properties of

the food system (Larsson and Dejmek 1990). For
example, consider the amylose-complexing effect
of emulsifiers (Krog 1971). This effect is useful
for improving the shelf life of bread (antifirming
effect) and modifying the physical characteristics
of potato products, pasta, and similar foods.

The amount of emulsifier required to provide
a monomolecular layer for an emulsion of any
particle size can be calculated from the relation-
ship A/V = 6/D, where A, V, and D are area, vol-
ume, and diameter, respectively, of the spherical
particles. The total area for 1 mL of oil dispersed
as uniform spheres thus calculated is given in
Table 2.45. If sodium stearate is used as the emul-
sifier, the amount required can be calculated,
since this molecule has a surface area of about
0.2 nm?.

Total area(nm2 )x 306
W = 23
0.2x6x10

where
W = weight of emulsifier
306 = molecular weight of sodium stearate
6 x 10%* = Avogadro’s number

The amount of emulsifier required increases
sharply with decreasing particle size of the emul-
sion, as shown in Table 2.46 This constitutes a
practical limitation to the lower limit of particle
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Fig.2.60 Structure of the mesophases of monoglyceride-
water systems. (a) Neat phase, (b) gel, (¢) viscous isotro-
pic, (d) fluid isotropic, and (e) dispersion. Source: From
N. Krog and K. Larsson, Phase Behavior and Rheological

Table 2.45 Total surface area of 1 mL of oil dispersed as
uniform spheres in an emulsion

Diameter Total surface area

pm cm m? cm? nm?

10 1073 0.6 6 x 10° 6 x 107
1 10 6 6 x 10* 6x 10"
0.1 103 60 6x 10° 6 x 10"
0.01 10-¢ 600 6 x 10° 6x 107

Table 2.46 Amount of sodium stearate emulsifier
required to provide a monomolecular layer in emulsions
of different particle size

Sodium stearate

Particle diameter micrometer (as % of oil)

10 0.15
1 1.5
0.1 15
0.01 150

(e)

Properties of Aqueous Systems of Industrial Distilled
Monoglycerides, Chem. Phys. Lipids, Vol. 2, pp. 129—
143, 1968

size that can be obtained in emulsification. It also
indicates that a substance that consists of mole-
cules with a large ratio of surface area to molecu-
lar weight and that yields a strong film should be
an efficient emulsifier.

Fat Replacers

Fat replacers are substances that are meant to
replace the calories provided by fat (9 kcal/g)
either partly or completely. There are three basic
groupings of fat replacers; 1- protein based. 2- car-
bohydrate based and 3- fat based. The fat-like sub-
stances that are either not absorbed, partially
absorbed or intrinsically lower in calories. The
proteinaceous or carbohydrate compounds that
mimic the gustatory qualities of fats. The latter will
be dealt with in Chaps. 3 and 4. Table 2.47 sum-
marizes the fat substitutes used in food products.
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Amino Acids and Proteins

Michael Appell, W. Jeffrey Hurst, John W. Finley,

and John M. deMan

Introduction

Proteins are polymers of some 21 different
amino acids joined together by peptide bonds.
Because of the variety of side chains that occur
when these amino acids are linked together, the
different proteins may have different chemical
properties and widely different secondary and
tertiary structures. In peptides and proteins, the
amino acids joined in a peptide chain can be
grouped on the basis of the chemical nature of
the side chains (Krull and Wall 1969). The side
chains may be polar or nonpolar. High levels of
polar amino acid residues in a protein increase
water solubility. The most polar side chains are
those of the basic and acidic amino acids. These
amino acids are present at high levels in the
soluble albumins and globulins. In contrast, the
wheat proteins, gliadin and glutenin, have low
levels of polar side chains and are quite insolu-
ble in water. The acidic amino acids may also be
present in proteins in the form of their amides,
glutamine and asparagine. Hydroxyl groups in
the side chains may become involved in ester
linkages with phosphoric acid and phosphates.
Sulfur amino acids may form disulfide cross-
links between neighboring peptide chains or
between different parts of the same chain.
Proline and hydroxyproline impose significant
structural limitations on the geometry of the
peptide chain.

© Springer International Publishing AG 2018

Proteins occur in animal as well as vegetable
products in important quantities. In the developed
countries, people obtain much of their protein
from animal products. In other parts of the world,
the major portion of dietary protein is derived
from plant products. Many plant proteins are often
deficient in one or more of the essential amino
acids. Essential amino acids are defined as those
that cannot be synthesized by an organism and are
only obtained from the diet. The protein content of
some selected foods is listed in Table 3.1.

Amino Acids

Amino acids have a range of side chains but all
have an available carboxylic acid and an ammo-
nia group in the a-position.

H
R—C—COOH

NH,

The structures of the amino acids can be bro-
ken into categories based on the structure and
chemical characteristics of the side chains. In
Fig. 3.1 the structures and groupings of the amino
acids are illustrated. For convenience, amino
acids are abbreviated with either a three letter
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Table 3.1 Protein content of some selected foods

Product ‘ Protein (g/100 g)
Meat

Beef 16.5

Pork 10.2
Chicken (light meat) 23.4
Fish

Haddock 18.3

Cod 17.6
Milk 3.6
Egg 12.9
Wheat 133
Bread 8.7
Soybeans

Dry 34.1

Raw cooked 11.0
Peas 6.3
Beans

Dry 22.3

Raw cooked 7.8
Rice

White 6.7

Raw cooked 2.0
Cassava 1.6
Potato 2.0

abbreviation or a single letter designation which
is frequently used when describing longer chains
and sequences of amino acids.

There are 21 amino acids found in most pro-
teins. An essential amino acid is an amino acid
that cannot be synthesized de novo (from scratch)
by the organism, and thus must be supplied in the
diet. The nine amino acids humans cannot syn-
thesize are phenylalanine, valine, threonine, tryp-
tophan, methionine, leucine, isoleucine, lysine,
and histidine (Table 3.2). Six other amino acids
are considered conditionally essential in the
human diet, meaning their synthesis can be lim-
ited under certain conditions, such as premature
birth in the infants or individuals in severe cata-
bolic distress. The six conditionally essential
amino acids are arginine, cysteine, glycine, gluta-
mine, proline and tyrosine. (Dietary Reference
Intakes: The Essential Guide to Nutrient Requi-
rements, published by the Institute of Medicine’s
Food and Nutrition Board, currently available

online at http://fnic.nal.usda.gov/dietary-guidance/
dietary-reference-intakes/dri-reports.)

The amounts of these essential amino acids
present in a protein and their availability deter-
mine the nutritional quality of the protein. In gen-
eral, animal proteins are of higher quality than
plant proteins. Plant proteins can be upgraded
nutritionally by judicious blending or by genetic
modification through plant breeding. The amino
acid composition of some selected animal and
vegetable proteins is given in Table 3.3.

Protein digestibility-corrected amino acid
score (PDCAAS) is a method of evaluating the
protein quality based on both the amino acid
requirements of humans and their ability to digest
it. The PDCAAS rating was adopted by the US
Food and Drug Administration (FDA) and the
Food and Agricultural Organization of the United
Nations/World Health Organization (FAO/WHO)
in 1993 as “the preferred ‘best’” method to deter-
mine protein quality.

Egg protein is one of the best quality proteins
and is considered to have a biological value of
100. It is widely used as a standard, and protein
efficiency ratio (PER) values sometimes use egg
white as a standard. Cereal proteins are gener-
ally deficient in lysine and threonine, as indi-
cated in Table 3.4. Soybean is a good source of
lysine but is deficient in methionine. Cottonseed
protein is deficient in lysine and peanut protein
in methionine and lysine. The protein of potato
although present in small quantity (Table 3.1) is
of excellent quality and is equivalent to that of
whole egg.

Peptides and Proteins

Proteins and peptides are formed from amino
acids by peptide bonds. The reaction of peptide
bond formation produces one peptide bond and
one molecule of water. Peptides are oligomers of
amino acids joined by peptide bonds and proteins
can range from a few amino acids joined together
to many thousands of amino acid residues in
large proteins.
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Small Nucleophilic
OH OH SH
W L i
COOH COOH oN~ "COOH COOH ,N” “COOH
Glycine (Gly, G) Alanine (Ala, A) Serine (Ser, S) Threonine (Thr, T) Cysteine (Cys, C)
MW: 57.05 MW: 71.09 MW: 87.08, pKa ~ 16  MW: 101.11,pK, - 16 MW: 103.15, pK g = 8.35
Hydrophobic s
HN~ "COOH H,N~ "COOH H,N~ "COOH H,N” COOH H COOH
Valine (Val, V) Leucine (Leu, L) Isoleucine (lle, 1) Methionine (Met, M) Proline (Pro, P)
MW: 99.14 MW: 113.16 MW: 113.16 MW: 131.19 MW: 97.12
Aromatic Acidic
0 OH
( j (j/ [0}
H,N~" ~COOH HoN~ ~COOH HN“ ~COOH 2N~ "COOH HpN™ “COOH
Phenylalanine (Phe, F) Tyrosine (Tyr, Y) Tryptophan (Trp, W)  Aspartic Acid (Asp, D) Glutamic Acid (Glu, E)
MW: 147.18 MW: 163.18 MW: 186.21 MW: 115.09, pK 3= 3.9 MW: 129.12, pK 3 = 4.07
HoN NH,*
+ 2 2
Amide Basic NHs Y
0 0. _NH, NH
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HN \NH"
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H,N" "COOH H,N" "COOH H,N” ~COOH H,N” ~COOH HoN~ ~COOH
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MW: 114.11 MW: 128.14

MW: 137.14, pK 5 = 6.04
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Fig. 3.1 Common amino acids found in proteins with short hand abbreviations, molecular weight and pK, values of

ionizable side chains

Lo

Y 2
+H3N_?—"C\ +'H \4—? c\
0.

Proteins which make up more than half the dry
weight of most cells are the most important mac-
romolecules in all living organisms. More than
half of the dry weight of a cell is made up of pro-
teins of various shapes and sizes (Voet and Voet
2004). Proteins are based on sequences of amino
acids connected by peptide bonds. The protein

R, O R
10 W 2
H 3N—-?--- C-—N—C-~C  + H,0
™
H CH H O
Peptide bond

chains form specific folded three-dimensional
shapes which enable the proteins to perform spe-
cific tasks such as structure or enzyme activity.
These tasks include transporting small molecules
(e.g., the hemoglobin transports oxygen in the
bloodstream), catalyzing biological functions, pro-
viding structure to collagen and skin, controlling
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Table 3.2 Essential and nonessential amino acids

Essential Nonessential
Histidine Alanine
Isoleucine Arginine
Leucine Aspartic acid
Lysine Cysteine
Methionine Glutamic acid
Phenylalanine Glutamine
Threonine Glycine
Tryptophan Proline
Valine Serine
Tyrosine
Asparagine

sense, and regulating hormones (Pietzsch 2003).
In peptides and proteins, the carboxyl terminus
(known as C-terminus) of one amino acid with a
free carboxyl group, the amino terminus (known
as N-terminus) of another amino acid with a free
amino group. The size of the protein is determined
by the number of amino acids in the protein
sequence. A protein sequence having n amino
acids has n — 1 peptide bonds and n — 1 amide
planes which are fairly rigid because of the struc-
ture of the peptide bond. The bond angle between
N of amine group and alpha carbon is denoted by
¢ (phi) and the bond angle between C « and C of
carboxyl group is denoted by y (psi).

There are four different levels of protein struc-
ture. These are: Primary Structure, Secondary
Structure, Tertiary Structure, and Quaternary
Structure as depicted in Fig. 3.2. Primary struc-
ture: The Primary structure is defined by the
amino acid sequence of the polypeptide chain.
The primary structure is held together by peptide
bonds, which are formed during the process
of protein synthesis. Secondary structure: The
Secondary Structure as shown in Fig. 3.2 refers
to highly regular local sub-structures such as the
alpha helix in Fig. 3.2. In the secondary structure
includes the alpha helix, the beta sheet, and
the random coils. These secondary structures are
controlled by hydrogen bonds between the main-
chain peptide groups. The Tertiary structure as
shown in Fig. 3.2 represents the three-dimensional
structure of a single protein molecule where the
alpha-helices and beta-sheets are folded into a
compact globule structure.

The structure is stabilized when the parts of a
protein domain are locked into place by tertiary
interactions, such as salt bridges, hydrogen
bonds, the packing of side chains and disulfide
bridges. The Quaternary structure is a large
assembly of several protein molecules or poly-
peptide chains generally referred to as subunits.
The quaternary structure is stabilized by the same
non-covalent interactions and disulfide bonds as
the tertiary structure.

The native structure of a protein is its natural
state in the cell, unaltered by heat, chemicals,
enzyme action. In their native state proteins are
folded into their 3D structures which provide
maximum stability and are reached at lowest
energy (Pietzsch 2003). When proteins structures
are forced to be deformed they are considered to
be denatured (Anfinsen 1973; Tanford 1968). The
forces that cause denaturation can be chemicals
or the application of heat. An example of heat
denaturation is the heating of egg white where
the protein is denatured resulting in a conversion
form liquid to solid form.

Protein Classification

Proteins are complex molecules, and classifica-
tion has been based mostly on solubility in dif-
ferent solvents. Increasingly, however, as more
knowledge about molecular composition and
structure is obtained, other criteria are being
used for classification. These include behavior in
the ultracentrifuge and electrophoretic pro-
perties. Proteins are divided into the following
main groups: simple, conjugated, and derived
proteins.

Simple Proteins

Simple proteins yield only amino acids on hydro-
lysis and include the following classes:

e Albumins. Soluble in neutral, salt-free water.
Usually these are proteins of relatively low
molecular weight. Examples are egg albumin,
lactalbumin, and serum albumin in the whey
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proteins of milk, leucosin of cereals, and
legumelin in legume seeds.

Globulins. Soluble in neutral salt solutions
and almost insoluble in water. Examples are
serum globulins and p-lactoglobulin in milk,
myosin and actin in meat, and glycinin in
soybeans.

Glutelins. Soluble in very dilute acid or base
and insoluble in neutral solvents. These pro-
teins occur in cereals, such as glutenin in
wheat and oryzenin in rice.

Prolamins. Soluble in 50-90% ethanol and
insoluble in water. These proteins have large
amounts of proline and glutamic acid and
occur in cereals. Examples are zein in corn,
gliadin in wheat, and hordein in barley.

Scleroproteins. Insoluble in water and neu-
tral solvents and resistant to enzymic
hydrolysis. These are fibrous proteins serv-
ing structural and binding purposes. Collagen
of muscle tissue is included in this group, as
is gelatin, which is derived from it. Other

examples include elastin, a component of

Table 3.4 Limiting essential amino acids of some grain tendons, and keratin, a component of hair

proteins and hoofs.
First limiting Second limiting Histones. Basic proteins, as defined by their
Grain amino acid amino acid high content of lysine and arginine. Soluble in
Wheat Lysine Threonine water and precipitated by ammonia.
Corn Lysine Tryptophan e Protamines. Strongly basic proteins of low
Rice Lysine Threonine molecular weight (4000-8000). They are rich
Sorghum Lysine Threonine in arginine. Examples are clupein from her-
Millet Lysine Threonine ring and scombrin from mackerel.
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Pro structure
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Fig.3.2 The four levels of protein structure (Rashid et al. 2015)
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Conjugated Proteins

Conjugated proteins contain an amino acid part
combined with a nonprotein material such as a
lipid, nucleic acid, or carbohydrate. Some of the
major conjugated proteins are as follows:

e Phosphoproteins. An important group that
includes many major food proteins. Phosphate
groups are linked to the hydroxyl groups of
serine and threonine. This group includes
casein of milk and the phosphoproteins of egg
yolk.

* Lipoproteins. These are combinations of lipids
with protein and have excellent emulsifying
capacity. Lipoproteins occur in milk and egg
yolk.

*  Nucleoproteins. These are combinations of
nucleic acids with protein. These compounds
are found in cell nuclei.

e Glycoproteins. These are combinations of car-
bohydrates with protein. Usually the amount
of carbohydrate is small, but some glycopro-
teins have carbohydrate contents of 8-20%.
An example of such a mucoprotein is ovomu-
cin of egg white.

e Chromoproteins. These are proteins with a
colored prosthetic group. There are many
compounds of this type, including hemoglo-
bin and myoglobin, chlorophyll, and
flavoproteins.

Derived Proteins

These are compounds obtained by chemical or
enzymatic methods and are divided into primary
and secondary derivatives, depending on the
extent of change that has taken place. Primary
derivatives are slightly modified and are insolu-
ble in water; rennet-coagulated casein is an
example of a primary derivative. Secondary
derivatives are more extensively changed and
include proteoses, peptones, and peptides. The
difference between these breakdown products is
in size and solubility. All are soluble in water and
not coagulated by heat, but proteoses can be
precipitated with saturated ammonium sulfate

solution. Peptides contain two or more amino
acid residues. These breakdown products are
formed during the processing of many foods, for
example, during ripening of cheese.

Protein Structure

Proteins are macromolecules with different levels
of structural organization. The primary structure
of proteins relates to the peptide bonds between
component amino acids and also to the amino
acid sequence in the molecule. Researchers have
elucidated the amino acid sequence in many pro-
teins. For example, the amino acid composition
and sequence for several milk proteins is now
well established (Swaisgood 1982).

Some proteolytic enzymes have quite specific
actions; they attack only a limited number of
bonds, involving only particular amino acid resi-
dues in a particular sequence. This may lead to
the accumulation of well-defined peptides during
some enzymic proteolytic reactions in foods.

The secondary structure of proteins involves
folding the primary structure. Hydrogen bonds
between amide nitrogen and carbonyl oxygen are
the major stabilizing force. These bonds may be
formed between different areas of the same poly-
peptide chain or between adjacent chains. In
aqueous media, the hydrogen bonds may be less
significant, and van der Waals forces and hydro-
phobic interaction between apolar side chains
may contribute to the stability of the secondary
structure. The secondary structure may be either
the o-helix or the sheet structure, as shown in
Fig. 3.2. The helical structures are stabilized by
intramolecular hydrogen bonds, the sheet struc-
tures by intermolecular hydrogen bonds. The
requirements for maximum stability of the helix
structure were established by Pauling et al.
(1951). The helix model involves a translation of
0.54 nm per turn along the central axis. A com-
plete turn is made for every 3.6 amino acid resi-
dues. Proteins do not necessarily have to occur in
a complete o-helix configuration; rather, only
parts of the peptide chains may be helical, with
other areas of the chain in a more or less unordered
configuration. Proteins with o-helix structure
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Table 3.5 Bond and interaction energies of the interac-
tions involved in protein structure

Table 3.6 Oligomeric food proteins

Molecular

Bond Bond energy* (kcal/mol) Protein weight (Daltons) | Subunits
Covalent C-C 83 Lactoglobulin 35,000 2
Covalent S-S 50 Hemoglobin 64,500 4
Hydrogen bond 3-7 Avidin 68,300 4
Electrostatic interactions 3-7 Lipoxygenase 108,000 2
Hydrophobic interactions 3-5 Tyrosinase 128,000 4
Van der Waals forces 1-2 Lactate dehydrogenase | 140,000 4
"These refer to free energy required to break the bonds: in 7S soy protein 200,000 9
the case of a hydrophobic bond, the free energy required  Invertase 210,000 4
to unfold a nonpolar side chain from the interior of the Catalase 232,000 4
molecule into the aqueous medium Collagen 300,000 3
118 soy protein 350,000 12
. Legumin 360,000 6
may be either globular or fibrous. In the parallel Myosin 475,000 6

sheet structure, the polypeptide chains are almost
fully extended and can form hydrogen bonds
between adjacent chains. Such structures are gen-
erally insoluble in aqueous solvents and are
fibrous in nature.

The tertiary structure of proteins involves a
pattern of folding of the chains into a compact
unit that is stabilized by hydrogen bonds, van der
Waals forces, disulfide bridges, and hydrophobic
interactions. The tertiary structure results in the
formation of a tightly packed unit with most of
the polar amino acid residues located on the out-
side and hydrated. This leaves the internal part
with most of the apolar side chains and virtually
no hydration. Certain amino acids, such as pro-
line, disrupt the o-helix, and this causes fold
regions with random structure (Kinsella 1982).
The nature of the tertiary structure varies among
proteins as does the ratio of a-helix and random
coil. Insulin is loosely folded, and its tertiary
structure is stabilized by disulfide bridges.
Lysozyme and glycinin have disulfide bridges but
are compactly folded.

Large molecules of molecular weights above
about 50,000 may form quaternary structures by
association of subunits. These structures may be
stabilized by hydrogen bonds, disulfide bridges,
and hydrophobic interactions. The bond energies
involved in forming these structures are listed in
Table 3.5.

The term subunit denotes a protein chain pos-
sessing an internal covalent and noncovalent
structure that is capable of joining with other

Source: Reprinted with permission from D.W. Stanley
and R.Y. Yada, Thermal Reactions in Food Protein
Systems, Physical Chemistry of Foods, H.G. Schwartzberg
and R.H. Hartel, eds., p. 676, 1992, by courtesy of Marcel
Dekker, Inc.

similar subunits through noncovalent forces or
disulfide bonds to form an oligomeric macromol-
ecule (Stanley and Yada 1992). Many food pro-
teins are oligomeric and consist of a number of
subunits, usually 2 or 4, but occasionally as many
as 24. A listing of some oligomeric food proteins
is given in Table 3.6. The subunits of proteins are
held together by various types of bonds: electro-
static bonds involving carboxyl, amino, imidaz-
ole, and guanido groups; hydrogen bonds
involving hydroxyl, amide, and phenol groups;
hydrophobic bonds involving long-chain ali-
phatic residues or aromatic groups; and covalent
disulfide bonds involving cystine residues.
Hydrophobic bonds are not true bonds but have
been described as interactions of nonpolar
groups. These nonpolar groups or areas have a
tendency to orient themselves to the interior of
the protein molecule. This tendency depends on
the relative number of nonpolar amino acid resi-
dues and their location in the peptide chain. Many
food proteins, especially plant storage proteins,
are highly hydrophobic—so much so that not all
of the hydrophobic areas can be oriented toward
the inside and have to be located on the surface.
This is a possible factor in subunits association
and in some cases may result in aggregation.



Denaturation

125

The hydrophobicity values of some food proteins
as reported by Stanley and Yada (1992) are listed
in Table 3.7.

The well-defined secondary, tertiary, and qua-
ternary structures are thought to arise directly
from the primary structure. This means that a
given combination of amino acids will automati-
cally assume the type of structure that is most
stable and possible given the considerations
described by Pauling et al. (1951).

Denaturation
Denaturation is a process that changes the molec-

ular structure without breaking any of the peptide
bonds of a protein. The process is peculiar to

Table 3.7 Hydrophobicity values of some food proteins

Protein Hydrophobicity (cal/residue)
Gliadin 1300
Bovine serum albumin 1120-1000
a-Lactalbumin 1050
B-Lactoglobulin 1050

Actin 1000
Ovalbumin 980
Collagen 880
Myosin 880

Casein 725

Whey protein 387

Gluten 349

Source: Reprinted with permission from D.W. Stanley
and R.Y. Yada, Thermal Reactions in Food Protein
Systems, Physical Chemistry of Foods, H.G. Schwartzberg
and R.H. Hartel, eds., p. 677, 1992, by courtesy of Marcel
Dekker, Inc.
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proteins and affects different proteins to different
degrees, depending on the structure of a protein.
Denaturation can be brought about by a variety of
agents, of which the most important are heat, pH,
salts, and surface effects. Considering the com-
plexity of many food systems, it is not surprising
that denaturation is a complex process that cannot
easily be described in simple terms. Denaturation
usually involves loss of biological activity and
significant changes in some physical or func-
tional properties such as solubility. A simplified
view of protein denaturation and the renaturation
are illustrated in Fig. 3.3. Protein denaturation
generally is not reversible. Thermal treatments of
egg white protein are a good example of protein
denaturation.

The three-dimensional structure of proteins is
driven by a number of interactions in the side
chain of the protein. When proteins are exposed
to conditions such as extremes in pH or in the
heat all these are disrupted leaving the protein
structure with reduced stabilizing forces which
results in the unraveling of the structure in rare
instances an unraveled protein with its primary
structure intact can when under carefully con-
trolled conditions the protein will spontaneously
fold and become renatured.

The destruction of enzyme activity by heat is
an important operation in food processing. In
most cases, denaturation is nonreversible; how-
ever, there are some exceptions, such as the
recovery of some types of enzyme activity after
heating. Heat denaturation is sometimes desir-
able—for example, the denaturation of whey pro-
teins for the production of milk powder used in
baking. The relationship among temperature,
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heating time, and the extent of whey protein
denaturation in skim milk is demonstrated in
Fig. 3.4 (Harland et al. 1952).

The proteins of egg white are readily dena-
tured by heat and by surface forces when egg
white is whipped to a foam. Meat proteins are
denatured in the temperature range 57-75 °C,
which has a profound effect on texture, water
holding capacity, and shrinkage.

Denaturation may sometimes result in the
flocculation of globular proteins but may also
lead to the formation of gels. Foods may be dena-
tured, and their proteins destabilized, during
freezing and frozen storage. Fish proteins are
particularly susceptible to destabilization. After
freezing, fish may become tough and rubbery and
lose moisture. The caseinate micelles of milk,
which are quite stable to heat, may be destabi-
lized by freezing. On frozen storage of milk, the
stability of the caseinate progressively decreases,
and this may lead to complete coagulation.

Protein denaturation and coagulation are
aspects of heat stability that can be related to
the amino acid composition and sequence of the

Temperature °F

Table 3.8 Heat coagulation temperatures of some albu-
mins and globulins and casein

Protein Coagulation temperature (°C)

Egg albumin 56

Serum albumin (bovine) |67
Milk albumin (bovine) 72
Legumelin (pea) 60

Serum globulin (human) |75

f-Lactoglobulin (bovine) | 70-75
Fibrinogen (human) 56-64
Myosin (rabbit) 47-56
Casein (bovine) 160-200

protein. Denaturation can be defined as a major
change in the native structure that does not
involve alteration of the amino acid sequence.
The effect of heat usually involves a change in
the tertiary structure, leading to a less ordered
arrangement of the polypeptide chains. The tem-
perature range in which denaturation and coa-
gulation of most proteins take place is about
55-75 °C, as indicated in Table 3.8. There are
some notable exceptions to this general pattern.



Non-enzymic Browning

127

cysteine
N

i
b N

SH

SH
I

G [

| \ Cc oxidants
CHe Theat
| eat
SH

SH

|
i
C—-ﬂ'-\

i
i
S
I~
|S \ Interchain
CH, disulfide
Gl é bonds
|
e
? Intrachain
S disulfide
| bonds
CH,
l
(G

Fig.3.5 Heat or oxidation of protein sulfhydryl groups from cysteine can form both intra- and intermolecular bonds

Table 3.9 Cysteine and cystine content of some proteins
(g amino acid/100 g protein)

Protein Cysteine (%) | Cystine (%)
Egg albumin 1.4 0.5

Serum albumin (bovine) 0.3 5.7

Milk albumin 6.4 -
p-Lactoglobulin 1.1 23
Fibrinogen 0.4 2.3

Casein - 0.3

Cysteine in proteins can be involved in the
denaturation process. As shown in Fig. 3.5 when
cysteine is oxidized to form new disulfide bridges
they can be formed within the protein or in inter-
molecular bridges causing aggregation of the
protein crosslinked protein. Casein and gelatin
are examples of proteins that can be boiled with-
out apparent change in stability. The exceptional
stability of casein makes it possible to boil, steril-
ize, and concentrate milk, without coagulation.
The reasons for this exceptional stability have
been discussed by Kirchmeier (1962). In the first
place, restricted formation of disulfide bonds due
to low content of cystine and cysteine results in
increased stability. The relationship between
coagulation temperature as a measure of stability
and sulfur amino acid content is shown in Tables
3.8 and 3.9. Peptides, which are low in these par-
ticular amino acids, are less likely to become
involved in the type of sulthydryl agglomeration

shown in Fig. 3.5. Casein, with its extremely low
content of sulfur amino acids, exemplifies this
behavior. The heat stability of casein is also
explained by the restraints against forming a
folded tertiary structure. These restraints are due
to the relatively high content of proline and
hydroxyproline in the heat stable proteins
(Table 3.10). In a peptide chain free of proline,
the possibility of forming inter- and intramolecu-
lar hydrogen bonds is better than in a chain con-
taining many proline residues (Fig. 3.6). These
considerations show how amino acid composi-
tion directly relates to secondary and tertiary
structure of proteins; these structures are, in turn,
responsible for the functionality of the protein.

Non-enzymic Browning

The non-oxyenzymic browning or Maillard reac-
tion is of great importance in food manufacturing
and its results can be either desirable or undesir-
able. For example, the brown crust formation on
bread is desirable; the brown discoloration of
evaporated and sterilized milk is undesirable. For
products in which the browning reaction is favor-
able, the resulting color and flavor characteristics
are generally experienced as pleasant. In other
products, color and flavor may become quite
unpleasant.



128

3 Amino Acids and Proteins

The browning reaction can be defined as the
sequence of events that begins with the reaction
of the amino group of amino acids, peptides, or
proteins with a glycosidic hydroxyl group of sug-
ars; the sequence terminates with the formation

Table 3.10 Amino acid composition of serum albumin,
casein, and gelatin (g amino acid/100 g protein)

of brown nitrogenous polymers or melanoidins
(Ellis 1959).

The reaction velocity and pattern are influenced
by the nature of the reacting amino acid or protein
and the carbohydrate. This means that each kind of
food may show a different browning pattern.
Generally, lysine is the most reactive amino acid
because of the free e-amino group. Since lysine is
the limiting essential amino acid in many food

. . Serum . ‘ proteins, its destruction can substantially reduce
Am”"" acid albumin | Casein | Gelatin_ he nygritional value of the protein. Foods that are
Glycfne 1.8 1.9 275 rich in reducing sugars are very reactive, and this
él?.mne 23 Z; ! ;2 explains why lysine in milk is destroyed more eas-

aine - - - ily than in other foods (Fig. 3.7). Other factors that
Leucine 12.3 9.2 3.3 . . .

X influence the browning reaction are temperature,
Isoleucine 2.6 5.6 1.7 H St level tal hospha
Serine ) 53 ) p 1% m((j)'ls g:le evza1 , (l)lxygeﬁjbr.ne als, phosphates,
Threonine 53 44 29 sultur diox1 e,'an ot e'r n '1 1tors.

Cystine % 6.0 03 0.0 The brown'mg reaction involves a number (?f
Methionine 0.8 1.8 0.9 steps. An outline of the total pathway of melanoi-
Phenylalanine 6.6 53 29 din formation has been given by Hodge (1953)
Tyrosine 5.1 5.7 03 and is shown in Fig. 3.8. According to Hurst and
Proline 4.8 13.5 16.4 Ito (1972), the following five steps are involved
Hydroxyproline - - 14.1 in the process:

Aspartic acid 10.9 7.6 6.7

Glutamic acid 16.5 24.5 11.4 1. The production of an N-substituted glycosyl-
Lysine 12.8 8.9 4.5 amine from an aldose or ketose reacting with
Arginine 5.9 33 8.8 a primary amino group of an amino acid, pep-
Histidine 4.0 3.8 0.8 tide, or protein.

Fig.3.6 Effect of A co H. NH. co CH. 0

proline residues on 7N f l}/ \E/ N\ N /NH}/ N/

. Ni 0 H NH €O H NH
possible hydrogen bond | |
formation in peptide CH. CI-&
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Fig.3.7 Loss of lysine occurring as a result of heating of
several foods. Source: Adapted from: J. Adrian, The
Maillard Reaction. IV. Study on the Behavior of Some
Amino Acids During Roasting of Proteinaceous Foods,
Ann. Nutr. Aliment. (French), Vol. 21, pp. 129-147, 1967

2. Rearrangement of the glycosylamine by an
Amadori rearrangement type of reaction to
yield an aldoseamine or ketoseamine.

3. A second rearrangement of the ketoseamine
with a second mole of aldose to form a dike-
toseamine, or the reaction of an aldoseamine
with a second mole of amino acid to yield a
diamino sugar.

4. Degradation of the amino sugars with loss of
one or more molecules of water to give amino
or nonamino compounds.

5. Condensation of the compounds formed in
Step 4 with each other or with amino com-
pounds to form brown pigments and
polymers.

The formation of glycosylamines from the
reaction of amino groups and sugars is reversible
(Fig. 3.9) and the equilibrium is highly depen-
dent on the moisture level. The mechanism as

shown is thought to involve addition of the amine
to the carbonyl group of the open-chain form of
the sugar, elimination of a molecule of water, and
closure of the ring. The rate is high at low water
content; this explains the ease of browning in
dried and concentrated foods.

The Amadori rearrangement of the glycosyl-
amines involves the presence of an acid catalyst
and leads to the formation of ketoseamine or
1-amino-1-deoxyketose according to the scheme
shown in Fig. 3.10. In the reaction of D-glucose
with glycine, the amino acid reacts as the catalyst
and the compound produced is I-deoxy-1-glycino-
B-p-fructose (Fig. 3.11). The ketoseamines are
relatively stable compounds, which are formed in
maximum yield in systems with 18% water con-
tent. A second type of rearrangement reaction is
the Heyns rearrangement, which is an alternative
to the Amadori rearrangement and leads to the
same type of transformation. The mechanism of
the Amadori rearrangement (Fig. 3.9) involves
protonation of the nitrogen atom at carbon 1. The
Heyns rearrangement (Fig. 3.12) involves proton-
ation of the oxygen at carbon 6.

Secondary reactions lead to the formation of
diketoseamines and diamino sugars. The formation
of these compounds involves complex reactions
and, in contrast to the formation of the primary
products, does not occur on a mole-for-mole basis.

In Step 4, the ketoseamines are decomposed
by 1,2-enolization or 2,3-enolization. The former
pathway appears to be the more important one for
the formation of brown color, whereas the latter
results in the formation of flavor products.
According to Hurst and Ito (1972), the
1,2-enolization pathway appears mainly to lead
to browning but also contributes to formation of
off-flavors  through  hydroxymethylfurfural,
which may be a factor in causing off-flavors in
stored, overheated, or dehydrated food products.
The mechanism of this reaction is shown in
Fig. 3.13 (Hurst and Ito 1972). The ketoseamine
(1) is protonated in acid medium to yield (2).
This is changed in a reversible reaction into the
1,2-enolamine (3) and this is assisted by the N
substituent on carbon 1. The following steps
involve the B-elimination of the hydroxyl group
on carbon 3. In (4) the enolamine is in the free
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Fig. 3.8 Reaction pattern of the formation of melanoidins from aldose sugars and amino compounds. Source: From
J.E. Hodge, Chemistry of Browning Reactions in Model Systems, Agr. Food Chem., VoL 1, pp. 928-943, 1953

base form and converts to the Schiff base (5). The
Schiff base may undergo hydrolysis and form the
enolform (7) of 3-deoxyosulose (8). In another
step the Schiff base (5) may lose a proton and
the hydroxyl from carbon 4 to yield a new
Schiff base (6). Both this compound and the
3-deoxyosulose may be transformed into an
unsaturated osulose (9), and by elimination of a
proton and a hydroxyl group, hydroxymethylfur-
fural (10) is formed.

Following the production of 1,2-enol forms of
aldose and ketose amines, a series of degrada-
tions and condensations results in the formation
of melanoidins. The a-B-dicarbonyl compounds
enter into aldol type condensations, which lead to
the formation of polymers, initially of small size,
highly hydrated, and in colloidal form. These ini-
tial products of condensation are fluorescent, and
continuation of the reaction results in the forma-
tion of the brown melanoidins. These polymers
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Fig.3.10 Amadori rearrangement. Source: From M.J. Kort, Reactions of Free Sugars with Aqueous Ammonia, Adv.

Carbohydrate Chem. Biochem., Vol. 25, pp. 311-349, 1970

are of nondistinct composition and contain
varying levels of nitrogen. The composition var-
ies with the nature of the reaction partners, pH,
temperature, and other conditions.

The flavors produced by the Maillard reaction
also vary widely. In some cases, the flavor is

0 O

(]|
R—C—C—

R!CHO + CO, +

R + R'CHNH, —*

reminiscent of caramelization. The Strecker
degradation of a-amino acids is a reaction that
also significantly contributes to the formation of
flavor compounds. The dicarbonyl compounds
formed in the previously described schemes react
in the following manner with «-amino acids:

i
R—CHNH,—C—R
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The amino acid is converted into an aldehyde
with one less carbon atom (Schonberg and
Moubacher 1952). Some of the compounds of
browning flavor have been described by Hodge
et al. (1972). Corny, nutty, bready, and crackery
aroma compounds consist of planar unsaturated
heterocyclic compounds with one or two nitrogen
atoms in the ring. Other important members of
this group are partially saturated N-heterocyclics
with alkyl or acetyl group substituents. Comp-
ounds that contribute to pungent, burnt aromas

3 Amino Acids and Proteins

are listed in Table 3.11. These are mostly vicinal
polycarbonyl compounds and «,fB-unsaturated
aldehydes. They condense rapidly to form mela-
noidins. The Strecker degradation aldehydes con-
tribute to the aroma of bread, peanuts, cocoa, and
other roasted foods. Although acetic, phenyla-
cetic, isobutyric, and isovaleric aldehydes are
prominent in the aromas of bread, malt, peanuts,
and cocoa, they are not really characteristic of
these foods (Hodge et al. 1972).

A somewhat different mechanism for the brown-
ing reaction has been proposed by Burton and

OH McWeeney (1964) and is shown in Fig. 3.14. After

formation of the aldosylamine, dehydration reac-

o CH?PH tions result in the production of 4- to 6-membered

H OH CH2 ring compounds. When the reaction proceeds under

OH COOH conditions of moderate heating, fluorescent nitrog-

Fig.3.11 Structure of 1-deoxy-I-glycino-p-p-fructose

enous compounds are formed. These react rapidly
with glycine to yield melanoidins.
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Fig. 3.12 Heyns rearrangement. Source: From M.J. Kort, Reactions of Free Sugars with Aqueous Ammonia, Adv.
Carbohydrate Chem. Biochem., Vol. 25, pp. 311-349, 1970
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Fig. 3.13 1,2-Enolization mechanism of the browning
reaction. Source: From D.T. Hurst, Recent Developments
in the Study of Nonenzymic Browning and Its Inhibition

The influence of reaction components and
reaction conditions results in a wide variety of
reaction patterns. Many of these conditions are
interdependent. Increasing temperature results in
a rapidly increasing rate of browning; not only
reaction rate, but also the pattern of the reaction
may change with temperature. In model systems,
the rate of browning increases 2-3 times for each
10° rise in temperature. In foods containing fruc-
tose, the increase may be 5—10 times for each 10°
rise. At high sugar contents, the rate may be even

by Sulphur Dioxide, BFMIRA Scientific and Technical
Surveys, No. 75, Leatherhead, England, 1972

more rapid. Temperature also affects the compo-
sition of the pigment formed. At higher tempera-
tures, the carbon content of the pigment increases
and more pigment is formed per mole of carbon
dioxide released. Color intensity of the pigment
increases with increasing temperature. The effect
of temperature on the reaction rate of D-glucose
with DL-leucine is illustrated in Fig. 3.15.

In the Maillard reaction, the basic amino
group disappears; therefore, the initial pH or the
presence of a buffer has an important effect on
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Table 3.11 Aroma and structure classification of browned flavor compounds

Burnt (pungent, empyreumatic)

Variable (aldehydic, ketonic)

Aromas:

Structure: Polycarbonyls(a,-Unsat’d aldehydes Monocarbonyls (R—-CHO,
—C:0-C:0-, =C-CHO R-C:0-CH;)

Examples of compounds: Glyoxal Strecker aldehydes
Pyruvaldehyde Isobutyric
Diacetyl Isovaleric
Mesoxalic dialdehyde Methional
Acrolein 2-Furaldehydes
Crotonaldehyde 2-Pyrrole aldehydes

C5;—C¢ Methyl ketones

Source: From J.E. Hodge, F.D. Mills, and B.E. Fisher, Compounds of Browned Flavor from Sugar-Amine Reactions,

Cereal Sci. Today, Vol. 17, pp. 3440, 1972

Diketose-amino

B

Compound e
| . X3
s Deoxyosones
\.\\"“-\. +
] A Other
Monoketose-amino <« carbonyl
CO:"POU"d Compounds
o |
b E
Aldose-Amino Unsaturated
Compounds osones
| " |
|
v :
Unsaturated '
Aldosylamino Carbonyl H
Compounds Compounds
Dehydration / { Furfurals
Some Cyclization / \ /]
\ / | //" I|
: /r .'| /'// II
X ‘ I'. /, I'I
Nitrogen / .'
containing -+ 4
Compounds ~ ————— ;
v'r v B A
Polymer Co-polymer Polymer
Melanoidins

Fig.3.14 Browning pathway leading to melanoidin formation
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Fig.3.15 Effect of
temperature on the
reaction rate of
D-glucose with
DL-leucine. Adapted
from: G. Haugard,

L. Tumerman, and

A. Sylvestri, A Study on
the Reaction of Aldoses
and Amino Acids, J. Am.
Chem. Soc., Vol. 73,

pp- 4594-4600, 1951
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the reaction. The browning reaction is slowed
down by decreasing pH, and the browning reac-
tion can be said to be self-inhibitory since the pH
decreases with the loss of the basic amino group.
The effect of pH on the reaction rate of b-glucose
with DL-leucine is demonstrated in Fig. 3.16. The
effect of pH on the browning reaction is highly
dependent on moisture content. When a large
amount of water is present, most of the browning
is caused by caramelization, but at low water lev-
els and at pH greater than 6, the Maillard reaction
is predominant.

The nature of the sugars in a nonenzymic
browning reaction determines their reactivity.
Reactivity is related to their conformational sta-
bility or to the amount of open-chain structure
present in solution. Pentoses are more reactive
than hexoses, and hexoses more than reducing
disaccharides. Nonreducing disaccharides only
react after hydrolysis has taken place. The order
of reactivity of some of the aldohexoses is: man-
nose is more reactive than galactose, which is
more reactive than glucose.

The effect of the type of amino acid can be
summarized as follows. In the o-amino acid

2000 4000 6000
Time (Minutes)

series, glycine is the most reactive. Longer and
more complex substituent groups reduce the rate
of browning. In the ®m-amino acid series, brown-
ing rate increases with increasing chain length.
Ornithine browns more rapidly than lysine. When
the reactant is a protein, particular sites in the
molecule may react faster than others. In pro-
teins, the e-amino group of lysine is particularly
vulnerable to attack by aldoses and ketoses.

Moisture content is an important factor in
influencing the rate of the browning reaction.
Browning occurs at low temperatures and inter-
mediate moisture content; the rate increases with
increasing water content. The rate is extremely
low below the glass transition temperature, prob-
ably because of limited diffusion (Roos and
Himberg 1994; Roos et al. 1996a, b).

Methods of preventing browning could con-
sist of measures intended to slow reaction rates,
such as control of moisture, temperature, or pH,
or removal of an active intermediate. Generally, it
is easier to use an inhibitor. One of the most
effective inhibitors of browning is sulfur dioxide
or sodium bisulfite. The action of sulfur dioxide
is unique and no other suitable inhibitor has been
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Fig.3.16 Effect of pH
on the reaction rate of
D-glucose with
DL-leucine. Adapted
from: G. Haugard,

L. Tumerman, and

A. Sylvestri, A Study on
the Reaction of Aldoses
and Amino Acids, J. Am.
Chem. Soc., Vol. 73,

pp- 4594-4600, 1951
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found. It is known that sulfite can combine with
the carbonyl group of an aldose to give an addi-
tion compound:

NaHSO, + RCHO - RCHOHSO,Na

However, this reaction cannot possibly
account for the inhibitory effect of sulfite. It is
thought that sulfur dioxide reacts with the degra-
dation products of the amino sugars, thus pre-
venting these compounds from condensing into
melanoidins. A serious drawback of the use of
sulfur dioxide is that it reacts with thiamine and
proteins, thereby reducing the nutritional value of
foods. Sulfur dioxide destroys thiamine and is
therefore not permitted for use in foods contain-
ing this vitamin.

Chemical Changes

During processing and storage of foods, a number
of chemical changes involving proteins may occur
(Hurrell 1984). Some of these may be desirable,

1000 2000
Time (Minutes)

3000

others undesirable. Such chemical changes may
lead to compounds that are not hydrolyzable by
intestinal enzymes or to modifications of the pep-
tide side chains that render certain amino acids
unavailable. Mild heat treatments in the presence
of water can significantly improve the protein’s
nutritional value in some cases. Sulfur-containing
amino acids may become more available and cer-
tain antinutritional factors such as the trypsin
inhibitors of soybeans may be deactivated.
Excessive heat in the absence of water can be det-
rimental to protein quality; for example, in fish
proteins, tryptophan, arginine, methionine, and
lysine may be damaged. A number of chemical
reactions may take place during heat treatment
including decomposition, dehydration of serine
and threonine, loss of sulfur from cysteine, oxida-
tion of cysteine and methionine, cyclization of
glutamic and aspartic acids and threonine (Mauron
1970; Mauron and Antener 1983).

The nonenzymic browning, or Maillard,
reaction causes the decomposition of certain
amino acids. For this reaction, the presence of a
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Fig.3.17 Formation of
amide-type bonds from
the reaction between
e-amino groups of lysine
and amide groups of
asparagine (n = 1)
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reducing sugar is required. Heat damage may
also occur in the absence of sugars. Bjarnason
and Carpenter (1970) demonstrated that the heat-
ing of bovine plasma albumin for 27 h at 115 °C
resulted in a 50% loss of cystine and a 4% loss of
lysine. These authors suggest that amide-type
bonds are formed by reaction between the
e-amino group of lysine and the amide groups of
asparagine or glutamine, with the reacting units
present either in the same peptide chain or in
neighboring ones (Fig. 3.17). The Maillard reac-
tion leads to the formation of brown pigments, or
melanoidins, which are not well defined and may
result in numerous flavor and odor compounds.
The browning reaction may also result in the
blocking of lysine. Lysine becomes unavailable
when it is involved in the Amadori reaction,
the first stage of browning. Blockage of lysine is
nonexistent in pasteurization of milk products,
and is at 0-2% in UHT sterilization, 10-15% in

conventional sterilization, and 20-50% in roller
drying (Hurrell 1984).

Some amino acids may be oxidized by react-
ing with free radicals formed by lipid oxidation.
Methionine can react with a lipid peroxide to
yield methionine sulfoxide. Cysteine can be
decomposed by a lipid free radical according to
the following scheme:

L" + Cys—SH — Cys-S"——> Cys—S—S—Cys

I—* Cys-S™ +H,S
L+,

The decomposition of unsaturated fatty acids
produces reactive carbonyl compounds that may
lead to reactions similar to those involved in non-
enzymic browning. Methionine can be oxidized
under aerobic conditions in the presence of SO,
as follows:

Alanine

R—S —CHg +2503"—=R — SO —CH3 + 250,~

This reaction is catalyzed by manganese ions
at pH values from 6 to 7.5. SO, can also react
with cystine to yield a series of oxidation prod-
ucts. Some of the possible reaction products
resulting from the oxidation of sulfur amino
acids are listed in Table 3.12. Nielsen et al. (1985)
studied the reactions between protein-bound
amino acids and oxidizing lipids. Significant

losses occurred of the amino acids lysine, trypto-
phan, and histidine. Methionine was extensively
oxidized to its sulfoxide. Increasing water activ-
ity increased losses of lysine and tryptophan but
had no effect on methionine oxidation.

Alkali treatment of proteins is becoming more
common in the food industry and may result in
several undesirable reactions. When cystine is
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treated with calcium hydroxide, it is transformed free

sulfur, and 2-methyl thiazolidine-2,

into amino-acrylic acid, hydrogen sulfide, 4-dicarboxylic acid as follows:
(0]
§/\)LOH o
S NH, — 2 HZC OH + Ssz
HO NH NH; l
o}
lz H,0 SH, +5S
o)
O?)LOH +NH3
Pyruvic Acid
S (6]
. . . \//QOH
Pyruvic Acid + Cysteine —> H
O

OH
Thiozolidine

This can also occur under alkaline conditions,
when cystine is changed into amino acrylic acid
and thiocysteine by a p-elimination mechanism,
as follows:

NHz NHz
\
CH—CH, —S—S—CH, —CH
COOH l COOH
NHz\ NHz
CH—CH, —S—S—CHZ -ce
COOH Il COOH
/NHz ~H2\
CH2=C + /CH—-OHZ-S-S’

COOH COOH

Amino-acrylic acid (dehydroalanine) is very
reactive and can combine with the e-amino
group of lysine to yield lysinoalanine (Ziegler
1964) as shown:

Table 3.12 Oxidation products of the sulfur-containing
amino acids

Name Formula
Methionine R-S—-CH;
Sulfoxide R-SO-CH;
Sulfone R-SO,—CH;
Cystine R-S-S-R
Disulfoxide R-SO-
SO-R
Disulfone R-SO,—
SO,-R
Cysteine R-SH
Sulfenic R-SOH
Sulfinic R-SO,H
Sulfonic (or cysteic R-SO;H
acid)
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NH, —CH — (CH,)4 — NHy + CH, = C— COOH

I
COOH

}

I
NH,

NH, —CH — (CH3)q4 — NH —CH,— C— COOH

I
COOH

Lysinoalanine formation is not restricted to
alkaline conditions—it can also be formed by
prolonged heat treatment. Any factor favoring
lower pH and less drastic heat treatment will
reduce the formation of lysinoalanine. Hurrell
(1984) found that dried whole milk and UHT
milk contained no lysinoalanine and that evapo-
rated and sterilized milk contained 1000 ppm.

I
NH,

More severe treatment with alkali can decompose
arginine into ornithine and urea. Ornithine can
combine with dehydroalanine in a reaction simi-
lar to the one giving lysinoalanine and, in this
case, omithinoalanine is formed.

Treatment of proteins with ammonia can
result in addition of ammonia to dehydroalanine
to yield f-amino-alanine as follows:

CH, =C —COOH + NH3 —* NH,— CH,— CH — COOH

|
NH,

I
NH,

Light-induced oxidation of proteins has been
shown to lead to off-flavors and destruction of
essential amino acids in milk. Patton (1954) dem-
onstrated that sunlight attacks methionine and
converts it into methional (f-methylmercaptoprop
ionaldehyde), which can cause a typical sunlight
off-flavor at a level of 0.1 ppm. It was later dem-
onstrated by Finley and Shipe (1971) that the
source of the light-induced off-flavor in milk
resides in a low-density lipoprotein fraction.

Proteins react with polyphenols such as phe-
nolic acids, flavonoids, and tannins, which occur
widely in plant products. These reactions may
result in the lowering of available lysine, protein
digestibility, and biological value (Hurrell 1984).

Racemization is the result of heat and alkaline
treatment of food proteins. The amino acids pres-
ent in proteins are of the L-series. The racemiza-
tion reaction starts with the abstraction of an
a-proton from an amino acid residue to give a

negatively charged planar carbanion. When a
proton is added back to this optically inactive
intermediate, either a D- or L-enantiomer may be
formed (Masters and Friedman 1980).
Racemization leads to reduced digestibility and
protein quality.

Functional Properties

Increasing emphasis is being placed on isolating
proteins from various sources and using them as
food ingredients. In many applications functional
properties are of great importance. Functional
properties have been defined as those physical
and chemical properties that affect the behavior
of proteins in food systems during processing,
storage, preparation, and consumption (Kinsella
1982). A summary of these properties is given in
Table 3.13.
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Table 3.13 Functional properties of food proteins

General property Functional criteria

Organoleptic Color, flavor, odor

Kinesthetic Texture, mouth feel, smoothness, grittiness, turbidity

Hydration Solubility, wettability, water absorption, swelling, thickening, gelling, syneresis, viscosity

Surface Emulsification, foaming (aeration, whipping), film formation

Binding Lipid-binding, flavor-binding

Structural Elasticity, cohesiveness, chewiness, adhesion, network cross-binding, aggregation, dough
formation, texturizability, fiber formation, extrudability

Rheological Viscosity, gelation

Enzymatic Coagulation (rennet), tenderization (papain), mellowing (“proteinases’)

“Blendability” Complementarity (wheat-soy, gluten-casein)

Antioxidant Off-flavor prevention (fluid emulsions)

Source: From J.E. Kinsella, Structure and Functional Properties of Food Proteins, in Food Proteins, P.F. Fox and

J.J. Condon, eds., 1982, Applied Science Publishers

Even when protein ingredients are added to
food in relatively small amounts, they may sig-
nificantly influence some of the physical proper-
ties of the food. Hermansson (1973) found that
addition of 4% of a soybean protein isolate to
processed meat significantly affected firmness, as
measured by extrusion force, compression work,
and sensory evaluation.

The emulsifying and foaming properties of
proteins relate to their adsorption at interfaces
and to the structure of the protein film formed
there (Mitchell 1986). The emulsifying and emul-
sion stabilizing capacity of protein meat additives
is important to the production of sausages. The
emulsifying properties of proteins are also
involved in the production of whipped toppings
and coffee whiteners. The whipping properties
of proteins are essential in the production of
whipped toppings. Paulsen and Horan (1965)
determined the functional characteristics of edi-
ble soya flours, especially in relation to their use
in bakery products. They evaluated the measur-
able parameters of functional properties such as
water dispersibility, wettability, solubility, and
foaming characteristics as those properties
affected the quality of baked products containing
added soya flour.

Some typical functional properties of food
proteins are listed in Table 3.14.

Surface Activity of Proteins

Proteins can act as surfactants in stabilizing
emulsions and foams. To perform this function
proteins must be amphiphilic just of Food
Proteins like the emulsifiers discussed in Chap. 2.
This is achieved when part of the protein struc-
ture contains predominantly amino acids with
hydrophobic side chains and another part con-
tains mostly hydrophilic side chains. The mole-
cule is then able to orient itself in the oil-water
interface. Thus, the ability of proteins to serve as
emulsifiers varies greatly among proteins. The
emulsifying capacity of a protein depends not
only on its overall hydrophobicity but, more
importantly, on the distribution of the hydropho-
bic or charged groups along the polypeptide
chain and the manner in which the chain is folded
(Dalgleish 1989). Hydrophobic side chains are
likely to be folded into the inside of the molecule
leaving the outside more hydrophilic. To be
effective surfactants, proteins need to have flexi-
ble polypeptide chains, so that they are able to
orient at the interface. Only proteins that have
little secondary structure and are able to unfold at
the interface are effective emulsifiers. Nakai and
Powrie (1981) have shown the relationship
between solubility, charge frequency, and hydro-
phobicity in graphical manner (Fig. 3.18) and in
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Table 3.14 Functional properties of proteins in food systems

Functional property Mode of action

Food system

Solubility Protein solvation Beverages
Water absorption Hydrogen bonding of water; Meat, sausages, bread, cakes
and binding entrapment of water (no drip)
Viscosity Thickening; water binding Soups, gravies
Gelation Protein acts as adhesive material Meat, sausages, baked goods, pasta products
Elasticity Hydrophobic bonding in gluten; Meats, bakery products
disulfide links in gels
Emulsification Formation and stabilization of fat Sausages, bologna, soup, cakes
emulsion
Fat absorption Binding of free fat Meats, sausages, doughnuts

Flavor-binding Adsorption, entrapment, release

Simulated meats, bakery products, etc.

Foaming Forms stable films to entrap gas

Whipped toppings, chiffon, desserts, angel cakes

Source: From J.E. Kinsella, Structure and Functional Properties of Food Proteins, in Food Proteins, P.F. Fox and

J.J. Condon, eds., 1982, Applied Science Publishers

Fig.3.18 Relationship
between solubility, charge
frequency, and
hydrophobicity of proteins.
Source: Reprinted with
permission from S. Nakai
and W.D. Powrie,
Modification of Proteins
for Functional and
Nutritional Improvements,
in Cereals—A Renewable
Resource, Theory and
Practice,Y. Pomeranz and
L. Munck, eds., p. 225, ©
1981, American
Association of Cereal
Chemists

the form of a table relating these parameters to
the functional properties of proteins (Table 3.15).

There are two important considerations in
emulsion formation: the binding of the protein to
the oil-water interface and the stability of the
emulsion. For an emulsion to possess stability, the
proteins have to form a cohesive film. The cohe-
siveness of such filmsis stabilized by intramolecular
disulfide bonds. In addition, emulsion particles

)

—

Solubility

)

can be stabilized by steric factors. This happens
when disordered protein molecules at the interface
prevent emulsion droplets from approaching one
another closely enough to permit coagulation as a
result of attraction by van der Waals forces
(Dalgleish 1989).

The amount of protein required to form a sta-
ble emulsion depends on the size of emulsion
droplets produced and the nature of the protein.
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Table 3.15 Contribution of hydrophobicity, charge frequency, and structural parameters to functionality

of proteins
Hydrophobicity Charge frequency Structure

Solubility - + -
Emulsification +sur (=) +
Foaming +tot - +

Fat binding +sur (=) -

Water holding - + ?

Heat coagulation +tot — +

Dough making (+) - +

+: positive contribution; —: negative contribution; sur: surface hydrophobicity; tot: total hydrophobicity;

(): contributes to a lesser extent

Source: Reprinted with permission from S. Nakai and W.D. Powrie, Modification of Proteins for
Functional and Nutritional Improvements, Cereals—Renewable Resource, Theory and Practice,
Y. Pomeranz and L. Munck, eds., p. 235, © 1981, American Association of Cereal Chemists

The size of the droplets, assuming the presence
of sufficient protein to cover the interfacial area,
is determined by the input of mechanical energy
by a device such as a homogenizer or colloid mill.
According to Dalgleish (1989), the protein load
for monolayer coverage of the oil-water interface
is in the order of a few mg/m? B-casein is an
effective emulsifier protein and has been reported
to give an interfacial loading of 2-3 mg/m?.

Gel Formation

Proteins can form gels by acid coagulation, action
of enzymes, heat, and storage. A gel is a protein
network that immobilizes a large amount of
water. The network is formed by protein-protein
interactions. Gels are characterized by having
relatively high non-Newtonian viscosity, elastic-
ity, and plasticity. Examples of protein gels are a
variety of dairy products including yogurt, soy-
bean curd (tofu), egg protein gels including may-
onnaise, and meat and fish protein gels. Some
types of gel formation are reversible, especially
those produced by heat. Gelatin gels are pro-
duced when a heated solution of gelatin is cooled.
This sol-gel transformation is reversible. Most
other types of gel formation are not reversible.
Gelation has been described as a two-stage pro-
cess (Pomeranz 1991). The first stage is a dena-
turation of the native protein into unfolded
polypeptides, and the second stage is a gradual
association to form the gel matrix. The type of

association and, therefore, the nature of the gel
depends on a variety of covalent and noncovalent
interactions involving disulfide bonds, hydrogen
bonds, ionic and hydrophobic interactions, or
combinations of these.

Protein gels can be divided into two types:
aggregated gels and clear gels (Barbut 1994).
Aggregated gels are formed from casein and from
egg white proteins and are opaque because of the
relatively large size of the protein aggregates. Clear
gels are formed from smaller particles, such as
those formed from whey protein isolate, and have
high water-holding capacity. The formation of such
gels from ovalbumin is illustrated in Fig. 3.19
(Hatta and Koseki 1988), showing the influence of
protein concentration, pH, and ionic strength.
Many dairy products involve gel formation through
the action of acid or by combined activity of acid
and enzymes. Mayonnaise is an oil-in-water emul-
sion, in which egg yolk protein acts as the emulsi-
fier. The presence of acetic acid in the form of
vinegar or citric acid from lemon juice leads to
interaction of the proteins covering the emulsion
droplets, resulting in a gel-type emulsion.

Animal Proteins
Milk Proteins
The proteins of cow’s milk can be divided into

two groups: the caseins, which are phosphopro-
teins and comprise 78% of the total weight, and
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Fig. 3.19 Model for the formation of a gel network by
heated ovalbumin, pi = isoelectric point. Source: Reprinted
with permission from H. Hatta and T. Koseki, Relationship

Table 3.16 Protein composition of mature bovine herd
milk

Protein g/L
Total protein 36
Total casein 29.5
Whey protein 6.3
o, -Casein 11.9
ao,-Casein 3.1
p-Casein 9.8
k-Casein 3.5
y-casein 1.2
a-Lactalbumin 1.2
B-Lactoglobulin 32
Serum albumin 0.4
Immunoglobulin 0.8
Proteose-peptones 1.0

Source: Reprinted with permission from H.E. Swais-good,
Protein and Amino Acid Composition of Bovine Milk, in
Handbook of Milk Composition, R.G. Jensen, ed., p. 465,
© 1982, Academic Press

the milk serum proteins, which make up 17% of
the total weight. The latter group includes
B-lactoglobulin (8.5%), a lactalbumin (5.1%),
immune globulins (1.7%), and serum albumins.
In addition, about 5% of milk’s total weight is
nonprotein nitrogen (NPN)-containing sub-
stances, and these include peptides and amino
acids. Milk also contains very small amounts of
enzymes, including peroxidase, acid phospha-
tase, alkaline phosphatase, xanthine oxidase, and
amylase. The protein composition of bovine herd
milk is listed in Table 3.16 (Swaisgood 1995),

of SH Groups to Functionality of Ovalbumin, in Food
Proteins, J.E. Kinsella and W.G. Soucie, eds., p. 265, ©
1988, American Oil Chemists’ Society

Table 3.17 Amino acid composition of milk proteins

Amino acid ‘ Protein (g/kg)

Essential amino acids

Threonine 46
Valine 66
Methionine 26
Cystine 8
Isoleucine 59
Leucine 97
Phenylalanine 49
Lysine 81
Histidine 27
Arginine 35
Tryptophan 17
Nonessential amino acids
Aspartic acid, asparagine 79
Serine 56
Glutamic acid, glutamine 219
Proline 99
Glycine 20
Alanine 34
Tyrosine 51

and the amino acid composition of the milk
proteins is shown in Table 3.17.

Casein is defined as the heterogeneous group
of phosphoproteins precipitated from skim milk
at pH 4.6 and 20 °C. The proteins remaining in
solution, the serum or whey proteins, can be sep-
arated into the classic lactoglobulin and lactalbu-
min fractions by half saturation with ammonium
sulfate or by full saturation with magnesium
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Fig.3.20 Separation of

Total Protein (3.2%)

milk proteins by Adjust to pH 4.6
precipitation Filter
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Casein (2.5%) Whey Proteins (0.57%)

Fig. 3.21 Electron photomicrograph of casein micelles
in milk (http://www.usu.edu/westcent/microstructure_
food/Foods&bact.htm)

sulfate, as is shown in Fig. 3.20. However, this
separation is possible only with unheated milk.
After heating by, for example, boiling, about
80% of the whey proteins will precipitate with
the casein at pH 4.6; this property has been used
to develop a method for measuring the degree of
heat exposure of milk and milk products.

Casein exists in milk as relatively large, nearly
spherical particles of 30-300 nm in diameter
(Fig. 3.21). In addition to acid precipitation,

Precipitate
Lactoglobulin 0.13%)

l

0.5 Saturation with (NH,),50,
Saturation with MgS0,
Filter

——

Filtrate
Lactalbumin (0.44%)

casein can be separated from milk by rennet
action or by saturation with sodium chloride. The
composition of the casein depends on the method
of isolation. In the native state, the caseinate
particles contain relatively large amounts of cal-
cium and phosphorus and smaller quantities of
magnesium and citrate and are usually referred to
as calcium caseinatephosphate or calcium phos-
phocaseinate particles. When adding acid to
milk, the calcium and phosphorus are progres-
sively removed until, at the isoelectric point of
pH 4.6, the casein is completely free of salts.
Other methods of preparing casein yield other
products; for example, salt precipitation does not
remove the calcium and phosphorus, and rennet
action involves limited proteolysis. The rennet
casein is named paracasein.

Casein is a nonhomogeneous protein that con-
sists of four components, identified as o;-, o;-,
-, and k-casein. The y-casein mentioned in the
literature (see Table 3.16) has been identified as
proteolytic fragments of f-casein (Wong et al.
1996). The four casein components occur as
genetic variants. Such genetically determined
variants or polymorphs differ from one another
by one or more amino acid substitutions and/or
deletions. The complete amino acid sequence has
been established, and the exact nature of the
genetic variants has been determined. The genetic
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Table 3.18 Genetic variants of caseins

Total amino acid Molecular
Variant residues weight
o, -CN B-8P 199 23,614
a-CN A-11P 207 24,350
B-CN A1-5P 209 23,982
k-CN B-1P 169 19,023

variants are described by the suffix CN (for
casein) and a capital A, B, C, etc., as well as by
the number of phosphorylations. Genetic variants
of the four caseins are listed in Table 3.18 (Wong
et al. 1996). The caseins have sites of phosphory-
lation that have a unique amino acid sequence.
The three—amino acid sequence is Ser-X-A, with
X being any amino acid and A either glutamic
acid or serine-phosphate. One part of the a-casein
is precipitable by calcium ions and has been des-
ignated calcium-sensitive casein or o. The non-
calcium-sensitive fraction, k-casein, is the protein
assumed to confer stability on the casein micelle;
this has been found to be removed by the action
of rennin, thereby leaving the remaining casein
precipitable by calcium ions, k-casein is the frac-
tion with the lowest phosphate content. The two
a,-caseins show strong association. The associa-
tion of P-casein is temperature dependent. At
4 °C only monomers exist; at temperatures
greater than 8 °C association will occur. ay-
Casein has more acidic than basic amino acids
and has a net negative charge of 22 at pH 6.5. The
polypeptide chain contains 8.5% proline that is
distributed uniformly, resulting in no apparent
secondary structure. a,-Casein has the highest
number of phosphorylations and a low proline
content, [-casein is a single polypeptide chain
with a total of 209 amino acids, and has seven
genetic variants. The distribution of amino acids
in the polypeptide chain is quite specific. The
N-terminal segment has a high negative charge,
giving it hydrophilic properties, the C-terminal
portion is highly hydrophobic. This arrangement
lends surfactant properties to this protein.

Casein contains 0.86% phosphorus, and it is
assumed that this is present exclusively in the
form of monophosphate esters with the hydroxyl
groups of serine and threonine. Limited and

specific hydrolysis of casein with proteolytic
enzymes has produced a number of large poly-
peptides that resist further hydrolysis. An electro-
phoretically homogeneous phosphopeptone has
been isolated from a trypsin digest of B-casein by
Peterson et al. (1958). This phosphopeptone has a
molecular weight of about 3000 and consists of
24 amino acid residues of ten different amino
acids. The peptone contains five phosphate resi-
dues linked to four serine and one threonine
groups. This constitutes essentially all of the
phosphorus of p-casein and it appears that the
phosphate residues are localized in a relatively
small region of the casein molecule.

In addition to ester phosphate, casein contains
calcium phosphate in the colloidal form. It
appears that the presence of this colloidal cal-
cium phosphate helps maintain the structural
integrity of the casein micelle. Although the com-
position and structure of most of the casein frac-
tions are now well established, the exact nature of
the arrangement of the caseins and calcium phos-
phate into a micelle is not well known. Many
models of micelle structure have been proposed
(Farrell 1973; Farrell and Thompson 1974).
These can be divided into three groups: coat-core
models, internal structure models, and subunit
models. In the most popular, the coat-core model,
it is assumed that the core contains the calcium-
sensitive a,-caseins and that this core is covered
by a layer of k-casein. The function of the
K-casein coat is to protect the micelle from insol-
ubilization by calcium ions. The k-casein is read-
ily attacked by the enzyme rennin, thus removing
the coat and resulting in coagulation of the
micelles. This model most readily accounts for
the action of rennin but does not explain the posi-
tion of the colloidal calcium phosphate.

It appears that micelles are formed by cross-
linking of some of the ester phosphate groups by
calcium. Chelation of calcium results in dissocia-
tion and solubilization of the micelles, and the
rate at which this happens corresponds to the
ester phosphate content of the monomers (Aoki
et al. 1987).

The whey proteins of milk were originally
thought to be composed of two main compo-
nents, lactalbumin and lactoglobulin, as indicated
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in Fig. 3.22. Then it was found that the lactalbumin
contains a protein with the characteristics of a
globulin. This protein, known as f-lactoglobulin,
is the most abundant of the whey proteins. It has
a molecular weight of 36,000. In addition to
B-lactoglobulin, the classic lactalbumin fraction
contains o-lactalbumin, serum albumin, and at
least two minor components.

B-lactoglobulin is rich in lysine, leucine,
glutamic acid, and aspartic acid. It is a globular
protein with five known genetic variants. Variants
A and B have 162 amino acids and molecular
weights of 18,362 and 18,276, respectively.
fB-lactoglobulin has a tightly packed structure and
consists of eight strands of antiparallel f} sheets.
The interior of the molecule is hydrophobic. The
molecular structure also contains a certain amount
of a helix, which plays a role in the formation of
the usually occurring dimer. The association is pH
dependent, p-lactoglobulin A will form octamers
at low temperature and high concentration and at
pH values between 3.5 and 5.2. Below pH 3.5 the
protein dissociates into monomers. This protein is
the only milk protein containing cysteine and,
therefore, contains free sulthydryl groups, which
play a role in the development of cooked flavor in

heated milk. The cysteine group is also involved
in thermal denaturation. At pH 6.7 and above
67 °C, p-lactoglobulin denatures, followed by
aggregation. The first step in the denaturation is a
series of reversible conformational changes that
result in exposure of cysteine. The next step
involves association through sulfhydryl-disulfide
exchange.

The differences between genetic variants,
although minor, may result in marked changes in
some properties (Aschaffenburg 1965). The two
chains of pB-lactoglobulin C differ from the chains
of the B variant in that a histidine residue has
taken the place of a glutamic acid or glutamine
residue. The A chains differ in two places from
the B chains: aspartic acid replaces glycine and
valine replaces alanine. Because of these minute
differences, A is less soluble and more stable
when heated than B. Variant A has a tendency to
form tetramers at pH 4.5, whereas this tendency
is absent in B. These differences are thought to be
the result of differences in the three-dimensional
folding or tertiary structure of the amino acid
chains.

a-Lactalbumin occurs as genetic variants A
and B, each with 123 amino acid residues.
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The molecular weight of A is 14,147 and B is
14,175. The amino acid sequence of a-lactalbumin
is very similar to that of hen egg-white lysozyme.
a-Lactalbumin has a high binding capacity for
calcium and some other metals. It is insoluble at
the isoelectric range from pH 4 to 5. The calcium
in a-lactalbumin is bound very strongly and pro-
tects the stability of the molecule against thermal
denaturation.

The immune globulins were previously
divided into euglobulin and pseudoglobulin. The
level of these proteins in colostrum is very high
and they have been shown to be transferred to the
blood of the young calf, indicating that they are
absorbed unchanged. The three classes of immu-
noglobulins in milk are designated IgM(yM),
IgA(yA), and IgG(yG) (Gordon and Kalan 1974).
IgG is subdivided into IgG1 and IgG2. The serum
albumin has been shown to be identical to the
blood serum albumin.

Nonfat milk (skim milk) is the raw material
from which a number of milk protein products
are manufactured. A schematic diagram of the
various products obtained by processing of skim
milk is given in Fig. 3.22 (Wong et al. 1996).
These products are used as raw materials in
many manufactured foods and include caseins,
caseinates, and coprecipitates (Morr 1984). Acid
casein results from isoelectric precipitation of
casein at pH 4.6—4.7. The curd is recovered by
centrifugation, then washed and dried. Alkali
neutralization of the wet curd yields caseinate,
which is spray dried. Rennet casein is made by
rennet coagulation followed by washing and dry-
ing of the curd. Coprecipitates include both
casein and whey proteins and are made from
heated skim milk. The heating denatures the
whey proteins, which can then be precipitated
with acid together with the casein.

Whey protein concentrate is made from whey,
the by-product of cheese making. Removal of
lactose and minerals requires reverse 0smosis
end ultrafiltration processing (Fig. 3.23).

An up-to-date coverage of our present knowl-
edge of milk proteins is given by Wong et al.
(1996).
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Meat Proteins
Meromysin

The proteins of muscle consist of about 70%
structural or fibrillar proteins and about 30%
water-soluble proteins. The fibrillar proteins con-
tain about 32-38% myosin, 13—17% actin, 7%
tropomyosin, and 6% stroma proteins. Meat and
fish proteins contribute to highly organized struc-
tures that lend particular properties to these prod-
ucts. Some of the other proteins discussed in this
chapter are more or less globular and consist of
particles that are not normally involved in an
extensive structural array. Examples are milk
proteins and the protein bodies in cereals and oil-
seeds. Extensive structure formation involving
these proteins may occur in various technological
processes such as making cheese from milk
or texturized vegetable protein products from
oilseeds.
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Fig. 3.24 Microscopic structure of striated muscle in
longitudinal section

Muscle is made up of fibers that are several
centimeters long and measure 0.01-0.1 mm in
diameter. The fibers are enclosed in membranes
called sarcolemma and are arranged in bundles
that enclose fat and connective tissue. The fibers
are cross-striated, as indicated in Fig. 3.24, and
this is due to the presence of cross-striated myo-
fibrils. The myofibrils are embedded in the cell
cytoplasm called sarcoplasm. The fibers contain
peripherally distributed nuclei; a diagram of the
arrangement of the various constituents of a mus-
cle fiber is given in Fig. 3.25 (Cassens 1971). In
addition to the constituents mentioned, the mus-
cle fibers contain other components including
mitochondria, ribosomes, lysosomes, and glyco-
gen granules. The fibers make up the largest part
of the muscle volume, but there is from 12 to
18% of extracellular space.

The fibrils are optically nonuniform, which
accounts for the striated appearance. Compounds
with different refractive indexes are arranged
along the fiber.

Meat contains three general types of proteins:
the soluble proteins, which can easily be removed
by extraction with weak salt solutions (ionic
strength <0.1); the contractile proteins; and the
stroma proteins of the connective tissue. The sol-
uble proteins are classed as myogens and myoal-
bumins. The myogens are a heterogeneous group
of metabolic enzymes. After extraction of the
soluble proteins, the fibril and stroma proteins
remain. They can be extracted with buffered
0.6 M potassium chloride to yield a viscous gel of
actomyosin.

Myosin is the most abundant of the muscle
proteins and makes up about 38% of the total.
Myosin is a highly asymmetric molecule with a
molecular weight of about 500,000 that contains
about 60-70% a-helix structure. The molecule
has a relatively high charge and contains large
amounts of glutamic and aspartic acids and diba-
sic amino acids. Myosin has enzyme activity and
can split ATP into ADP and monophosphate,
thereby liberating energy that is used in muscle
contraction. The myosin molecule is not a single
entity. It can be separated into two subunits by
means of enzymes or action of the ultracentri-
fuge. The subunits with the higher molecular
weight, about 220,000, are called heavy mero-
myosin. Those with low molecular weight, about
20,000 are called light meromyosin. Only the
heavy meromyosin has ATP-ase activity.

Actin makes up about 13% of the muscle pro-
tein, so the actin-myosin ratio is about 1:3. Actin
occurs in two forms: G-actin and F-actin (G and
F denote globular and fibrous). G-actin is a
monomer that has a molecular weight of about
47,000 and is a molecule of almost spherical
shape. Because of its relatively high proline con-
tent, it has only about 30% of a-helix configura-
tion. F-actin is a large polymer and is formed
when ATP is split from G-actin. The units of actin
combine to form a double helix of indefinite
length, and molecular weights of actin have been
reported to be in the order of several millions.
Bodwell and McClain (1971) indicate that actin
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Fig.3.25 Diagrammatic
representation of a
muscle fiber (http://
people.eku.edu/
ritchisong/301notes3.
htm)

polymers may have an apparent molecular weight
of over 14,000,000, with a length of 1160 nm and
adiameter of 6 nm. The transformation of G-actin
into F-actin is schematically represented in
Fig. 3.26.

Actomyosin is a complex of F-actin and myo-
sin and is responsible for muscle contraction and
relaxation. Contraction occurs when myosin
ATP-ase activity splits ATP to form phosphory-
lated actin and ADP. For this reaction, the pres-
ence of K* and Mg?* is required. Relaxation of
muscle depends on regeneration of ATP from
ADP by phosphorylation from creatine phos-
phate. The precise mechanism of contraction is
still unknown, although a working hypothesis is
available (Bailey 1982).

The composition of various cuts of meats and
their structural implications have been described
by Ranken (1984).

Thin Filaments

Sarcoplasmic
reticulum

Sarcolemma

Sarcoplasm
Mitochondria

One sarcomere

Copyright © 2006 Nature Publishing Group
Nature Reviews | Molecular Cell biology

Collagen

The contractile meat proteins are separated and
surrounded by layers of connective tissues. The
amount and nature of this connective tissue is an
important factor in the tenderness or toughness
and the resulting eating quality of meat. Collagens
form the most widely occurring group of proteins
in the animal body. They are part of the connec-
tive tissues in muscle and organs, skin, bone,
teeth, and tendons. The collagens are a distinct
class of proteins as can be demonstrated by X-ray
diffraction analysis. This technique shows that
collagen fibrils have regular periodicity of 64 nm,
which can be increased under tension to 400 nm.
Collagen exists as a triple helix; the formation of
collagen into the triple helix is shown in Fig. 3.27
(Yamauchi and Sricholpech 2012). The biosyn-
thesis of collagen is a long complicated including,
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chain association and folding, secretion,
procollagen processing, self-assembly and pro-
gressive cross-linking (Fig. 3.27). Type I collagen
is along (~300 nm long, ~1.5 nm thick) heterotri-
meric molecule composed of two al chains and
one o2 chain. An ol homotrimeric form exists as
a minor form. The molecule consists of three
domains: the N-terminal non-triple helical domain
(N-telopeptide), the central triple helical domain and
the C-terminal non-triple helical domain
(C-telopeptide). The single (uninterrupted) triple
helical domain represents more than 95% of the
molecule (Yamauchi and Sricholpech 2012).

The triple helix is the tropocollagen molecule;
these are lined up in a staggered array, overlap-
ping by one-quarter of their length to form a
fibril. The fibrils are stacked in layers to form
connective tissue. Important in the formation of
these structures is the high content of hydroxy-
proline and hydroxylysine. The content of diba-
sic and diacidic amino acids is also high, but
tryptophan and cystine are absent. As a result of
this particular amino acid composition, there are
few interchain cross-bonds, and collagen swells
readily in acid or alkali.

Heating of collagen fibers in water to 60—70 °C
shortens them by one-third or one-fourth of the
original length. This temperature is characteristic
of the type of collagen and is called shrink tem-
perature (7). The T; of fish skin collagen is very
low, 35 °C. When the temperature is increased to
about 80 °C, mammalian collagen changes into
gelatin. Certain amino acid sequences are common
in collagen, such as Gly-Pro-Hypro-Gly. In a triple
helix, only certain sequences are permissible. The
structural unit of the collagen fibrils is tropocolla-
gen with a length of 280 nm, a diameter of 1.5 nm,
and a molecular weight of 360,000. Gelatin is a
soluble protein derived from insoluble collagen.
Although it can be made from different animal by-
products, hide is the common source of gelatin pro-
duction. The process of transforming collagen into
gelatin involves the following three changes:

1. rupture of a limited number of peptide bonds
to reduce the length of the chains

2. rupture or disorganization of a number of the
lateral bonds between chains

3. change in chain configuration

The last of these is the only change essential
for the conversion of collagen to gelatin. The
conditions employed during the production of
gelatin determine its characteristics. If there is
extensive breakdown of peptide bonds, many lat-
eral bonds may remain intact and soluble frag-
ments are produced. If many lateral bonds are
destroyed, the gelatin molecules may have rela-
tively long chain lengths. Thus, there is a great
variety of gelatins. In normal production, the
hides or bones are extracted first, under relatively
mild conditions, followed by successive extrac-
tions under more severe conditions. The first
extraction yields the best-quality gelatin. The
term gelatin is used for products derived from
mammalian collagen that can be dispersed in
water and show a reversible sol-gel change with
temperature. The gels formed by gelatin can be
considered as a partial return of the molecules to
an ordered state. However, the return to the highly
ordered state of collagen is not possible. High-
quality gelatin has an average chain length of
60,000-80,000, whereas the value for native col-
lagen is infinite.

The process of gel formation is probably
closely associated with the presence of guanidino
groups of arginine. Hypobromite has the ability
to destroy guanidino groups and, when added to
gelatin, it inhibits gelation.

There are three types of gelatin: alpha, with
a molecular weight of 80,000-125,000; beta,
with molecular weight of 160,000-250,000; and
gamma, with molecular weight of 240,000—
375,000 (Poppe 1992). The typical amino acid
sequence in gelatin is Gly-X-Y, where X is
mostly proline and Y is mostly hydroxyproline
(Fig. 3.28).

When gelatin is placed in cold water it will
absorb 5-10 times its own weight in water and
swell. When this material is heated to above the
melting point, between 27 and 34 °C, the swollen
gelatin dissolves. This solgel transformation is
reversible. Poppe (1992) has described the mech-
anism of gel formation. It involves the reversion
from a random coil to a helix structure. Upon
cooling, the imino acid-rich regions of different
chains form a helical structure, which is stabilized
by hydrogen bonding. This then forms the three-
dimensional gel matrix.
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Fig.3.28 Amino acid sequence in gelatin

Table 3.19 Division of the proteins of fish flesh according to solubility

Ionic strength at which soluble Name of group

Location

Equal to or greater than 0

“Myogen” easily soluble

Mainly sarcoplasm, muscle cell juice

Greater than about 0.3

“Structural” less soluble

Mainly myofibrils, contractile elements

Insoluble “Stroma”

Mainly connective tissues, cell walls, etc.

Commercial gelatin is available in two types,
A and B. Type A gelatin has undergone an acid
pretreatment and type B a lime pretreatment.
They differ in their viscosity and their ability to
combine with negatively charged hydrocolloids
such as carrageenan.

Fish Proteins

The proteins of fish flesh can be divided into
three groups on the basis of solubility, as indi-
cated in Table 3.19. The skeletal muscle of fish
consists of short fibers arranged between sheets
of connective tissue, although the amount of con-
nective tissue in fish muscle is less than that in
mammalian tissue and the fibers are shorter. The
myofibrils of fish muscle have a striated appear-
ance similar to that of mammalian muscle and
contain the same major proteins, myosin, actin,
actomyosin, and tropomyosin. The soluble pro-
teins include most of the muscle enzymes and
account for about 22% of the total protein. The
connective tissue of fish muscle is present in
lower quantity than in mammalian muscle; the
tissue has different physical properties, which
result in a more tender texture of fish compared
with meat. The structural proteins consist mainly
of actin and myosin, and actomyosin represents

about three-quarters of the total muscle protein.
Fish actomyosin has been found to be quite labile
and easily changed during processing and stor-
age. During frozen storage, the actomyosin
becomes progressively less soluble, and the flesh
becomes increasingly tough. Connell (1962) has
described the changes that may occur in cod
myosin. When stored in dilute neutral solution,
myosin rapidly denatures and forms aggregates
in a step-wise manner as follows:

MM, 3.1)
M, +M, —2M

D D D (3.2)
2M, +M, —>3M,

Equation (3.1) represents the change from
native to denatured protein and follows first-order
reaction kinetics. In successive steps represented
by Eq. (3.2), dimers, trimers, and higher poly-
mers are formed in a concentration-dependent
reaction pattern. The aggregation is assumed to
be mostly in a lateral fashion with only little end-
to-end aggregation. The instability of fish myosin
appears to be one of the major factors causing the
lability of fish muscle.

The interest in using fish for the production of
fish protein concentrate has waned because the
product lacks satisfactory functional properties.
More promising ways of using fish resources
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Table 3.20 Protein composition of egg white

Approximate Approximate isoelectric

Constituent amount (%) point (pH) Unique properties

Ovalbumin 54 4.6 Denatures easily, has sulfthydryls

Conalbumin 13 6.0 Complexes iron, antimicrobial

Ovomucoid 11 4.3 Inhibits enzyme trypsin

Lysozyme 3.5 10.7 Enzyme for polysaccharides
antimicrobial

Ovomucin 1.5 4.5 Viscous, high sialic acid, reacts
with viruses

Flavoprotein-apoprotein 0.8 4.1 Binds riboflavin

“Proteinase inhibitor” 0.1 52 Inhibits enzyme (bacterial
proteinase)

Avidin 0.05 9.5 Binds biotin, antimicrobial

Unidentified proteins 8 5.5,7.5,8.0,9.0 Mainly globulins

Nonprotein 8 Primarily half glucose and salts
(poorly characterized)

Source: From R.R. Feeney and R.M. Hill, Protein Chemistry and Food Research, in Advances in Food Research,
Vol. 10, C.O. Chichester, E.M. Mrak, and G.F. Stewart, eds., 1960, Academic Press

involve fish protein gels (surimi), which can be
made into attractive consumer products (Mackie
1983).

Egg Proteins

The proteins of eggs are characterized by their
high biological value and can be divided into the
egg white and egg yolk proteins. The egg white
contains at least eight different proteins, which
are listed in Table 3.20. Some of these proteins
have unusual properties, as indicated in the table;
for example, lysozyme is an antibiotic, ovomu-
coid is a trypsin inhibitor, ovomucin inhibits
hemagglutination, avidin binds biotin, and conal-
bumin binds iron. The antimicrobial properties
help to protect the egg from bacterial invasion.
Liquid egg white contains 10-11% of protein,
and the dried form contains about 83%. The most
abundant protein is ovalbumin, a phosphoprotein
with a molecular weight of 45,000 that contains a
small proportion of carbohydrate. The carbohy-
drate is present as a polysaccharide composed of
two glucosamine and four mannose groups.
Ovalbumin can be separated by electrophoresis
into two components, one component with two

phosphate groups and another component with
one phosphate group. Some of the diphosphate
changes to monophosphate on storage. Oval-
bumin is readily denatured by heat.

Conalbumin has a molecular weight of 70,000
and has iron-binding and antimicrobial pro-
perties. It can render iron unavailable to micro-
organisms; this property is lost after heat
denaturation. Iron is bound in the ferric form by
coordination. The groups involved in the binding
of iron are amino, carboxyl, guanidine, and
amides. When these groups are blocked, the iron-
binding property is lost.

Ovomucoid is a trypsin inhibitor and a gly-
coprotein with a molecular weight of 27,000—
29,000, containing mannose and glucosamine.
This protein is highly resistant to denaturation.

Lysozyme is classed as a globulin and has
the ability to cause lysis of bacterial cells. There are
three fractions, designated G,, G,, and Gs;. The
activity resides in the G, fraction. The protein has a
molecular weight of 14,000-17,000 and is a basic
protein with unusually high content of histidine,
arginine, and lysine. It is stable to many agents that
denature other proteins, such as heat, cold, and
denaturing reagents. It is also quite resistant to pro-
teolysis by enzymes such as papain and trypsin.
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Table 3.21 Protein components of egg yolk

Approximate
Constituent amount (%) Particular properties
Livetin 5 Contains
enzymes—poorly
characterized
Phosvitin 7 Contains 10%
phosphorus
Lipoproteins 21 Emulsifiers

(Total protein) (33)

Source: From R.R. Feeney and R.M. Hill, Protein
Chemistry and Food Research, in Advances in Food
Research, Vol. 10, C.O. Chichester, EIM. Mrak, and
G.F. Stewart, eds., 1960, Academic Press

Ovomucin is an insoluble protein, which
precipitates from egg white on dilution with
water. It is not well known, has a high molecular
weight (7,600,000), and is a mucoprotein. The
ability of certain viruses to agglutinate red blood
cells, called hemagglutination, is inhibited by
ovomucin.

Avidin is a protein characterized by its ability
to bind biotin and render it unavailable. Heat
denaturation destroys this property.

Egg yolk proteins precipitate when the yolk is
diluted with water. The protein components of
egg yolk are listed in Table 3.21. The yolk con-
tains a considerable amount of lipid, part of
which occurs in bound form as lipoproteins.
Lipoproteins are excellent emulsifiers, and egg
yolk is widely used in foods for that reason. The
two lipoproteins are lipovitellin, which has
17-18% lipid, and lipovitellenin, which has
36-41% lipid. The protein portions of these
compounds after removal of the lipid are named
vitellin and vitellenin. The former contains 1% %
phosphorus, the latter 0.29%.

The membranes of eggs consist of keratins
and mucins.

When fluid egg yolk is frozen, changes take
place, causing the thawed yolk to form a gel
(Powrie 1984). Gelation increases as the freezing
temperature is lowered from —6 to —14 °C.
Gradual aggregation of lipoprotein is postulated
as the cause of gelation.

Plant Proteins

As with animal proteins, plant proteins occur in
wide variety. Many plant proteins have until
recently received much less study than the animal
proteins. This is gradually changing, and more
information is now becoming available on many
nontraditional food proteins. Proteins can be
obtained from leaves, cereals, oilseeds, and nuts.
Leaf proteins have been extracted from macer-
ated leaves and are very labile. They are readily
denatured at about 50 °C and undergo surface
denaturation in the pH range 4.5-6.0. Cereal seed
proteins are generally low in lysine. Peanut pro-
tein is poor in lysine, tryptophan, methionine,
and threonine. Legume seeds are low in cyst(e)
ine and methionine. Great improvement in nutri-
tional value can sometimes be obtained by judi-
cious mixing of different products.

The proteins of cereal grains are very impor-
tant to their physical properties, even though the
protein content of grains is not very high. Protein
levels vary within wide limits, depending on spe-
cies, soil, fertilizer, and climate. The protein is
nonuniformly distributed throughout the kernel,
with the center having the lowest protein content.
Wheat has a protein content of 8§—14%, rye about
12%, barley 10%, and rice 9%.

Wheat Proteins

Wheat proteins are unique among plant proteins
and are responsible for bread-making properties
of wheat. The classic method of fractionation
based on solubility characteristics indicates the
presence of four main fractions (Fig. 3.29): albu-
min, which is water-soluble and coagulated by
heat; globulin, soluble in neutral salt solution;
gliadin, a prolamine soluble in 70% ethanol; and
glutenin, a glutelin insoluble in alcohol but solu-
ble in dilute acid or alkali.

The methods of gel electrophoresis and iso-
electric focusing now provide highly efficient
tools for separation of these proteins. By using
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Fig.3.29 Schematic representation of the main protein fractions of wheat flour. Source: From J. Holme, A Review of
Wheat Flour Proteins and Their Functional Properties, Bakers’ Dig., Vol. 40, No. 6, pp. 38-42, 78, 1966

these techniques, both gliadin and glutenin have
been shown to be complex mixtures. Gliadin and
glutenin are the storage, or gluten-forming, pro-
teins of wheat. The formation of gluten takes
place when flour is mixed with water. The gluten
is a coherent elastic mass, which holds together
other bread components such as starch and gas
bubbles, thus providing the basis for the crumb
structure of bread. The hydration of the gluten
proteins results in the formation of fibrils
(Simmonds and Orth 1973), with gliadins form-
ing films and glutenins forming strands.

Gluten proteins have a high content of gluta-
mine but are low in the essential amino acids
lysine, methionine, and tryptophan. The insolu-
bility of gluten proteins can be directly related to
their amino acid composition. High levels of non-
polar side chains result from the presence of glu-
tamic and aspartic acids as the amides. Because
these are not ionized, there is a high level of
apolar (hydrogen) bonding. This contributes to
aggregation of the molecules and results in low
solubility.

Heat damage to gluten can result from
excessive air temperatures used in the drying of
wet grain. The gluten becomes tough and is more
difficult to extract. Heat-denatured wheat gives
bread poor texture and loaf volume (Schofield
and Booth 1983).

Gliadin and glutenin are composed of many
different molecular species. Gliadin proteins con-
sist mostly of single-chain units and have molec-
ular weights near 36,500 (Bietz and Wall 1972).
Whole gliadin also contains polypeptides of
molecular weight 11,400 that may be albumins, a
major polypeptide of molecular weight 44,200,
and w-gliadins of molecular weights 69,300 and
78,100. The polypeptides of 44,200 and 36,500
molecular weight are joined through disulfide
bonds into higher molecular weight proteins.
Glutenin consists of a series of at least 15 poly-
peptides with molecular weights ranging from
11,600 to 133,000. These units are bound together
by disulfide bonds to form large molecules.

The nongluten albumin and globulin proteins
represent from 13 to 35% of the total protein of
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cereal flours. This protein fraction contains
glycoproteins, nucleoproteins, lipoproteins, and a
variety of enzymes.

Chemical modification of gluten proteins
plays an important role in the industrial use of
cereals. Especially reactions that lead to splitting
or formation of an SS bond can greatly influence
solubility and rheological properties such as
extensibility and elasticity.

An example of the reduction of an SS bond by
means of an SH containing reagent is as follows:

Protein Protein
| | + RSH ———p | |

S S HS SSR
RSH Protein
—> | | +rss=r
SH SH

The disulfide bonds in wheat gluten play an
important role in cross-linking polypeptide
chains. Some of the bonds present in cereal
proteins are shown in Fig. 3.30 (Wall 1971).
Reduction of the disulfide bonds in gliadin and

Three-dimensional
crosslinks
$ (Cern glutelin)

glutenin results in the unfolding of the peptide
chains (Krull and Wall 1969), as indicated in
Fig. 3.31. This type of change has a profound
effect on the rheological properties of dough
(Pomeranz 1968).

Maize Proteins

Maize (corn), wheat, and rice are the three main
cereal crops of the world. The protein content of
maize varies widely depending on variety, cli-
mate, and other factors; it is generally in the
9-10% range. The main proteins of maize are the
storage proteins of the endosperm, namely zein
and glutelin. There are also minor amounts of
albumin and globulin. Maize proteins are low in
levels of the essential amino acids lysine and
tryptophan. To overcome this problem Mertz
et al. (1964) developed high-lysine corn,
Opaque-2. In this mutant the synthesis of zein,
the protein with the lowest lysine content, is
suppressed.

The storage proteins of maize can be divided
into low molecular weight (zeins) and high
molecular weight (glutelins). Zein is the protein
group that is soluble in alcohols. The zeins can be
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Fig.3.31 Reduction of disulfide bonds in gliadin and glutenin. Source: From L.H. Krull and J.S. Wall, Relationship of
Amino Acid Composition and Wheat Protein Properties, Bakers’ Dig., Vol. 43, No. 4, pp. 30-39, 1969

separated into as many as 30 components,
belonging to two major groups with molecular
weights of about 22 and 24 kDa (Lasztity 1996).
Zeins are asymmetric molecules containing about
45% o-helix and 15% p-sheet; the rest is
aperiodic.

The high molecular weight storage proteins are
the glutelins. The glutelins are less well-defined
than the zeins. They have higher lysine, arginine,
histidine, and tryptophan and lower glutamic acid
content than the zeins. Glutelin consists of several
subunits joined together by disulfide bonds.

The remaining proteins, present in amounts of
about 8% each, are albumins and globulins.
These proteins are soluble in water and/or salt
solutions, and are characterized by higher levels
of essential amino acids and lower levels of glu-
tamic acid. Albumins have higher contents of
aspartic acid, proline, glycine, and alanine, and
lower levels of glutamic acid and arginine than
the globulins.

Rice Proteins

Rice and wheat are the two staple cereals for
much of the world population. The wheat kernel
is almost never eaten as such, but only after

extensive processing such as milling and baking.
In contrast, rice is eaten mostly as the intact ker-
nel after the bran has been removed. In some
parts of the world, however, rice is also consumed
in the form of rice noodles. The protein content
of polished or white rice is lower than that of
wheat. Values reported for protein content of rice
range from 6 to 9%. The nutritional value of rice
protein is high because of its relatively high con-
tent of lysine, the first limiting essential amino
acid. Up to 18% of the protein in the rice kernel
is lost in the bran and polish. In rice the main
storage protein is glutelin, in contrast to wheat,
whose main storage protein is gliadin. The
approximate protein distribution in rice proteins
is as follows: albumin 5%, globulin 10%, prola-
min 5%, and glutenin 80% (Lookhart 1991).

The protein in rice is present in the form of
encapsulated protein bodies, which are found
throughout the endosperm. The protein bodies
may be small or large with the former containing
primarily glutelin and the latter containing prola-
min and glutelin (Hamaker 1994). The protein
bodies are insoluble and remain intact during
cooking. Rice has little or no intergranular matrix
protein. This characteristic is different than in
most other cereals, and it may have an effect in
the process of noodle making.
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Glutelin is the principal protein in the whole
grain as well as in milled rice and rice polish. The
major proteins in rice bran are albumin and glob-
ulin. This indicates that glutelin is concentrated
in the milled rice and albumin and globulin are
enriched in the bran and rice polish. These
byproducts are mainly used as animal feed and
would constitute a valuable food source if prop-
erly processed.

Soybean Proteins

The proteins in soybeans are contained in protein
bodies, or aleurone grains, which measure from 2
to 20 pm in diameter. The protein bodies can be
visualized by electron microscopy (Fig. 3.32).
Soy protein is a good source of all the essential
amino acids except methionine and tryptophan.
The high lysine content makes it a good comple-
ment to cereal proteins, which are low in lysine.
Soybean proteins have neither gliadin nor glutenin,

Fig.3.32 Transmission
electron microscopy
observation of protein
bodies in transgenic
soybean seeds. Seeds
grown in presence of
0.5 mM magnesium
sulfate contain a few
endoplasmic reticulum-
derived spherical protein
bodies (a, arrows) while
seeds grown in presence
of 2 mM magnesium
sulfate reveal numerous
dark staining spherical
protein bodies (b, c).
PSV, protein storage
vacuole; OB oil bodies,
PB protein body (http://
journal.frontiersin.org/
article/10.3389/
fpls.2014.00633/full)

the unique proteins of wheat gluten. As a result,
soy flour cannot be incorporated into bread with-
out the use of special additives that improve loaf
volume. The soy proteins have a relatively high
solubility in water or dilute salt solutions at pH
values below or above the isoelectric point. This
means they are classified as globulins. There is as
yet no generally accepted nomenclature for the
soy proteins, and only some of the common ter-
minology is used here. The complex character of
the mixture of proteins in soybeans is indicated
by the fact that starch gel electrophoresis of acid-
precipitated globulins in 5 M urea with alkaline
buffer reveals 14 protein bands, and in acid buffer
15 bands appear (Puski and Melnychyn 1968).
Generally, soybean proteins are differentiated
on the basis of their behavior in the ultracentri-
fuge. Water-extractable proteins are separated
into four fractions with approximate sedimenta-
tion rates of 2, 7, 11, and 15S. The percentage of
these fractions is indicated in Table 3.22, along
with their components and their molecular
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Table 3.22 Ultracentrifuge fractions of soybean proteins

Protein fraction Percentage of total Components Molecular weight
28 22 Trypsin inhibitors 8000
21,500
Cytochrome ¢ 12,000
2.3S Globulin 18,200
2.8S Globulin 32,000
Allantoinase 50,000
7S 37 Beta-amylase 61,700
Hemagglutinins 110,000
Lipoxygenases 108,000
7S Globulin 186,000-210,000
118 31 11S Globulin 350,000
15S 11 - 600,000

Source: From W.J. Wolf, What Is Soy Protein, Food Technol., Vol. 26, No. 5, pp. 44-54, 1972b

weights. Several of the ultracentrifuge fractions
can be further separated into a number of compo-
nents. The 28 fraction contains trypsin inhibitors,
cytochrome c, allantoinase, and two globulins.
The 7S fraction contains f-amylase, hemagglu-
tinin, lipoxygenase, and 7S globulin. The 11S
fraction consists mainly of 11S globulin. This
compound has been separated by electrophoresis
into 18 bands in alkaline gels and 10 bands in
acid gels. The 11S protein is usually named gly-
cinin, and there are various proposals for naming
other protein fractions conglycinin (Wolf 1969).
The detailed subunit structures of 7S and 11S
globulins, the most important of the soy proteins,
have been described by Wolf (1972b). The 11S
globulin has a quaternary structure consisting of
12 subunits. According to Catsimpoolas et al.
(1967), these have the following amino-terminal
residues: 8 glycine, 2 phenylalanine, and either 2
leucine or 2 isoleucine. It appears that the 11S
protein is a dimer of two identical monomers,
each consisting of six subunits, three of which are
acidic and three basic. Interactions among these
subunits may be a factor in stabilizing the mole-
cule. The 7S globulin consists of 9 subunits of
single polypeptide chains. The protein is a glyco-
protein and the polysaccharide is attached as a
single unit to one of the polypeptide chains. The
carbohydrate consists of 38 mannose and 12 glu-
cosamine residues.

Current information on soy protein fraction-
ation and nomenclature has been given by Brooks
and Moor (1985). The 7S globulins are classified
into three major types. Type I is pB-conglycinin
(B—By), type 1II is pB-conglycinin (B,), and type
III is y-conglycinin.

Application of heat to soybeans or defatted
soy meal makes the protein progressively more
insoluble. Hydrogen bonds and hydrophobicity
appear to be responsible for the decrease in solu-
bility of the proteins during heating.

Both 7S and 118 proteins show a complicated
pattern of association and dissociation reactions.
The 7S globulin at 0.5 ionic strength and pH 7.6
is present as a monomer with molecular weight
of 180,000-210,000. At 0.1 ionic strength, the
molecule forms the 9S dimer. This reaction is
reversible. At pH 2 and low ionic strength, the 7S
globulin forms 2S and 5S compounds; these are
the result of dissociation into subunits. This reac-
tion is reversed at higher ionic strengths.

Changes in the quaternary structure of the 11S
globulin have been summarized by Wolf (1972a).
Secondary and tertiary structures of this protein
involve no alpha helix structure but instead consist
of antiparallel beta-structure and disordered
regions. The structure appears to be compact and is
stabilized by hydrophobic bonds. The changes in
quaternary structure that occur as a function of exp-
erimental conditions are represented in Fig. 3.33.
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Transient State

Fig. 3.33 Schematic representation of the heat induced
molecular complex between the subunits of 7s and 11s
globulins. «, o', and P refer to the three subunits of 7s
globulin and A and B refer to the acidic and basic subunits
of 11s globulin. These are generally linked by one inter-
molecular disulfide (SS) as depicted by the black line
linking the A and B subunits in the half 11s molecular
shown. The first stage of the reaction is a heat induced
dissociation at >80 “C in the presence of thiol (RSH)
reagent and the initial electrostatic association of the heat-

Ationic strength of 0.1, the protein partially associ-
ates into agglomerates with a higher sedimentation
velocity. Increasing the ionic strength reverses this
reaction. Various conditions promote dissociation
of the 118 protein into half-molecules with a sedi-
mentation velocity of 7S. Further breakdown of the
half-molecules may occur and will result in the for-
mation of unfolded subunits. It has been suggested
(Catsimpoolas 1969) that the 11S molecule is made
up of two annular-hexagonal structures, each con-
taining six alternating acidic and basic subunits.
This feature would result in a stabilization of the
structure by ionic bonds (Utsumi et al. 1984).

Soybean whey proteins are obtained in the
solution left after acid precipitation of protein
from an aqueous extract. The solution contains an
unknown number of albumins and globulins, in
addition to water-soluble carbohydrates, nonpro-
tein nitrogen, salts, vitamins, and phytates. In the
production of soy protein isolates, the whey pro-
teins may create a disposal problem.

Partial non-polar
region

dissociated 7s subunits with the heat plus RSH dissociated
basic (B) subunits of 11s. The dissociated acidic subunits
remain as monomers in solution. Further heating results in
gradual polymerization to a soluble macromolecular com-
plex composed mostly of f subunits of 7s associated elec-
trostatically with BS of 11s at contact points that are
relatively nonpolar. A few a and d subunitn and some
disulfide linked basic subunits occur in the complex.
Modified from Utsumi et al. (1984)

For direct human consumption, soybeans are
mainly used as soymilk and tofu or bean curd. In
the preparation of soymilk the extractability of
proteins is related to the age and storage
conditions of soybeans (Thomas and Robertson
1989). Adverse storage conditions result in low
protein extraction and poor quality of tofu. Tofu
is manufactured from soymilk with 10% of total
solids by coagulation of the proteins with the
following coagulants: CaSO,, MgS0O,, CaCl,,
MgCl,, or GDL (glucono delta lactone) (deMan
et al. 1986). When using the salts, the Ca and Mg
ions are the prime reactants. CaSO, is only
slightly soluble in water; the reaction is slow, but
the resulting curd is cohesive and, when pressed,
has a soft texture. With soluble salts such as
CaCl, the reaction is fast and the resulting curd is
fragmented. When pressed, the tofu has a higher
protein content and the texture is firm.
Coagulation with GDL is a different process. In
freshly prepared tofu utilizing GDL the pH
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slowly decreases and coagulation occurs at the
isoelectric point of the proteins. The texture of
GDL tofu is very homogeneous.

Gluten Sensitivity

Gluten is a mixture of prolamin (gliadin in wheat)
and glutelin proteins naturally present in wheat,
rye, barley, and related grains, including those
wheat varieties known by such names as durum
(semolina), spelt, einkorn, emmer, khorasan
(Kamut), club wheat, triticale, and farro. It is
most commonly present in products made from
wheat flour and in certain other food products in
which it is used as an ingredient, providing elas-
ticity in baked goods, for example, as well as tex-
ture, moisture retention, and flavor.

Celiac disease, also referred to as celiac sprue,
is a genetic disease that is said to affect about 1%
of the people in North America and Europe. The
immune system of people with the disease
responds to the consumption of gluten by damag-
ing the lining of the small intestine, thus interfer-
ing with absorption of nutrients. The disease has
no cure but can be managed by avoiding gluten in
the diet.

The number of products marketed as gluten-
free is increasing worldwide, but even with the
establishment of regulations allowing such label-
ing, it is possible that foods labeled as gluten-free
may be contaminated during processing by
equipment previously used for gluten-containing
foods. Because of the high prevalence of wheat in
the food supply, even products that are formu-
lated or processed to not contain it may still
contain enough trace amounts of gluten to pro-
duce symptoms in gluten-sensitive individuals.
Consequently, reliable tests are required for the
detection of gluten in foods.

Test Methods

There are three types of methods in gluten testing
with the majority of tests for gluten in food prod-
ucts are enzyme-linked immunosorbent assays
(ELISAs). Microwell versions of ELISAs provide

quantitative results. Lateral-flow devices generally
provide qualitative results, indicating the pres-
ence of gluten above a threshold level, but in
some instances can also provide semi-quantitative
results. Other types of tests include polymerase
chain reaction (PCR), which detects DNA rather
than protein; adenosine triphosphate (ATP) swab
tests for assessing cleanliness of equipment sur-
faces; and general protein swabs, which are not
specific to gluten but detect all types of protein
and can be used for assessing cleanliness.

The most common form of ELISA for gluten
detection is the sandwich format. In sandwich
ELISAs the antigen (gluten proteins in this case)
binds to anti-gluten antibodies that are affixed to
a surface, generally a microwell plate. Then a
second gluten-specific antibody—this one linked
to an enzyme—is applied over the surface and
also binds to any gluten that is now affixed to the
surface. Finally, a substance is added that the
enzyme can convert into a detectable signal, such
as a color change.

Lateral flow tests, also known as immuno-
chromatographic assays, are usually available in
dipstick format, in which the test sample flows
along a solid substrate by capillary action. When
the sample is applied to the strip, it mixes with a
colored reagent and moves with the substrate into
specific zones on the strip that contain the spe-
cific antibodies. When liquid from a sample or
wet equipment surface passes over this zone, the
gluten will bind to the antibody. Color also forms
as a line in this zone on the strip. A control zone
is also usually included that will form a color that
merely indicates that the strip has worked cor-
rectly. Thus, a negative test is the formation of
one line while a positive test is the formation
of two lines.

Most commercially available kits for routine
food allergen analysis rely on immunological
methods such as enzyme-linked immunosorbent
assay (ELISA) or on polymerase chain reaction
(PCR) approaches. ELISA has the advantage of
being relatively quick and simple to perform and
can be used to detect many known allergens;
however, it can only detect one allergen at a time,
is susceptible to cross-reactivity, and can lead to
the generation of false positive and false negative
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results. PCR methods are complementary to
ELISA methods, and are used to amplify and
detect the DNA of an allergen. PCR approaches
are highly specific, sensitive to very low levels of
allergen, and can be used to detect more than two
allergens at once. However, the PCR is limited
because some food processing methods can
destroy detectable DNA, causing false negative
results. PCR methods are also highly susceptible
to food matrix interferences. Liquid chromatog-
raphy tandem mass spectrometry (LC-MS-MS)
is an alternative method for allergen detection
that is highly specific, sensitive, and has the abil-
ity to directly analyze multiple allergens in a
single analysis. LC-MS—MS detection is also not
as strongly influenced by food processing, and
has the capability for accurate quantitation of the
allergens. LC-MS-MS allows direct analysis of
multiple allergenic proteins in a single prepara-
tion; is more sensitive; and allows more accurate
quantitation than traditional approaches.
LC-MS-MS has grown in popularity for
allergen testing because it provides quantitative
capabilities for multiple allergens simultane-
ously. Allergenic proteins are extracted from
samples and are subsequently digested into
peptide fragments that are directly analyzed
using their characteristic molecular masses. The
analysis of multiple target peptides and their
unique masses and fragmentation patterns
improves the reliability of allergen detection.
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Carbohydrates

Gillian Eggleston, John W. Finley,

and John M. deMan

Introduction

Carbohydrates or saccharides (from the Greek
word sakkharon meaning sugar) occur in plant
and animal tissues as well as in microorganisms;
as macronutrients they are the human body’s pre-
ferred energy source, providing fuel for the cen-
tral nervous system and energy for working
muscles. Carbohydrates also serve as (1) a short-
term energy source for all organisms, (2) struc-
tural molecules in plants, and (3) storage forms
of foods in plants and animals. Carbohydrates are
technically hydrates of carbon with the empirical
formula C,(H,0), (where m could be different
from n), but structurally they are more accurately
viewed as polyhydroxy aldehydes and ketones.
Carbohydrates can be divided into three chemical
groups: monosaccharides, oligosaccharides, and
polysaccharides, with the first being small (lower
molecular weight) and commonly referred to as
simple sugars. Carbohydrates in food can also be
classified as simple or complex, with the differ-
ence between the two forms being the chemical
structure and how quickly they are absorbed and
digested. In animal organisms, the main sugar is
glucose and the storage carbohydrate is glyco-
gen; in milk, the main sugar is almost exclusively
the disaccharide lactose. In plant organisms, a
wide variety of monosaccharides and oligosac-
charides occur, as well as storage polysaccha-
rides such as starch, and structural polysaccharides

© Springer International Publishing AG 2018

such as cellulose and hemicellulose. Gums are a
varied group of polysaccharides obtained from
plants, seaweeds, and microorganisms. Because
of their useful physical properties, the gums have
found widespread application in food processing.
The main carbohydrates that occur in a number
of example food products are listed in Table 4.1.

When consumed as part of the diet, carbohy-
drates cause a range of physiological effects.
Simple sugars are generally absorbed and rapidly
utilized for energy or converted to fat for storage.
The more complex carbohydrates range from
those that are highly digestible, i.e., starch to those
that are non-digestible, i.e., celluloses and chitins.
Hemi-cellulose and some oligosaccharides are not
digestible but are fermented in the colon resulting
in production of beneficial short chain fatty acids.
In addition to the physiological effect in vivo the
carbohydrates can serve as bulking agents. In
foods the carbohydrates have a wide range of
functions. The simple sugars can add sweetness,
alter the boiling point and freezing point of foods,
and help stabilize proteins in solution.
Carbohydrates are generally based on simple sug-
ars and polymers of widely varying chain length.
Carbohydrates are generally and broadly classified
according to their size or degree of polymerization
(DP). This is a rather broad definition and as you
will see in this chapter there are many exceptions.
We will start with a discussion of the simple sugars
and advance through the larger and more complex
carbohydrates later in the chapter.
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Table 4.1 Carbohydrates in some example foods and food products

Product Total sugar (%) ‘ Mono- and disaccharides (%) Polysaccharides (%)
Fruits

Apple 14.5 Glucose 1.2; fructose 6.0; sucrose 3.8; mannose trace | Starch 1.5; cellulose 1.0
Grape 17.3 Glucose 5.4; fructose 5.3; sucrose 1.3; mannose 2.2 Cellulose 0.6
Strawberry 8.4 Glucose 2.1; fructose 2.4; sucrose 1.0; mannose 0.1 Cellulose 1.3
Vegetables

Carrot 9.7 Glucose 0.9; fructose 0.9; sucrose 4.3 Starch 7.8; cellulose 1.0
Onion 8.7 Glucose 2.1; fructose 1.1; sucrose 0.9 Cellulose 0.7

Peanuts 18.6 Sucrose 4-12 Cellulose 2.4

Potato 17.1 Starch 14; cellulose 0.5
Sweet corn 22.1 Sucrose 12-17 Cellulose 0.7

Sweet potato 26.3 Glucose 0.9; sucrose 2-3 Starch 14.7; cellulose 0.7
Turnip 6.6 Glucose 1.5; fructose 1.2; sucrose 0.4 Cellulose 0.9

Others

Sugar beet juice | 18-20 Glucose 0.01; fructose 0.01; sucrose 16-18

Sugar cane juice | 14-28 Glucose + fructose 0.7-1.5; sucrose 11.2-22.4

Maple syrup 65.5 Sucrose 58.2-65.5; hexoses 0.0-7.9

Honey 82.3 Glucose 28-35; fructose 34—41; sucrose 1-5

Meat Glucose 0.01 Glycogen 0.1

Milk 4.9 Lactose 4.9

<z 0 & 0
Monosaccharides c C CH, OH
| | I

The simplest sugars or monomeric units are H=C= OH HO—C=H c=o0

called monosaccharides, which cannot be hydro- | | |

lyzed into smaller carbohydrates. Chemically, CH, OH CH, OH CH, OH

they are aldehydes or ketones with two or more
hydroxyl groups. The general chemical formula
of an unmodified monosaccharide is C,(H,O),.
Monosaccharides range from three to eight car-
bon atoms which constitute the backbone of the
sugar. The carbon backbone is then appended
with Hydrogen (H) or Hydroxy (—OH) groups.
Monosaccharides are classified according to
three different characteristics: (1) the placement
of the carbonyl group, (2) the number of carbon
atoms it contains, and (3) chirality. If the car-
bonyl group is an aldehyde then the sugar is an
aldose; if the carbohyl group is a ketone the sugar
is a ketose. Monosaccharides with three carbon
atoms, i.e., glyceraldehyde (Fig. 4.1) are named
trioses, those with four carbons are tetroses, with
five carbons pentoses, with six carbons hexoses,
and so on. Monosaccharides of 5 or 6 carbons,
however, are the most common.

D-Glyceraldehyde  L- Glyceraldehyde Dihydroxyacetone

Fig. 4.1 Structures of the simplest carbohydrates: three
carbon sugars (trioses) with an aldehyde (aldose) or
ketone (ketose) group

Carbohydrates have a chiral center around
which the OH group is either to the left (L) or to
the right (D). Most natural sugars are members of
the D series (see Fig. 4.1). D and L structures are
non-superimposable mirror images, named enan-
tiomers. The simplest of the sugars are the three
carbon sugars and, unfortunately, their most
common nomenclature is different than the larger
molecules (4-6 carbons). The three carbon
aldose is generally referred to as D or
L-glyceraldehyde (2,3-dihydroxypropanal) and
the keto version is dihydroxyacetone (dihydroxy-
propanone) (Fig. 4.1).



Monosaccharides

167

The most common sugars in food and nutri-
tional chemistry are pentoses and hexoses.
D-glucose is the most important monosaccharide
and is derived from the simplest sugar,
D-glyceraldehyde, an aldotriose. The designation
of aldose and ketose sugars indicates the chemi-
cal character of the reducing form of a sugar and
can be indicated by the simple or open-chain for-
mula of Fischer, as shown in Fig. 4.2.

0] 0
" I
ICH ICH,0H ICH 1C H,OH
[ | | |
2CHOH 2C=0 2CHOH C=0
\ I | |
3CHOH 3CHOH 3CHOH 3CHOH
\ | | |
4CHOH 4CHOH 4CHOH 4CHOH
| | | |
SCH,OH 5C H,0H SCHOH >CHOH
| [
6CH,0H ©6CH,OH
Aldo-pentose  Keto-pentose  Aldo-hexose  Keto-hexose

Fig. 4.2 Fischer projection of aldo- and keto structures
for pentoses and hexoses

After Fischer formulas were introduced for
carbohydrates, Haworth representations were
developed to give a more accurate spatial view of
the molecule (Fig. 4.3). Carbohydrates are either
acyclic or exist as furanosides (f) or pyranosides
(), as shown in Fig. 4.3. Because the Haworth
formula does not account for the actual bond
angles, the modern conformational formulas
(also seen in Fig. 4.3) more accurately represent
the sugar molecule. Pyranose structures exist in
chair conformation, with the bulky —CH,OH
group on carbon 5. A number of chair conforma-
tions of pyranoside sugars are possible
(Shallenberger and Birch 1975), and the two
most important ones for glucose are shown in
Fig. 4.3. These are named the CI D and the /C D
forms (also described as O-outside and O-inside,
respectively). In the CI D form of B-D-gluco-
pyranose, all hydroxyls are in the equatorial posi-
tion, which represents the highest thermodynamic
stability.

Isomers of the same pyranosides are distin-
guishable from the OH in the C-1 position (also
known as anomeric carbon). The two possible
anomeric forms of monosaccharides are desig-
nated by Greek letter prefix o or f. In the
a-anomer the hydroxyl group points to the right,
according to the Fischer projection formula; the

O M O M
H——OH HO——H CH,OH ° CH,0H o
HO——H H——OH m AT H H /lu OoH
H—t—O0OH HO——H OH H } OH H
H——OH HO——H HoO oH HO H
CH;OH CHOH H OH H OH
D-Glucose L-Glucose a-0-Glucose B-o-Glucose
Fischer Haworth
a-glucose B-glucose
' OH
HO HO
HO
HO HOHWOH
o o]
OH OH

Conformational

Fig.4.3 Representation fischer, haworth, and conformational representations of a- and - D-glucose structures
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hydroxyl group points to the left in the f-anomer.
In Fig. 4.3 the structure marked C1 D represents
the a-anomer, and 1C D represents the f-anomer.
The anomeric forms of the sugars are in tauto-
meric equilibrium in solution; and this causes the
change in optical rotation when a sugar is placed
in solution. Under normal conditions, it may take
several hours or longer before the equilibrium is
established and the optical rotation reaches its
equilibrium value. At room temperature an aque-
ous solution of glucose can exist in four tauto-
mericforms(Angyal 1984): f-furanoside—0.14%,
acyclicaldehyde—0.0026%, -pyranoside—62%,
and o-pyranoside—38% (Fig. 4.4). Fructose
under the same conditions also exists in four tau-
tomeric forms as follows: a-pyranoside—trace,
p-pyrano-side—75%, a-furanoside—4%, and
B-furanoside—21% (Fig. 4.5) (Angyal 1976).
When the monosaccharides become involved
in condensation reactions to produce di-, oligo-,
and polysaccharides, the conformation of the
bond on the carbon 1 becomes fixed and the

different compounds have either an all-a or all-f
structure at this position.

Naturally occurring sugars are mostly hex-
oses, but sugars with different numbers of car-
bons are also present in many food products.
There are also sugars with different functional
groups or substituents, creating diverse com-
pounds, including aldoses, ketoses, amino sug-
ars, deoxy sugars, sugar acids, sugar alcohols,
acetylated or methylated sugars, anhydro-sugars,
oligo- and polysaccharides, and glycosides.
Fructose is the most widely occurring ketose and
is shown in its various representations in Figs. 4.5
and 4.6. It is the sweetest known natural sugar,
and occurs bound to glucose in sucrose or com-
mon table sugar. Of all the other possible hex-
oses, only two occur widely—D-mannose and
D-galactose. Their formulas and relationship to
D-glucose are given in Fig. 4.7.

Anomers are also sterioisomers and diastereo-
mers that differ in configuration around the
anomeric carbon atom as shown in Fig. 4.7. As we

(@)
OH
OH OH
OH AN H OH
=z
a.-D-glucopyranose % H—l on ﬁ f3-D-glucopyranose
38% 62%
HO——H
H—+—OH
H——OH
CH,OH
D-Glucose linear
0.0026%
HO

a-D-glucofuranose

Fig.4.4 Tautomeric forms of glucose in aqueous solution

[3-D-glucofuranose

at room temperature
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; ;
H E'—O\CI)H H E—O\IHon
H OH : H OH :
HO CH,0H HO OH
OH H \\ CH,OH OH H
|
f3-D-fructopyranose 2=0 / a-D-fructopyranose
75%
HO ——H Trace
H——OH
H—1—0H
/ CH,OH \

STH HOS , HO 2
HWCHon HWOH
OH H OH H
B-D-fructofuranose a-D-fructofuranose
21% 4%

Fig.4.5 Tautomeric forms of fructose in aqueous solution at room temperature
?HZOH HO.H
— CH,OH
=0 H——OH A
HO—C—H S
° ﬁi o HO—H O HO
—C— H——0OH
T CH,OH
H—C—OH H
Keto-D-Fructose B-D-fructopyranose [-D-Fructofuranose
Fischer Fischer Haworth
CH
_0 OH
HO
OH OH

B-D- Fructopyranose
Conformational

Carbohydrates and Their Roles, H.-W. Shultz, R.F. Cain,

Fig. 4.6 Methods of representation of D-fructose.
and R.W. Wrolstad, eds., 1969, AVI Publishing Co.

Source: From M.L. Wolfrom, Physical and Chemical
Structures of Carbohydrates, in Symposium on Foods:
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CHO
|
HC|OH
CH,OH
_.b-Glycoraldehyde
- S —
o .
..-"j H""'m_,
CHO CHO
| I
HCOH HUEIIH
HCOH HTUH
CH,0H CH,OH
o-Erythrose p-Threose
n
/ ~
< \ N
CHO CHO CHO IiHEi
I i
HCOH HOCH HIFDH HUIiIH
| |
HCOH HCOH HD!IZH HDll:H
|
HIIZCIH H?UH HI:IZDH HLI‘DH
CH,0H CH,OH CH,0H CH,0H
p-Aibose p- Arabinose o-Xylose p-Lyxose
N P “ i
\ 7\ P 7 e
4 \ I/ \ﬂ = S J » b ocs
CHO CHO CHO CHO CHO CHO I‘i HO LI HO
i | | | |
HéOH HOCH HCOH HCI?H H?OH HDIIZH HCOH HOLIZH
| i
HCOH HCOH HOCH HCI?H HCIOH HI|30H HOCH HDLIZH
| |
H|CUH HCOH H?UH HCOH HO?H HOCH HI:I?H HOCH
HCOH HICOH H?DH HCOH HCOH H?DH HCOH HICDH
| |
CH,0H CH,0H CH,0H CH,0H CH,0H CH,OH CH,OH CH,0H
O Alloss o-Altrose p-Glucose o-Mannose o-Gulose p-ldose p-Galactase p-Talose
Fig. 4.7 Relationship of D-aldehyde sugars. Source: and Their Roles, H.W. Schultz, R.F. Cain, and

From M.L. Wolfrom, Physical and Chemical Structures of
Carbohydrates, in Symposium on Foods: Carbohydrates

will see later, the anomeric forms result in very
different properties of polymers, such as starch
and cellulose, which are both glucose polymers.
When sugars are in solution and only two tau-
tomers are formed it is considered a simple muta-
rotation, whereas with three or more it is
considered complex. The furanose and pyranose
rings are generated from the straight chain inter-
mediate of the sugar. Sugars with the gluco,
manno, gulo, and allo configurations exhibit sim-
ple mutarotation. For example, when glucose is
in solution (Fig. 4.8), only a-D-flucopyranose
and p—D-glucopyranose are present in solution.
The aldehyde content in the solution is estimated
to be 0.003%. Maltose and lactose exhibit

R.W. Wrolstad, eds., 1969, AVI Publishing Co.

approximately the same a- and - anomer distri-
bution as glucose.

The thermal effects in food are very important
in food chemistry, and temperature impacts the
relative sweetness of sugars in solution. In
Fig. 4.9, the sweetness of four simple sugars are
compared relative to sucrose. It is clear that fruc-
tose is much sweeter than sucrose at low temper-
atures but not as sweet in hot solutions. This is
because at low temperatures there of the intensely
sweet (-D-fructopyranose present. At higher
temperatures there are more open ring structures
which are not as sweet. It, therefore, has a greater
effect in a cold beverage than a hot beverage such
as coffee or tea.
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Fig.4.8 CONFIGURATIONAL ISOMERS
Conformational isomers 1
of glucose 1cHO CHO
H-21_0OH HO—%H
3 3
enantiomers HO—1—H " 4 ik
_ H-4—0OH HO—=H
stereoisom ers that 5 HO 5\
are mirror images H—1—OH o i
6 CH,OH ® CH,0H
D-glucose L-glucose
'cHO 'cHO
H-24—OH H-24—0OH
3 3
: — —_
diastereomers e 4 o 4 "
—1—OH HO—4—H
sterecisomers that are H-2l_oH H-2l_oH
not mirrorimages
6 CH,OH 6 CH,OH
D-glucose D-galactose
CH,0H CH,0H
anomers H 0 %H H o.n
y H 1 OH H 1
sterecisomers H OH
and diastereomers  “H OH
that differin config. H OH H OH
around anomeric C
p-D-glucopyano se o D-glucopyranose
OH on C1 point up OH on C1 point down
160
Related Compounds
< to Monosaccharides
140 .
\ .
g N Amino Sugars
»
S 120 4
§ o D-Fructose Amino sugars usually contain D-glucosamine
% 100 X oz Sucrose (2-deoxy-2-amino glucose). They occur as com-
g ~ ponents of high molecular weight compounds
S~
5 20 ~ > such as the chitin of crustaceans and mollusks,
8 insects, as well as in certain mushrooms and in
g L . . .
3 ” picliesE corpplnatlon with the ovomucin of egg Whlte.
2 B e iniag:=- -a Chitin can be hydrolyzed to produce chitosan
2 A— — o __DGglactose which has potential as a food ingredient, and this
S 40 B s — is discussed later in this chapter. After cellulose,
& * 4 .. — B Maltose chitin is the second most important natural poly-
20 mer in the world. Chitin is a largely inert polymer

0 5 101520 25 30 35 40 45 50 55 60

Temperature in °C

<
<

Fig. 4.9 Effect of temperature on the relative sweetness
of sugars. Modified form Shallenberger and Birch (1975)
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Fig.4.10 Hydrolysis of -
chitin removes acetate
groups yielding chitosan

composed of long chains of acetylglucosamine.
Upon hydrolysis the acetates are removed from
the amino group leaving a glucosamine unit. The
long chain polymers are also reduced to various
chain lengths of glucosamine polymer. The main
sources exploited are two marine crustaceans,
shrimp and crabs. Chitin can be hydrolyzed with
acid or enzymatically to remove the acetate from
the amino sugar leaving a free amino group in
chitosan as illustrated in Fig. 4.10. Chitosan,
which is soluble in acidic aqueous media, is used
in many applications (food, cosmetics, biomedi-
cal, and pharmaceutical applications).

Glycosides

Glycosides are sugars in which the hydrogen of
an anomeric hydroxy group has been replaced by
an alkyl or aryl group to form a mixed acetal.
Glycosides are hydrolyzed by acid or enzymes
but are stable to alkali. Formation of the full ace-
tal means that glycosides have no reducing
power. Hydrolysis of glycosides yields sugar and
the aglycone. Genistin is an isoflavone found in a
number of dietary plants including soy. When
genistin is hydrolyzed with either hydrochloric
acid or enzymatically in the gastrointestinal tract,
1 mole each of genistein and glucose are pro-
duced as shown in Fig. 4.11. Chemically it is the

ol
NH
HO (0]
40 fe) HO
OH (0]

H
NH, NH,
HO o) O HO ~
lo H o)
o) vy o
OH OH

O

. ol
NH
ﬂ o )
o o)
NH Chitin
=4; OH

O
o

Chitosan

7-O-beta-D-glucoside form of genistein and is
the predominant form of the isoflavone naturally
occurring in plants. The aglycone, genesteine is
the bioactive form that includes antiatheroscle-
rotic, estrogenic and anticancer.

Sugar Alcohols

These are compounds obtained when aldo- and
keto- groups of a sugar are reduced to hydroxyl
groups. Thus, since sugars are polyhydroxy com-
pounds, their corresponding sugar alcohols
merely have one more alcohol group. Sugar alco-
hols are also referred to as polyols, polyalcohols,
or polyhydric alcohols. (The term “polyol” could
properly cover a much larger group containing
any compound with three or more hydroxy
groups, but common usage normally restricts the
term to those compounds closely related to sug-
ars and sugar derivatives.) Some sugar alcohols,
particularly pentitols and hexitols, are widely dis-
tributed in many fruits and vegetables (Washiittl
et al. 1973), while others are produced industri-
ally from the corresponding sugar by catalytic
hydrogenation as food ingredients (Table 4.2).
Chemically, physically, and biologically
the sugar alcohols resemble sugars to the extent
that some are even sweet to the taste and some
are used as food sweeteners (see Table 4.3),
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Fig.4.11 Hydrolysis of OH
genestin to yield o
genestein and glucose HO
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Table 4.2 Occurrence of sugar-alcohols in some fruits and vegetables (expressed as mg/100 g of dry food)

Product Arabinitol Xylitol Mannitol Sorbitol Galactitol
Bananas - 21 - - -

Pears - - - 4600 -
Raspberries - 268 - - -
Strawberries - 362 - - -
Peaches - - - 960 -

Celery - - 4050 - -
Cauliflower - 300 - - -

‘White mushrooms 340 128 476 - 48

Source: From J. Washiittl, P. Reiderer, and E.
Several Foods: A Research Role, J. Food Sci., Vol. 38, pp. 1262-1263,1973

Bancher, A Qualitative and Quantitative Study of Sugar-Alcohols in

Table 4.3 The caloric values, sweetness intensity and application of some key sugar alcohols and common carbohy-

drate sweeteners

Calories | Relative sweetness
Type per gram | (sucrose = 100%) | Typical food applications
Sucrose 4 100 Common beverage and food sweetener
Crystalline fructose 3 180 Occurs naturally in fruits and vegetables.
Common beverage and food sweetener
Fructose (5-15% solution) 115-125 Common beverage and food sweetener
High fructose corn syrup (HFCS) | ~2.8 100-130 Common beverage and food sweetener;
market share has decreased since 1999 due to
consumer perception problems
Glucose (8-10% solution) 60-70 Common beverage and food sweetener
Invert syrup 3 105 Common beverage sweetener
Sorbitol 2.6 50-70% Sugar-free candies, chewing gums, frozen
desserts and baked goods

(continued)
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Table 4.3 (continued)

Calories

Type per gram

Relative sweetness
(sucrose = 100%)

Typical food applications

Xylitol 2.4 100%*

Chewing gum, gum drops and hard candy,
pharmaceuticals and oral health products,
such as throat lozenges, cough syrups,
children’s chewable multivitamins,
toothpastes and mouthwashes; used in foods
for special dietary purposes

Maltitol 2.1 68-75%

Hard candies, chewing gum, chocolates,
baked goods and ice cream

Isomalt 2.0 45-65%

Candies, toffee, lollipops, fudge, wafers,
cough drops, throat lozenges

Lactitol 2.0 30-40%

Chocolate, some baked goods (cookies and
cakes), hard and soft candy and frozen dairy
desserts

Mannitol 1.6 40-70%

Dusting powder for chewing gum, ingredient
in chocolate-flavored coating agents for ice
cream and confections

Erythritol 0-02° | 60-80%

Bulk sweetener in low calorie foods

Hydrogenated Starch Hydrolysates | 3 25-50%

(HSH)

Bulk sweetener in low calorie foods, provide
sweetness, texture and bulk to a variety of
sugarless products

“Depends on solution concentration

’FDA accepts 0.2 kcal/g, but some other countries, such as Japan and the European Union, accept 0 kcal/g
American Diabetes Association. Nutrition principles and recommendations in diabetes-Position Statement. Diabetes

Care, Jan.2004. Eggleston et al. (2017)

representing one type of reduced-calorie sweet-
ener. Furthermore, sugar alcohols provide fewer
calories than sugar and have less of an effect on
blood glucose (blood sugar) than other carbohy-
drates. Examples of sugar alcohols are: glycerol,
erythritol, isomalt, lactitol, mannitol, sorbitol,
and xylitol. They can be made by reduction of
free sugars with sodium amalgam, sodium boro-
hydride in water, or by catalytic hydrogenation.
The sugar alcohols are poorly absorbed but are
fermented in the lower gastrointestinal tract
which can result in discomfort. For this reason,
the daily dose needs to be limited. Reduction of
glucose yields glucitol (Fig. 4.12; the trivial name
is sorbitol). Another commercially produced
sugar alcohol is xylitol, a five-carbon compound,
which is also used in diabetic foods (Fig. 4.12).
Sorbitol, the most widely distributed natural
sugar alcohol, is found in many fruits such as
plums, berries, cherries, apples, and pears
(Table 4.2). It is also a component of fruit juices,
fruit wines, and other fruit products. Sorbitol is
commercially produced by catalytic hydrogenation

CH,OH
H%ou CHOH
HOCH HCOH
HCOH HOCH
H%OH H%OH
CH,OH CH,OH
Sorbitol Xylitol

Fig.4.12 Structures of sorbitol and xylitol

of D-glucose. Mannitol, the reduced form of
D-mannose, is found as a component of mush-
rooms, celery, and olives. Xylitol is obtained from
saccharification of xylan-containing plant materi-
als; it is a pentitol, being the reduced form of
xylose. Sorbitol, mannitol, and xylitol are mono-
saccharide-derived sugar alcohols with properties
that make them valuable for specific applications in
foods: they are suitable for diabetics, they are non-
cariogenic, they possess reduced physiological
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caloric value, and they are useful as sweeteners
that are non-fermentable by yeasts. Sugar alco-
hols have also gained commercial viability as
sweeteners because they are less expensive than
sucrose and corn-based sweeteners, particularly
high fructose corn syrup (Eggleston et al. 2017).
Furthermore, sugar alcohols are not considered
sugars for food labeling purposes, so foods con-
taining them as sweeteners can be named “‘sugar
free” or “no sugar added” (Eggleston et al. 2017).
Most, sugar alcohols, however, are less sweet
than sucrose. Some sugar alcohols give a cooling
sensation on the tongue. Table 4.3 lists the rela-
tive sweetness of sugar alcohols and commercial
sugar sweeteners.

Oligosaccharides

When the number of monosaccharides in a gly-
cosidic chain is between 2 to 10, the resulting
compoundisanoligosaccharide. Oligosaccharides
can be homologous or heterologous, and occur
widely in plants, but can also be produced syn-
thetically or via microbial fermentative and enzy-
matic processes. Plant oligosaccharides are often
grouped into two distinct classes: (1) primary or
(2) secondary oligosaccharides (Kandler and
Hopf 1980). Primary oligosaccharides are those
synthesized in vivo from a mono- or oligosaccha-
ride and a glycosyl donor by the action of a
glycosyl transferase enzyme (Kandler and
Hopf 1980; Eggleston and Coté 2003). Sucrose is
the most common primary oligosaccharide in
plants. In comparison, secondary oligosaccha-
rides are those formed in vivo or in vitro by
hydrolysis of larger oligosaccharides, polysac-
charides, glycoproteins, or glycolipids. Common
oligosaccharides occurring in foods are listed in
Table 4.4.

Table 4.4 Common oligosaccharides occurring in foods

Disaccharides

Two chemically bonded monosaccharides are
known as disaccharides. The most common disac-
charides in food are sucrose (a-D-glucopyranosyl
B-D-fructofuranoside; table sugar is sucrose
extracted and refined from either sugarcane or
sugar beets), lactose (4-O-p-D-galactopyranosyl-
D-glucopyranose; milk sugar), and maltose
(4-O-a-D-glucopyranosyl-D-glucopyranose; from
starch). Disaccharides can be classified into two
types: reducing and non-reducing. Disaccharides
are formed by a glycosidic link between the reduc-
ing groups on one saccharide with the hydroxyl
group of another saccharide. There are multiple
forms possible even with a simple glucose-glucose
disaccharide. Structures of the most abundant
disaccharides are illustrated in Fig. 4.13.

Sucrose

Sucrose, a major sweetener, is a primary oligo-
saccharide (or disaccharide) found widely in
plants, however, the largest commercial sources
are from sugarcane or sugar beet. In sucrose the
reducing groups of the constituent monosaccha-
rides (glucose and fructose) are linked by a gly-
cosidic bond (Fig. 4.13), thus sucrose is one of
the few non-reducing disaccharides. As a non-
reducing disaccharide, sucrose does not reduce
Fehling solution or form osazones and it does not
undergo mutarotation in solution. Because of the
unique carbonyl-to-carbonyl linkage, sucrose is
highly labile in acid medium, and acid hydrolysis
is more rapid than other di- and oligosaccharides.
When sucrose is heated to 210 °C, partial decom-
position takes place and caramel is formed.
Sucrose is highly soluble over a wide tempera-
ture range, as is illustrated in Fig. 4.14. This
property makes sucrose an excellent ingredient
for syrups and other sugar-containing foods.

Sucrose

(a-D-glucopyranosyl p-D-fructofuranoside)

o,o-Trehalose

(a-D-glucopyranosyl-a-D-glycopyranoside)

Raffinose [O-a-D-galactopyranosyl-(1 — 6)-O-a-D-glucopyranosyl-(1 — 2)-p-D-fructofuranoside]

Stachyose [O-a-D-galactopyranosyl-(1 — 6)-O-a-D-galactopyranosyl-(1 — 6)-O-a-D-glucopyranosyl-(1 — 2)-
B-D-fructofuranoside]

Verbascose [O-a-D-galactopyranosyl-(1 — 6)-O-a-D-galactopyranosyl-(1 — 6)-O-a-D-galactopyranosyl-

(1 = 6)-O-a-D-glucopyranosyl-(1 — 2)--D-fructofuranoside]

Source: From R.S. Shallenberger and G.G. Birch, Sugar Chemistry, 1975, AVI Publishing Co.
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Fig.4.13 Common disaccharides found in foods
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Fig. 4.14 Approximate solubility of some sugars at dif-
ferent temperatures. Source: From R.S. Shallenberger and
G.G. Birch, Sugar Chemistry, 1975, AVI Publishing Co.

Cellobiose
-D-glucopyranosyl-(1-4)-a-D-glucopyranose

Gentobiose
B-D-glucopyranosyl-(1-6)-p-D-glucopyranose

CH,0H
0 CHQ%H
OH HO
OH o CH,OH
OH OH
Sucrose

B-D-Fructofuranosyl a-D-glucopyranoside

Lactose

The sugar in mammalian milk is lactose, which is
normally easily digested and converted to energy.
Some individuals, however, lack the enzyme lac-
tase, which hydrolyzes lactose and are, therefore,
“lactose intolerant.” In such individuals the lac-
tose is fermented in the lower gastrointestinal
tract causing discomfort and diarrhea. Lactose
from cow’s milk is less sweet than sucrose and,
unlike sucrose, is a reducing sugar. With a few
minor exceptions, lactose is the only sugar in the
milk of all mammalian species and does not
occur elsewhere. Lactose is also a major constitu-
ent of the dry matter of cow’s milk, as it repre-
sents close to 50% of the total solids. The lactose
content of cow’s milk ranges from 4.4 to 5.2%,
with an average of 4.8% expressed as anhydrous
lactose. In comparison, the lactose content of
human milk is higher, about 7.0%. Lactose is a
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disaccharide of D-galactose and D-glucose and is
designated as 4-O-p-D-galactopyranosyl-D-
glucopyranose (Fig. 4.13). It is hydrolyzed by the
enzyme P-D-galactosidase (lactase) or by dilute
solutions of strong acids. On the other hand,
organic acids such as citric acid, which easily
hydrolyze sucrose, are unable to hydrolyze lac-
tose. This difference is the basis of the determina-
tion of the two sugars in mixtures.

Maltose

Maltose (4-a-D-glucopyranosyl-B-D-glucopyranose)
represents an important disaccharide found
widely in plants, and is the basic building block
of starch and glycogen polysaccharides
(Fig. 4.13). When these polysaccharides are
hydrolyzed, the primary degradation product is
maltose disaccharide. For example, in brewing,
starch is hydrolyzed by amylases to maltose
(maltose has a characteristic flavor of malt) which
is then available for hydrolysis to glucose by glu-
coamylase, with subsequent conversion to etha-
nol by yeast. The a-1 — 4 linkage is broken by
amylases and maltases. Maltose is also readily
broken down in animal gastrointestinal tract and
thus provides 4 Kcal energy/g. Maltose is a
reducing disaccharide, shows mutarotation, is
fermentable, and is easily soluble in water.

Cellobiose

Cellobiose (4-p-D-glucopyranosyl-p-D-
glucopyranose) is a reducing disaccharide result-
ing from the partial hydrolysis of cellulose
polysaccharide because it is a building block for
cellulose (Fig. 4.13). In cellulose and cellobiose
the p-1 — 4 linkage is not hydrolyzed by animal
and most microbial enzymes, thus making cellu-
lose more stable than starch in the environment.
The cellobiose, its oligomers and cellulose poly-
mers can generally be thought of as non-digest-
ible by animals and provide no caloric value. The
polymeric structure is important for plant cell
wall structure, and fibers such as cotton.

Other Glucose Disaccharides

Other glucose disaccharides are found at relative
low concentrations in nature. Isomaltose is a
breakdown product during production of glucose

from starch and dextran polysaccharides, and is
thus a secondary oligosaccharide; it can also be
found in honey. Gentiobiose occurs as a glyco-
side in amygdalin which is found various stone
fruits. Trehalose is found in yeast.

Sugars are important in the texture and appear-
ance of foods, particularly confections, cakes and
cookies. The equilibrium between dissolved and
crystalline sugars in the cream centers of confec-
tions help control the texture. In cookies, sugar
can exist in crystalline, glass, and dissolved
forms. In the crystalline form most sugars are
single anhydrous anomers. When crystallized at
temperatures below 50 °C, glucose crystalizes as
an o-pyranose monohydrate. D-Lactose crystal-
lizes as a-D-lactose which is soluble in water (up
to 20 g/100 mL water), but can be slow to dis-
solve. In evaporated milk a-D-lactose crystals
occasionally cause a gritty defect, whereas, the
texture of sweetened condensed milk is depen-
dent on the a-D-lactose crystals.

Sugars in general are very soluble in water and
are often formulated as sugar syrups. These
highly concentrated syrups are produced by boil-
ing or vacuum evaporation. Syrups of reducing
sugars such as corn syrup (mostly glucose) are
particularly resistant to crystallization. The
worldwide sugar industry takes advantage of the
crystallization of sucrose from concentrated solu-
tions to produce high purity crystals. Impure
solutions are also resistant to crystallization.
Hard candy is produced by boiling an aqueous
mixture of sucrose and glucose with flavors and
colors to produce a glass which is a super-cooled
liquid. In cakes, the glucose syrup functions to
retain moistness in the crumb and molding char-
acteristics of fondants.

Disaccharide Sugar Alcohols

In recent years, disaccharide sugar alcohols have
also become important food ingredients. The
most common disaccharide alcohols include iso-
malt, maltitol, lactitol, and hydrogenated starch
hydrolyzates (HSH). Maltitol is hydrogenated
maltose, and its structure is shown in Fig. 4.15. It
has the highest sweetness of the disaccharide
polyols compared to sugar (Table 4.3) (Heume
and Rapaille 1996). It also has a low negative
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Fig.4.15 Structure of maltitol

heat of solution and, therefore, gives no cooling
effect in contrast to sorbitol and xylitol. Maltitol
(Fig. 4.15) exhibits a very high viscosity in solu-
tion. Sorbitol and maltitol are derived from
starch, whereas lactitol is a disaccharide alcohol,
1 — 4-galactosyl-glucitol, produced by hydroge-
nation of lactose. It has low sweetness and a
lower energy value than other polyols. It has a
calorie value of 2 kcal/g and is non-cariogenic
(Blankers 1995). It can be used in combination
with intense sweeteners like aspartame or acesul-
fame-K to produce sweetening power similar to
sucrose. These combinations provide a milky,
sweet taste that allows good perception of other
flavors. Isomalt, also known as hydrogenated iso-
maltulose or hydrogenated palatinose, is manu-
factured in a two-step process: (1) the enzymatic
transglycosylation of the nonreducing sucrose to
the reducing sugar isomaltulose; and (2) hydro-
genation, which produces isomalt—an equimolar
mixture of D-glucopyranosyl-a-(I — 1)-D-man-
nitol and D-glucopyranosyl-a-(I —  6)-
D-sorbitol. Isomalt is extremely stable and has a
pure, sweet taste. Because it is only half as sweet
as sucrose, it can be used as a versatile bulk
sweetener (Ziesenitz 1996).

Both monosaccharides and disaccharides con-
tribute flavor and texture in fruits. Vegetables also
contribute both sugars and fiber. The sugar in
fruit and fruit juices is the major source of calo-
ries, and fruits are also good sources of dietary
fiber. Cereal based products contribute primarily
starch and sugar. Table 4.5 provides examples of
sugar, starch, and fiber from a range of plant-
based foods. It is important to compare the sugars
and starch which provide 4 kcal/g when selecting
plant based foods. The dietary fiber which can
deliver from 0O to 2 kcal/g provides important
bulk in the lower gastrointestinal tract.

Legumes contain several primary oligosac-
charides, including raffinose and stachyose,
which are based on sucrose (Fig. 4.16). These
oligosaccharides are poorly absorbed when
ingested, which results in their fermentation in
the large intestine. This leads to gas production
and flatulence, which present a barrier to wider
food use of such legumes. deMan et al. (1975,
1987) analyzed a large number of soybean variet-
ies and found an average content of 1.21% stach-
yose, 0.38% raffinose, 3.47% sucrose, and very
small amounts of melibose. In soy milk, total
reducing sugars after inversion amounted to
11.1% calculated on dry basis.

Cow’s milk contains traces of oligosaccha-
rides other than lactose. They are made up of two,
three, or four units of lactose, glucose, galactose,
neuraminic acid, mannose, and acetyl glucos-
amine. Human milk contains about 1 g/L of these
oligosaccharides, which are referred to as the
bifidus factor. The oligosaccharides have a bene-
ficial effect on the intestinal flora of infants.

Fructooligosaccharides (FOSs) or “fructans”
are also primary oligosaccharides based on
sucrose (Fig. 4.17) where an additional one, two,
or three fructose units have been added by a
B-(2 — 1)-glucosidic linkage to the fructose unit
of sucrose (Fig. 4.17). The FOSs occur naturally
as components of edible plants including banana,
tomato, and onion (Spiegel et al. 1994). FOSs are
also manufactured commercially by the action of
a fungal enzyme from Aspergillus niger,
B-fructofuranosidase, on sucrose. The three pos-
sible FOSs are 1F-(I-B-fructofuranosyl),.; sucrose
oligomers with abbreviated and common names
as follows: GF, (1-kestose), GF; (nystose), and
GF, (1F-p-fructofuranosylnystose). The com-
mercially manufactured product is a mixture of
all three FOSs with sucrose, glucose, and fruc-
tose. FOSs can also be secondary oligosaccha-
rides if manufactured from the enzymatic
breakdown of fructan polysaccharides such as
inulin extracted from chicory roots. FOSs are
non-digestible by humans. Such prebiotic non-
digestible food ingredients beneficially affect the
host animal by selectively stimulating the growth
of bacteria in the colon which is advantageous to
the host (Eggleston and C6té 2003). They do this
by serving as selective substrates for probiotic
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Table 4.5 Sugars, starches and total fiber in plant based foods (from USDA Nutrient data base)
Glucose | Fructose | Sucrose | Total Total

Food Description (2) (2) (2) Sugars | Starch | Fiber
Apples, raw, red delicious, with skin 2.71 5.9 1.86 10.48 |0.05 2.3
Apricots, raw 2.37 0.94 5.87 924 |- 2
Bananas, raw 4.98 4.85 2.39 12.23 |5.38 2.6
Blueberries, raw 4.88 4.97 0.11 9.96 0.03 2.4
Dates, medjool 33.68 31.95 0.53 6647 |- 6.7
Kiwifruit, green, raw 4.11 4.35 0.15 899 |0 3
Oranges, raw, navels 1.97 2.25 4.28 8.5 0 2.2
Pineapple, raw, all varieties 1.73 2.12 5.99 9.85 0 1.4
Plums, raw 5.07 3.07 1.57 9.92 0 14
Raisins, seedless 27.75 29.68 0.45 59.19 270 3.7
Raspberries, raw 1.86 2.35 0.2 4.42 0 6.5
Strawberries, raw 1.99 2.44 0.47 4.42 0 6.5
Watermelon, raw 1.58 3.36 1.21 6.2 0 0.4
Asparagus, cooked, boiled, drained 0.42 0.79 0 1.3 0 2
Beans, snap, green, raw 1.51 1.39 0.36 3.26 0.88 2.7
Broccoli, raw 0.49 0.68 0.1 1.7 0 2.6
Carrots, baby, raw 1.04 1 2.72 4.76 0 2.9
Corn, sweet, white, cooked, boiled, drained, without salt 0.7 1.02 6.02 7.73 4.47 2.7
Onions, sweet, raw 2.26 2.02 0.72 5.02 0 0.9
Peas, green, frozen, unprepared 0.08 0.25 4.6 5 4.17 4.5
Peppers, sweet, green, raw 1.16 1.12 0.11 593 |- 5.5
Potatoes, flesh and skin, raw 0.33 0.27 0.17 0.78 1544 122
Sweet potato, cooked, baked in skin, flesh, without salt 0.57 0.5 2.28 6.48 7.05 3.3
Tomatoes, red, ripe, raw, year round average 1.25 1.37 0 2.63 0 1.2
Beans, kidney, all types, mature seeds, canned 0 - 1.85 1.85 8.9 43
Beans, pinto, canned, drained solids 0 - 0.54 0.54 10.21 |5.5
Lentils, raw 0 0.27 1.47 2.03 499 107
Peanuts, all types, dry-roasted, with salt 0 - 4.9 4.9 4.39 8.4
Macaroni, cooked, enriched 0.04 0.03 0.09 0.56 26.01 1.8
Rice, white, long-grain, precooked or instant, enriched, prepared | — - 0 0 26.33 0.6
Spaghetti, cooked, enriched, with added salt 0.04 0.03 0.09 0.56 126.01 |1.8
Cereals, oats, unenriched, cooked with water 0 - 0.25 0.27 11.6 1.7
Cereals ready-to-eat, POST, Shredded Wheat, original big biscuit | O - 0.55 0.94 65.1 12
Cereals ready-to-eat, RALSTON Corn Flakes 1.48 1.34 4.61 7.84 16042 2.7

bacteria. Many other non-digestible oligosaccha-
rides are also used as prebiotics, and include oli-
gosaccharides of D-galactose, D-glucose,
D-xylose and combinations.

Chemical Reactions of Sugars

Mutarotation

When a crystalline reducing sugar is placed in
water, an equilibrium is established between iso-
mers, as is evidenced by a relatively slow change

in specific rotation that eventually reaches the
final equilibrium value. The working hypothesis
for the occurrence of mutarotation has been
described by Shallenberger and Birch (1975). It
is assumed that five structural isomers are possi-
ble for any given reducing sugar (Fig. 4.18), with
pyranose and furanose ring structures being gen-
erated from a central straight-chain intermediate.
Mutarotation is the change in the observed opti-
cal rotation when a reducing sugar is dissolved in
water and forms different tautomeric forms. In
the crystalline form a sugar will have a specific
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http://ndb.nal.usda.gov/ndb/foods/show?ndbno=09302&fg=9&man=&lfacet=&format=Abridged&count=&max=25&offset=100&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=108&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=09316&fg=9&man=&lfacet=&format=Abridged&count=&max=25&offset=100&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=108&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=09326&fg=9&man=&lfacet=&format=Abridged&count=&max=25&offset=100&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=108&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11012&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11052&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11090&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11960&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=25&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11901&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=25&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11294&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=75&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11312&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=100&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11333&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=100&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11352&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=100&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11508&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=150&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=11529&fg=11&man=&lfacet=&format=Abridged&count=&max=25&offset=175&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=189&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=16029&fg=16&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=35&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=16146&fg=16&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=35&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=16069&fg=16&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=35&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=16090&fg=16&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=35&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=20100&fg=20&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=44&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=20049&fg=20&man=&lfacet=&format=Abridged&count=&max=25&offset=25&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=44&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=20321&fg=20&man=&lfacet=&format=Abridged&count=&max=25&offset=25&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=44&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=08121&fg=8&man=&lfacet=&format=Abridged&count=&max=25&offset=25&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=47&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=08147&fg=8&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=47&measureby=g
http://ndb.nal.usda.gov/ndb/foods/show?ndbno=08506&fg=8&man=&lfacet=&format=Abridged&count=&max=25&offset=0&sort=f&qlookup=&rptfrm=nl&nutrient1=211&nutrient2=212&nutrient3=210&subset=0&totCount=47&measureby=g
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Fig. 4.16 Composition of some major oligosaccharides occurring in foods. Source: From R.S. Shallenberger and
G.G. Birch, Sugar Chemistry, 1975, AVI Publishing Co.
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Fig.4.17 Fructooligosaccharides (FOSs) or Fructan oligosaccharides

form, for example, B-D-glucose either as a pyra- There are five possible isomers possible for a
nose or furanose ring. When the sugar dissolves reducing sugar as shown in Fig. 4.18.

in water, the ring structure opens and an equilib- The velocity of the reaction is greatly acceler-
rium is established among the various isomers of  ated by acid or base. The rate is at a minimum for
the sugar. Shallenberger and Birch (1975) pyranose-pyranose interconversions in the pH
described the process known as mutarotation. range 2.5-6.5. Table 4.6 contains the distribution
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Fig.4.18 Equilibria involved in mutarotation. Source: Wikipedia

Table 4.6 Percentage distribution of isomers of mutarotated sugars at 20 °C.

Sugar a-Pyranose B-Pyranose a-Furanose -Furanose
D-Glucose 31.1-37.4 64.0-67.9 - -
D-Galactose 29.6-35.0 63.9-70.4 1.0 3.1
D-Mannose 64.0-68.9 31.1-36.0 — -
D-Fructose 4.0 68.4-76.0 - 28.0-31.6

Source: From R.S. Shallenberger and G.G. Birch, Sugar Chemistry, AVI Publishing Co.

of mutarotated sugars at room temperature. Both
acids and bases accelerate mutarotation rate, with
bases being more effective. This was expressed
by Hudson (1907) in the following equation:

K,®=0.0096+0.258 H* |+9.750[ OH |

This indicates that the effect of the hydroxyl
ion is about 40,000 times greater than that of the
hydrogen ion. The rate of mutarotation is also
temperature dependent; increases from 1.5 to 3
times occur for every 10 °C rise in temperature.

When sugars are in the open ring form they
tend to be more reactive particularly when amines
are present and the Maillard browning reaction
takes place. This is discussed in Chap. 3. The rate

of this reaction is increased in the presence of
acid or base. The rate is slowest between pH 2.5
and 6.5. At alkaline pH the hydroxyl ion will
increase the rate by as much as 40,000-fold.
Sugars in solution are unstable and undergo a
number of reactions, which have been compre-
hensively reviewed by Clarke et al. (1997). In
addition to mutarotation, which is the first reac-
tion to occur when a sugar is dissolved, enoliza-
tion and isomerization, dehydration and
fragmentation, anhydride formation and polym-
erization may all take place. These reactions are
outlined in Fig. 4.19, using glucose as an exam-
ple. Compounds (1) and (2) are o and  forms in
equilibrium during mutarotation with the alde-
hydo form (5). Heating results in dehydration of
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the /C conformation of f-D glucopyranose (3)
and formation of levoglucosan (4), followed by
the sequence of reactions described under cara-
melization. Enolization is the formation of an
enediol (6). These enediols are unstable and can
rearrange in several ways. Since the reactions are
reversible, the starting material can be regener-
ated. Other possibilities include formation of
keto-D-fructose (10) and p-D-fructopyranose
(11), and aldehydo-D-mannose (8) and o-D-
mannopyranose (9). Another possibility is for the
double bond to move down the carbon chain to
form another enediol (7). This compound can
give rise to saccharinic acids (containing one car-
boxyl group) and to 5-(hydroxy)-methylfurfural
(13). All these reactions are greatly influenced by
pH. Mutarotation, enolization, and formation of
succharic acid (containing two carboxyl groups)
are favored by alkaline pH, formation of anhy-
drides, and furaldehydes by acid pH. It appears
from the aforementioned reactions, that holding a
glucose solution at alkaline pH is likely to yield a
mixture of sugars. When an acid solution of sugar
of high concentration is left at ambient tempera-
ture, reversion takes place. This is the formation

of disaccharides. The predominant linkages in
the newly formed disaccharides are a-D-1 — 6,
and B-D-1 — 6. A list of reversion disaccharides
observed by Thompson (1954) in a 0.082 N
hydrochloric acid solution or in D-glucose is
shown in Table 4.7.

Caramelization

Caramelization involves the oxidation of sugars,
and is used extensively in cooking to produce
nutty flavors and brown color. Moreover, caramel
food colorants have been a mainstay in the food
and beverage industries for decades (Boyd 2016).
During the controlled, heat process volatile
chemicals are released producing the characteris-
tic caramel flavor. The reaction involves the
removal of water and the breakdown of the sugar.
The caramelization reaction varies depending on
the type of sugar. Sucrose and glucose begin to
caramelize around 160 °C (320 °F) whereas fruc-
tose caramelizes at a lower temperature of 110 °C
(230 °F), because it is more labile to acid degra-
dation. This latter effect can be seen in baked
goods made from honey or fructose syrup yield
products with a darker color.
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Table 4.7 Reversion disaccharides of glucose in 0.082 N HCI

Glucose disaccharides Reversion (%)
B, p-trehalose (B-D-glucopyranosyl f-D-glucopyranoside) 0.1
-sophorose (2-O-f-D-glucopyranosyl-f-D-glucopyranose) 0.2
B-maltose (4-O-a-D-glycopyranosyl-p-D-glycopyranose) 0.4
a-cellobiose (4-O-fB-D-glucopyranosyl-a-D-glucopyranose) 0.1
B-cellobiose (4-O-p-D-glucopyranosyl-f-D-glucopyranose) 0.3
B-isomaltose (6-O-a-D-glucopyranosyl-B-D-glucopyranose) 4.2
a-gentiobiose (6-O-f-D-glucopyranosyl-a-D-glucopyranose) 0.1
-gentiobiose (6-O-B-D-glucopyranosyl-B-D-glucopyranose) 34

Source: From A. Thompson et al. Acid Reversion Products from D-Glucose, J. Am.

Chem. Soc., Vol. 76, pp. 1309-1311, 1954

The formation of the caramel pigments is con-
sidered a non-enzymatic browning reaction in the
absence of nitrogenous compounds. When sugars
are subjected to heat in the absence of water or
are heated in concentrated solution, a series of
reactions occurs that finally leads to caramel for-
mation. The initial stage is the formation of
anhydro sugars. Glucose yields glucosan
(1,2-anhydro-a-D-glucose) and levoglucosan
(1,6-anhydro-p-D-glucose), which have widely
differing specific rotations: +69° and —67°,
respectively. These compounds may dimerize to
form a number of reversion disaccharides, includ-
ing gentio-biose and sophorose, which are also
formed when glucose is melted (Shallenberger
and Birch 1975).

Caramelization of sucrose starts with the melt-
ing of the sugar at high temperatures followed by
boiling. Sucrose first decomposes into glucose
and fructose, which is followed by a condensa-
tion step, in which the individual sugars lose
water and react with each other. Hundreds of new
aromatic compounds are formed having a range
of complex flavors.

Melting and caramelization of sucrose have
been of significant importance to the food and
confection industries for over 150 years (Gelis
1858; Cunningham and Dorée 1917). Geli$
(1858) introduced the terms “caramelan”, “cara-
melen”, and “caramelin’:

Caramelization Products :
2C,H,,0,, =4H,0-C,,H,,0,,Caramelan
3C,H,,0,, =8H,0-C,H,,0,,Caramelen
Continued heating yields caramelin C,,sH 4 Og,

Caramelan is the first product formed through
loss of water from sucrose molecules as a result
of dehydration and polymerization reactions.
Caramelan is brown and results in a bitter flavor;
von Elbe (1936) reported that caramelan was a
mix of colorless components and a dark brown
humin. The 84% alcohol soluble product results
from an approximate 12% loss in mass as water
and the formula C,,H,30,. Caramelen is darker
than caramelan, and is not soluble in 84% etha-
nol. Carmelen results from a further 15%, loss in
water, and the greater degree of polymerization
with the formula Cs;¢Hs50O,5. Caramelin is gener-
ated at 22% loss of mass as water. Caramelin is a
mix of strongly colored, hot-water-soluble sub-
stances more highly polymerized materials with
the average formula CosH;p,Os,. These amor-
phous products are complex mixtures that are
formed when sucrose is heatied at 180-190 °C
(Gelis 1858; Cunningham and Dorée 1917).
Further work has shown that a reaction of anhy-
drofructose and anhydroglucose (glucosan) pro-
duced isosaccharosan (anhydrous sucrose)(Pictet
and Adrianoff 1924). These studies demonstrated
the complexity of the carmelization reaction
when sugars are heated. Time and temperature
have major effects on the caramel products
formed. Several other sugars exhibit similarities
in thermal behavior to sucrose melting and cara-
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melization (Raemy et al. 1983). Other sugars,
such as glucose, fructose, lactose, maltose, and
xylose form colored products when the sugars are
heated (von Elbe 1936; Raemy et al. 1983;
Feather and Harris 1973; Lappalainen et al.
2006). Industrial caramelization processes, as
related to manufacturing of sugar-based cara-
mels, differ significantly from spontaneous cara-
melization of sugars during heating. Caramels
are produced from a mix of caramel ingredients,
as reviewed by Martin (1955) and Sengar and
Sharma (2014).

Caramelization of sucrose requires a tempera-
ture of about 200 °C. At 160 °C, sucrose melts
and forms glucose and fructose anhydrides (levu-
losans). At 200 °C, the reaction sequence consists
of three distinct stages well separated in time. The
first step requires 35 min of heating and involves
a weight loss of 4.5%, corresponding to a loss of
one molecule of water per molecule of sucrose.
This could involve formation of compounds such
as isosacchrosan. Pictet and Strieker (1924)
showed that the composition of this compound is
1,3’;  2,2'-dianhydro-a-D-glucopyranosyl-p-D-
glucopyranosyl-p-D-fructo-furanose (Fig. 4.20).
After an additional 55 min of heating, the weight
loss amounts to 9%, and the pigment formed is
named caramelan. This corresponds approxi-
mately to the following equation:

2(:12H22011 - 4H20 ' C24H36018

The reaction is initiated by the formation of
anhydro sugars (Shallenberger and Birch 1975).
Glucose is converted to glucosan (1,2,anhydro-
a-D glucose and levoglucosan (1,6-anhydro-3-D
glucose), which can dimerize to form multiple
reversion disaccharides such as sophorose and
gentiobiose.

O
o
o
Fig. 4.20 Structure of isosacchrosan. Source: From

R.S. Shallenberger and G.G. Birch, Sugar Chemistry,
1975, AVI Publishing Co.

The pigment caramelan is soluble in water and
ethanol and has a bitter taste. Its melting point is
138 °C. A further 55 min of heating leads to the
formation of caramelen. This compound corre-
sponds to a weight loss of about 14%, which is
about eight molecules of water from three mole-
cules of sucrose, as follows:

Caramelen is soluble in water only and melts
at 154 °C. Additional heating results in the for-
mation of a very dark, nearly insoluble pigment
of average molecular composition C;,sH;gsOxg.
This material is called humin or caramelin. The
typical caramel flavor is the result of a number of
sugar fragmentation and dehydration products,
including diacetyl, acetic acid, formic acid, and
two degradation products reported to have typical
caramel flavor by Jurch and Tatum (1970),
namely, acetylformoin (4-hydroxy-2,3,5-
hexane-trione) and 4-hydroxy-2,5-dimethyl-
3(2H)-furanone.

Crystallization

An important characteristic of sugars is their abil-
ity to form crystals. In the commercial produc-
tion of table sugar (sucrose), crystallization is an
important purification step. Generally, the more
pure a solution of a sugar, the easier and faster it
will crystallize. Non-reducing oligosaccharides
also crystallize relatively easily. The fact that cer-
tain reducing sugars crystallize with more diffi-
culty has been ascribed to the presence of
anomers and ring isomers in solution, which
makes these sugars intrinsically “impure”
(Shallenberger and Birch 1975). Mixtures of sug-
ars crystallize less easily than single sugars. In
certain foods, crystallization is undesirable, such
as the crystallization of lactose in sweetened con-
densed milk or ice cream.

Crystallization of Sucrose in Commercial
Manufacture of Table Sugar

Factors that influence growth of sucrose crystals
have been listed by Smythe (1971). They include
supersaturation of the solution, temperature, rela-
tive velocity of crystal and solution, nature and
concentration of impurities, and nature of the
crystal surface. Crystal growth of sucrose con-
sists of two steps: (1) the mass transfer of sucrose
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molecules to the surface of the crystal, which is a
first-order process; and (2) the incorporation of
the molecules in the crystal surface, a second-
order process. Under typical conditions, overall
growth rate is a function of the rate of both
processes, with neither being rate-controlling.
The effect of impurities are various: (1) Viscosity
can increase, thus reducing the rate of mass trans-
fer, (2) impurities can involve adsorption-occlu-
sion on specific surfaces of the crystal, thereby
reducing the rate of surface incorporation, (3)
inclusion whereby the impurity is incorporated
inside the crystal by the physical capture of syrup
or mother liquor, and (4) co-crystallization can
occur when there is a different solid impurity
with a lower free energy (lower solubility) than
that of sucrose in the process.

The crystal structure of sucrose has been
established by X-ray diffraction and neutron
diffraction studies. The packing of sucrose mol-
ecules in the crystal lattice is determined mainly
by hydrogen bond formation between hydroxyl

groups of the fructose moiety. As an example of
the type of packing of molecules in a sucrose
crystal, a projection of the crystal structure along
the a axis is shown in Figs. 4.21 and 4.22. The
dotted square represents one unit cell. The crystal
faces indicated in this figure follow planes
between adjacent sucrose molecules in such a
way that the furanose and pyranose rings are not
intersected.

The processing and refining of sugar (sucrose)
represents an excellent example of the seeding
crystallization process for the large-scale manu-
facture of sugars. A seed slurry is prepared with
a ball mill whereby powdered sugar (average
50 pm size) is mixed with isopropyl alcohol and
ground for 24 h. A 1.5-4.0 pm seed slurry is pro-
duced, however, different sizes are produced for
different vacuum pan crystallizations depending
on the final crystal product. The seed pan is
added to the vacuum pan containing the correct
supersaturated syrup or mother liquor. The
growth of sucrose crystals is a two-step process.

[ ]
%0,

Fig. 4.21 The reference molecule (asymmetric unit) in
the sucrose crystal structure viewed in projection along
the a axis. The insert shows a clearer view of a portion of

5k

the molecule, projected along a line in the plane of a and
b, 30° from a. Numbers attached are bond lengths (A)
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(011)

(170

(a)

(a) Drawing of a sucrose crystal grown in slightly supersaturated
solution . The b-axis is the polar axis. (b) Intergrowths on M1 110N
and neighboring faces in pure solution (arrow: twin with twinning

axis [0 0 1]).

Fig.4.22 Projection of a sucrose crystal along the b axis (Wang et al. 2000)

First the sucrose molecules migrate to the sur-
face of the growing crystal (a first-order reac-
tion) followed by the incorporation of the sucrose
molecules into the crystalline matrix (a second
order reaction).

Commercially available refined sugar (sucrose)
has a very high purity (>99.9%). To obtain sugar,
a pure product from both sugarcane and sugar
beet, rather complex isolation and purification
processes are followed. Essentially there are a
series of separations of non-sucrose impurities
from sucrose. Sugarcane processing occurs in two
stages (Eggleston 2008). Firstly, the juice is
extracted from sugarcane and converted into raw
sugar (98-99% purity; golden yellow/brown crys-
tals) at factories (mills) near where sugarcane is
grown. Secondly, after raw sugar has been trans-
ported to the refinery, it is refined using very simi-
lar unit processes used in raw sugar manufacture,
to the white, refined edible sugar. In comparison
to sugarcane, sugar beets are grown in temperate
areas and are processed directly into white sugar
at nearby factories. A flow chart of the typical unit
processes in the manufacture of raw sugar from
sugarcane at a factory is outlined in Fig. 4.23.

Juice is extracted from sugarcane by either tan-
dem milling or diffusion. Extracted juice is then
purified in the clarification unit process.

Clarification processes can vary, but the most
common is hot lime clarification (Eggleston et al.
2003). The clarified juice is then concentrated
through a series of multiple-effect vacuum evapo-
rators to syrup of ~65% dissolved solids. Syrup
from the final evaporator unit is then concentrated,
under vacuum at lower temperature than in evapo-
ration to minimize the chemical and thermal deg-
radation of sucrose, and crystallized. The vacuum
pans are seeded with finely ground sucrose to
allow larger sucrose crystals to form. A mixture of
sucrose crystals and mother liquor (massecuites)
is produced that is then separated in centrifuges,
and the mother liquor is re-concentrated and re-
crystallized to give two more crops of crystals.
The final liquor is the by-product molasses.
Unlike sugarcane factories that are limited to
operation during the sugarcane harvest season,
raw sugar refineries operate year round. Since the
production of refined sugar from raw sugar at
the refinery is also a series of separations of non-
sugars from sucrose (Fig. 4.24), it consists of
many similar processes as in raw sugar manufac-
ture at a factory (Fig. 4.23). There is, however, a
greater onus at the refinery to remove color and
ash, so after clarification there are decolorization
or demineralization processes that can differ from
refinery to refinery. The first stage of the refining
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Fig.4.23 Basic flow chart of the raw sugar manufacturing process in a sugarcane factory
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Fig.4.24 Basic scheme of the white, refined sugar manufacturing process in a sugar refinery

Molasses

process is named affination, where the raw sugar many refiners are trying to eliminate affination
is mixed with syrup (magma) and then centrifuged because it is high energy and cost intensive. The
and washed with water to remove the molasses
layer around the raw sugar crystals. Nowadays,

affined sugar is then melted in water to create a
melt liquor of ~68% dissolved solids. The melt
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liquor is then clarified by either a phosphatation or
carbonation clarification process; both clarifica-
tion processes remove turbid particles and some,
but not all, colorants. The clarified syrup is then
decolorized with either ion exchange resins or
granular activated carbon (Eggleston 2008).
Desalting ion exchange resins can also remove ash
or minerals. Multi-stage crystallization is the final
purification process at the refinery to produce
white, refined sugar sold in solid or liquid form.
Production of refined, white sugar from sugar
beets has some similarities to refined cane sugar
production, as both are a series of process units
aimed at separating and removing impurities from
sucrose. However, dissimilarities exist as sugar
beet is a tuberous root and sugarcane is a grass
(Eggleston 2008). A basic scheme of white, refined
sugar manufacture from sugar beets is illustrated
in Fig. 4.25. Sugar beets at the factory, are washed,
and sliced into “V”” shaped cossettes. Cossettes are
added to a counter-current diffuser of a different
design than sugarcane diffusers. Sucrose and
impurities are extracted with hot water at 85 °C in
the diffuser. The generated diffuser juice is then

Field Sugar Beet

heated to maintain an 85 °C temperature, before it
is purified with a double-carbonatation clarifica-
tion process (Fig. 4.25). In some sugar beet facto-
ries, sulfur dioxide is added to filtered, clarified
juice to minimize color formation during subse-
quent processing. The resulting clarified “thin”
juice is then concentrated to 65% dissolved solids
(“thick” juice) across multiple-effect vacuum
evaporators, then triple-crystallized and centri-
fuged to produce white refined sugar. In many
sugar beet factories additional purification steps
are employed, such as softening, demineralization,
or color removal with ion-exchange resins or gran-
ular activated carbon.

Crystallization of Lactose

Lactose can occur in two crystalline forms, the
o-hydrate and the B-anhydrous forms and can
occur in an amorphous or glassy state. The most
common form is the a-hydrate (C,,H,,0,,-H,0),
which can be obtained by crystallization from a
supersaturated solution below 93.5 °C. When
crystallization is carried out above 93.5 °C, the
crystals formed are of P-anhydrous type. Some

Harvested
Sugar Beet
Slicing and juice i Multi-stage | thick
> e 5 ificati thin__ g ick
Diffusion > Clarification juice | Evaporation [uice
Beet Pulp ,_l
. Decolorization
or
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Fig.4.25 Basic scheme of the white, refined sugar manufacturing process in a sugar beet factory
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Table 4.8 Some physical properties of the two common forms of lactose

Property a-Hydrate B-Anhydride
Melting point* 202 °C (dec.) 252 °C (dec.)
Specific rotation® [a]i)o +89.4° +35°
Solubility (g/100 mL) Water at 20 °C 8 55

Water at 100 °C 70 95

Specific gravity (20 °C) 1.54 1.59

Specific heat 0.299 0.285

Heat of combustion (cal/g) 3761.6 3932.7

Source: From R. Jenness, Principles of Dairy Chemistry, 1959, John Wiley and Sons
*Values vary with rate of heating, a-hydrate losses H,O (120 °C)
"Values on anhydrous basis, both forms mutarotate to +55.4°

Fig.4.26 Solubility of
lactose in water. Source:
From E.O. Whittier,
Lactose and Its

Utilization: A Review, 140
J. Dairy Sci., Vol. 27,
p- 505, 1944
120
100
80

60

Solubility of Lactose (g/100g Water

40

20

properties of these forms have been listed by
Jenness (1959) (Table 4.8).

Under normal conditions the a-hydrate form is
the stable one, and other solid forms spontane-

Final Solubility
at Equilibrium

Range of

supersaturation
Initial solubility

of B-form

Initial solubility

of a-form
1 L [l L 1
20 40 60 80 100

Temperature (°C)

ously change to that form provided sufficient
water is present. At equilibrium and room tem-
perature, the B-form is much more soluble and
the amount of a-form is small. However, because
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of its lower solubility, the a-hydrate crystallizes
out and the equilibrium shifts to convert B-into
o-hydrate. The solubility of the two forms
and the equilibrium mixture is represented in
Fig. 4.26.

The solubility of lactose is less than that of
most other sugars, which may present problems
in a number of foods containing lactose. When
milk is concentrated 3:1, the concentration of lac-
tose approaches its final solubility. When this
product is either cooled or when sucrose is added,
crystals of a-hydrate may develop. Such lactose
crystals are very hard and sharp; when left undis-
turbed they may develop to a large size, causing a
sensation of grittiness or sandiness in the mouth.
This same phenomenon limits the amount of milk
solids that can be incorporated into ice cream.

The crystals of a-hydrate lactose usually occur
in a prism or tomahawk shape. The latter is the
basic shape and all other shapes are derived from
it by different relative growth rates of the various
faces. The shape of a a-hydrate lactose crystal is
shown in Fig. 4.27. The crystal has been charac-
terized by X-ray diffraction, and the following
constants for the dimensions of the unit cell and
one of the axial angles have been established:
a=0.798 nm, b =2.168 nm, ¢ = 0.4836 nm, and

c-axis  b-axis

Characteristic tomahawk-shaped
morphology of R-lactose
monohydrate crystallized from
aqueous solution.

= 109°47'. The crystallographic description of
the crystal faces is indicated in Fig. 4.27. These
faces grow at different rates; the more a face is
oriented toward the f direction, the slower it
grows and the (0TO) face does not grow at all.
Amorphous or glassy lactose is formed when
lactose-containing solutions are dried quickly.
The dry lactose is non-crystalline and contains
the same ratio of alpha/beta as the original prod-
uct. This holds true for spray or roller drying of
milk products and also during drying for moisture
determination. The glassy lactose is extremely
hygroscopic and takes up moisture from the
atmosphere. When the moisture content reaches
about 8%, the lactose molecules recrystallize and
form a-hydrate crystals. As these crystals grow,
powdered products may cake and become lumpy.
Both lactose and sucrose have been shown to
crystallize in an amorphous form at moisture
contents close to the glass transition temperature
(Roos and Karel 1991a,b; Roos and Karel 1992).
When amorphous lactose is held at constant
water content, crystallization releases water to
the remaining amorphous material, which
depresses the glass transition temperature and
accelerates crystallization. These authors have
done extensive studies on the glass transition of

1.1

Fi
.

HHH

=

Typical crystal of R-lactose
monohydrate grown by the slow
cooling of a saturated solution

Fig. 4.27 Crystallographic representation of a tomahawk crystal of a-lactose Monohydrate and photo of R-lactose

crystal (Raghavan et al. 2000)



Polysaccharides

191

amorphous carbohydrate solutions (Roos 1993;
Roos and Karel 1991d).

Seeding is a commonly used procedure to pre-
vent the slow crystallization of lactose and the
resulting sandiness in some dairy products. Finely
ground lactose crystals are introduced into the
concentrated product, and these provide numer-
ous crystal nuclei. Many small crystals are formed
rapidly; therefore, there is no opportunity for crys-
tals to slowly grow in the supersaturated solution
until they would become noticeable in the mouth.

Compounds Related to Sugars

Sugars can be appended with amino groups in a
class of molecules named amino sugars. Amino
sugars form the backbone of chitin in insects,
crustaceans, mollusks, and some mushrooms. In

CH,OH

H O H
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Fig.4.28 Structure of glucosamine
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chitin the amino group of glucosamine is acety-
lated and exists in polymeric form (Fig. 4.28).
Glucosamine is frequently bound to proteins as
part of their glycoprotein structures, i.e., ovomu-
cin in egg whites.

In glucosamine one of the hydroxyl groups is
replaced with an amino group. With chitosan the
amino group is acetylated through addition of an
acetate group (Fig. 4.29). Chitosan is also fre-
quently partially hydrolyzed to remove the ace-
tate group resulting in the formation of chitosan.
Chitin is structural in insects and] crustaceans.
Chitosan has interesting properties existing as a
polyamine including absorption and anti-micro-
bial activity.

Galacturonic acid is a sugar where the C6 car-
bon is oxidized to a carboxylic acid (Fig. 4.30).
D-galactose can also be oxidized at the C1 posi-
tion (D-galactonic acid) and at both the C1 and
C6 positions (meso-galactaric acid (mucic acid).
Galacturonic is one of the main monomers in
pectin. In pectin the carboxylic acid is generally
acetylated.

Fig.4.29 Repeat unit structures of chitin and chitosan polysaccharides

Fig.4.30 Different
structures of
galacturonic acids

OH

Galacturonic

Galactonic acid

meso-
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Polysaccharides, like oligosaccharides, consist
of monosaccharaides bound together by glyco-
sidic bonds. Less than 10 monosaccharaides are
considered oligosaccharides and greater than 10
are polysaccharides. The number of monosac-
charides in the polymer is referred to as the
degree of polymerization (DP). There are only a
few polysaccharides with DPs less than 100,
most are in the 200-300 DP range. Starches and
cellulose can be much larger. Cellulose can have
DPs from 7000 to 15,000. It has been estimated
that over 90% of the carbohydrate mass in the
world is in the form of polysaccharides.

Homoglycans are polymers like starch and
cellulose where all of the monosaccharide con-
stituents are the same, in these examples
D-glucopyranosyl units. Homoglycans includes
polymers that are branched like amylopectin.
Polymers where two types of monosaccharides
are included are called di-heteropolymers. And
those with three different monomers are tri-het-
eropolymers, etc.

4 Carbohydrates

Starch

The major carbohydrate polysaccharide in plant
tubers and seed endosperm is starch (Buléon
et al. 1998; Blazek et al. 2011). Starch is a
hompolymer of D-glucose and is a storage carbo-
hydrate in plants. It occurs as small granules with
the size range and appearance characteristic to
each botanical plant species. The granules can be
shown by ordinary and polarized light micros-
copy and by X-ray diffraction to have a highly
ordered crystalline structure. Morphologies are
shown in Fig. 4.31 by confocal laser microscopy.

Each granule contains several million amylo-
pectin molecules packed with a much larger
number of smaller amylose molecules. While
corn is the largest single source of commercial
starch, other commonly used sources are wheat,
rice, potato, and tapioca (Fig. 4.31). The amylose
polymer is composed of glucose units in a linear
polymer while amylopectin is a highly branched
polymer (Fig. 4.32). Both starch polymers are
composed of a-D-glucose units in the 4C1 con-
formation. In amylose these are linked -(1 — 4)-,
with the ring oxygen atoms all on the same side,

Fig. 4.31 3-D Images of the starch granules from (a)
potato, (b) corn, (c) tapioca, (d) wheat, (e) mung bean, (f)
Sweet Potato: Coloring Rhodamine, Objective 63w,
Electronic Zoom 1, Image size 160 x 160 x 36 p. van de

Velde F, van Riel J, Tromp RH. 2002. Visualisation of
starch granule morphologies using confocal scanning
laser microscopy (CSLM). J Sci Food Agric. 82, 13,
1528-1536
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Amylopectin

Fig. 4.32 The helical organization of amylase and the
branched structure of amylopectin

Table 4.9 The color produced by reaction of iodine with
amyloses of different chain length

Chain length No. of helix turns Color produced
12 2 None

12-15 2 Brown

20-30 3-5 Red

35-40 6-7 Purple

<45 9 Blue

whereas in amylopectin about one residue in
every 20 is also linked -(1 — 6)- forming branch-
points. The degree of branching and amylose to
amylopectin ratios are highly variable depending
on the botanical source of the starch. For exam-
ple, amylomaizes contain over 50% amylose
whereas ‘waxy’ maize has almost none (~3%)
(Li and Yeh 2001; Singh et al. 2003). The number
of glucose units may range in various starches
from a few hundred to several thousand units. In
the most common starches, such as corn, rice,
and potato, the linear fraction is the minor com-
ponent and represents about 17-30% of the total.
Some varieties of pea and corn starch may have
as much as 75% amylose. The characteristic blue
color of starch produced with iodine relates
exclusively to the linear, amylase fraction. The
polymer chain takes the form of a helix, which
forms inclusion complexes with iodine mole-
cules. The inclusions of iodine are due to an
induced dipole effect and consequent resonance
along the helix. Each turn of the helix is made up
of six glucose units and encloses one molecule of

iodine. The length of the chain determines the
color produced (Table 4.9). Many industrial
starch methods are based on this amylose-iodine
reaction, although some starch enzymatic meth-
ods are also available. Such iodometric methods,
measure total starch in food ingredients or food
products, but do not provide information on
how much of the starch is soluble or insoluble
(granular). Just recently, however, a new method
has been reported by Cole et al. (2016), that is
based on microwave-assisted sonication, which
is capable of measuring total, insoluble and solu-
ble starch in food products.

Amylose and amylopectin molecules differ
greatly in structure and function. Fig. 4.33 illus-
trates the linear linkages of amylose that result in
a helical structure, as well as the branching of
amylopectin. Amylose has a lower molecular
weight with a relatively extended shape of a heli-
cal rod. Amylopectin is an extremely large mol-
ecule but tends to be tightly packed. The presence
of amylose tends to reduce the crystallinity of the
amylopectin and influence the ease of water pen-
etration into the granules. Although the a-(1 — 4)
links are capable of relatively free rotation around
the (¢p) phi and () psi torsions, hydrogen bond-
ing between the O3’ and O2 oxygen atoms of
sequential residues tends to encourage a helical
conformation. These helical structures are rela-
tively stiff and result in hydrophobic surfaces.

Amylopectin can be isolated from ‘waxy’
maize starch whereas amylose (without amylo-
pectin) is best isolated after specifically hydrolyz-
ing the amylopectin with pullulanase (Vorwerg
et al. 2002). Genetic modification of starch crops
has enabled the control of amylose and amylopec-
tin in crops which improves the ability to control
functionality of the starches (Gidley et al. 2010).

Starch granules are partially crystalline; native
starches contain between 15 and 45% crystalline
material (Oates 1997). The crystallinity can be
demonstrated by X-ray diffraction techniques.
Two polymorphic forms, A and B polymorphs,
have been described. There is also an intermedi-
ate C form. Crystallinity results from intertwin-
ing of amylopectin chains with a linear component
of over ten glucose units to form a double helix
(Fig. 4.34).
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Amylose

Amylopectin

Fig. 4.33 Illustration of the molecular arrangement of amylose and amylopectin starch polysaccharides. Amylose
structure shows the helical nature of the glucose polymers and amylopectin illustrates the branching

Fig.4.34 Hexagonal

packing of A-type (a) A B -'-_‘

and B-type (b) starch . X 3 ey .
crystalline polymorphs. vy : vy . m‘ : »
(a) The dense structure -ﬁ%{. 'ﬂ%:. 'a%:. " :' w .‘_b

of the A-type only
allows few structured
water molecules (red
dots). (b) The more open
B-type makes space for
more structured water
molecules (Damager

et al. 2010)

Amylose molecules are composed of mostly
unbranched chains with 500-20,000 a-(1 — 4)-
D-glucose units. Occasionally amylose will have
a few a-1 — 6 branches and phosphate groups
bound to —OH groups of some glucose units may
be found (Hoover 2001). Amylose can form an
extended shape (hydrodynamic radius 7-22 nm;
Parker and Ring 2001). More typically amylose
is found as a left-handed single helix or with par-
allel left-handed double helical junction zones
(Imbert et al. 1988). Single helical amylose has
hydrogen-bonding between the O, and O4 atoms
on outside surface of the helix with only the ring
oxygen internal to the helix.

Amylopectin is formed by non-random
a-1 — 6 branching of the amylose-type a-(1 — 4)-
D-glucose structure. Typically amylopectin mol-
ecules contain about a million residues.

2 g‘? - T ‘i" M, St
%ﬁ*”?ﬁ%ﬂgﬂﬁa R %
?%&" ':‘Wﬁi‘ '?w%‘" *-"W ¥ S

Approximately 5% of the residues represent
branch points. There are usually slightly more
‘outer’ unbranched chains (A-chains) than ‘inner’
branched chains (called B-chains). There is only
one chain (C-chain) containing the single reduc-
ing group (Fig. 4.35). The A-chains contain
between 13 and 23 residues. There are two main
fractions of long and short internal B-chains with
the longer chains (greater than about 23-35 resi-
dues) connecting between clusters and the shorter
chains similar in length to the terminal A-chains.

Each amylopectin molecule contains up to
two million glucose residues in a compact struc-
ture with a hydrodynamic radius of 21-75 nm
(Bertoft et al. 2008) (compare with waxy maize
amylopectin >300 nm (Juna et al. 2011). The
amylopectin molecules are oriented radially in
the starch granule and as the radius increases the
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Fig.4.35
Representations of key
elements in starch
structure: Type A
Amylopectin double-
helical chains can either
form the more open
hydrated. Type B
hexagonal crystallites or
the denser Type A
crystallites. Type C with
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packing, dependent on
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number of branches increases filling the space.
The increased branching results in the formation
of concentric regions of alternating amorphous
and crystalline structure. In Fig. 4.35, A illus-
trates the essential features of amylopectin. B—
the organization of the amorphous and crystalline
regions (or domains) of the structure generating
the concentric layers that contribute to the
“growth rings “that are visible by light micros-
copy. C—the orientation of the amylopectin mol-
ecules in a cross section of an idealized entire
granule. D—the likely double helix structure
taken up by neighboring chains and giving rise to
the extensive degree of crystallinity in granule. It
is postulated that the crystalline structure consists
of parallel left-handed helices with six residues
per turn. An alternative arrangement of intercon-
necting clusters has been described for some
amylopectins (Bertoft 2004).

Type B, with slightly longer unbroken chain
lengths of about 30—44 glucose units is found in
banana, some tubers such as potato and high
amylose cereal starches. Type C structure, which
is a combination of types A and B, can be found

branchpoints

in peas and beans (Fig. 4.35). Starch granule
architecture has been recently comprehensively
described (Tang et al. 2006).

Starch has many important functions in foods.
It is used for water binding and as a thickener, an
emulsion stabilizer and gelling agent. An excel-
lent review of starch functionality in foods can be
found in Copeland et al. (2009). Starch is a major
component in many foods and ingredients such
as wheat flour, where it is 80% of the flour.
Starch, therefore, inherently delivers function to
the final product. Refined starches are also added
to foods to provide functionality such as gelation
or thickening. In plant tissue, such as cereals,
starch is found with radial, tight packing to form
dehydrated granules which contain about one
water molecule per glucose. The shape and size
of the granules in the ingredients are specific to
the botanical source (maize 2-30 pm; wheat
1-45 pm; potato 5-100 pm (Jobling 2004). The
swelling function is determined by the shape and
size of the granules. Starch granules are generally
either larger and lenticular (lens-like, A-starch)
with large swelling power or smaller and spheri-
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Table 4.10 The progressive heating of starch leading to gelatinization

Raw starch that has not had moisture added does not undergo gelatinization. By definition,
gelatinization is a phenomena which takes place in the presence of heat and moisture. The
dry raw starch, if heated, would undergo dextrinization. This certainly would affect the
starch paste viscosity and starch gel strength. The paste viscosity would be decreased and
gel strength decreased

If a “limited amount” of moisture is added to the raw starch you may get partial
gelatinization. This condition exists in baked products

Cornstarch at a 5% level in 95% water would have a slight change occur if heat is initiated.
Water might be slightly ADSORBED onto the surface of the granule. Actually, in the
research from which these images came, I found that I got a difference in paste viscosity
and ultimate op as measured by viscosity if I allowed cornstarch to sit in water at room
temperature. This led me to believe that there is some initiation adsorption upon the
granule at room temperature (27C)

If this 5% dispersion of cornstarch was heated to 40C I would expect more water would be
ADSORBED onto the surface of the granule, the hydrogen bonding between the starch
polymers within the granule might begin to be loosened slightly. In some types of starches
water might even begin to be ABSORBED into the granule

If this 5% dispersion of cornstarch was heated to 50C I would expect more water would be
ADSORBED onto the surface of the granule, the hydrogen bonding between the starch
polymers within the granule would begin to be loosened. This would allow the water to
penetrate into the granule becoming ABSORBED by the granule. Additionally, some of the
amylose may begin to work itself off the granule surface, thus, opening the structure even more

If this 5% dispersion of cornstarch was heated to 60—65C I would expect more water would
be ADSORBED onto the surface of the granule, the hydrogen bonding between the starch
polymers within the granule would loosen. This would allow the water to penetrate into the
granule becoming ABSORBED by the granule. Additionally, some of the amylose would
work itself off the granule surface, thus, opening the structure even more. This in turn
would allow even more of the water to become ABSORBED and more amylose to work
itself out into a colloidal dispersion outside of the granule. The long amylose polymer is a
colloid in characteristics

This is intermediate between 60 and 70C. The precise changes are affected by rate of
heating, condition of the starch and other factors

= comeaod, s ST O

If this 5% dispersion of cornstarch was heated to 70-90C I would expect more water would be
ADSORBED onto the surface of the granule, the hydrogen bonding between the starch
polymers within the granule would loosen. This would allow the water to penetrate into the
granule becoming ABSORBED by the granule. Additionally, the amylose would work itself
off the granule surface, thus, opening the structure even more. This in turn would allow even
more of the water to become ABSORBED and more amylose to work itself out into a
colloidal dispersion outside of the granule. The long amylose polymer is a colloid in
characteristics

At some point between 60 and 95C we would likely have gelatinization occur. This might
be measured by loss of birefringence, increased viscosity, translucency, increased
susceptibility to enzyme action, X-ray diffraction or some other chemical or physical
means. At this point, the starch granule is swollen as much as possible. It is a starch sol
until you remove it from the heat and begin to allow the amylose and some amylopectin to
recrystallize, i.e. realign

In some instances, when heated to 90C the starch granule could reach optimum
gelatinization and be a nice swollen granule sack. In other cases, this may allow the sack to
“implode” and loose their contents as there is not enough structure and hydrogen bonding
to hold the polymers together. It is interesting that overcooking, as with overstirring, will
decrease the starch paste colloidal sol viscosity




Polysaccharides

197

cal (B-starch) with less swelling power (Ao et al.
2007). Granules contain regions of amylopectin
which contain both crystalline (~30%) and amor-
phous areas. As starch granules become hydrated
they swell, lose crystallinity and leach amylose
out of the granule. High amylose starches exhibit
lower swelling and lower gel strength than lower
amylose containing starches (Table 4.10).
Amylose exhibits the important function of
acting as a hydrocolloid. Its extended conforma-
tion is the cause of the high viscosity of water-
soluble starch over a broad temperature range.
The extended helical chains possess a relatively
hydrophobic inner surface that does not hold
water effectively. The hydrophobic core of the
amylose helix serves as a binding site for hydro-
phobic molecules such as lipids and aroma com-
pounds. Amylose also forms useful gels and
films. When heated amylose is cooled the chains
form an association and crystallization (retrogra-
dation) on cooling and storage. When starch gels
are cooled slowly some starches form a precipi-
tate of crystalline like material. This phenome-
non is referred to as retrodegradation. It is
essentially a precipitation of linear amylose mol-
ecules. Typically starches with smaller amylose
polymers (400 glucose units) as in corn starch are
more prone to retrogradation than starch from
potato where amylose polymers are longer (2000
glucose units). Freezing accelerates the retrogra-
dation process. After a freeze thaw cycle starch
gels frequently become spongy and with slight
pressure the water will begin to separate from the
gel. Bread staling is a practical example of retro-
degradation. After baking and initial cooling the
amylose is already partially retrograded.
Retrogradation is most readily observed in the
staling of baked products where the texture
becomes hard. It can be reversed by reheating the
product. The retrogradation decreases storage
stability resulting in shrinkage and the release of
water (syneresis). Increasing amylose concentra-
tion decreases gel stickiness but increases gel
firmness. Retrogradation is influenced by lipid
content, amylose/amylopectin ratio, chain length
of amylose and amylopectin, and solid concen-
tration (Chung and Liu 2009). Amylopectin
interferes with the interaction between amylose

chains (retrogradation) and its solution can lead
to an initial loss in viscosity and followed by a
more slimy consistency. Mixing  with
K-carrageenan, alginate, xanthan gum and low
molecular weight sugars can also reduce retro-
gradation. At high concentrations, starch gels are
both pseudoplastic and thixotropic with greater
storage stability. Their water binding ability (high
but relatively weak) can provide body and texture
to foodstuffs, making it useable as a fat
replacement.

In the native undamaged state starch granules
are insoluble in water, however, they will revers-
ibly imbibe small amounts of water and swell
slightly. When heated in water the order and crys-
tallization within the granule is disrupted in a
process referred to as gelatinization. The irrevers-
ible loss of order in the granule is characterized
by a loss in birefringence, granule swelling and
loss of crystallinity. Gelatinization occurs over a
temperature range (Table 4.10) with the larger
starch granules gelatinizing first. Throughout the
process there is leaching of amylose.
Measurement of gelatinization and temperature
ranges are dependent on the method used for
measurement and the ratio of water to starch.
Several early stages of gelatinization can be
observed under a hot stage polarizing light micro-
scope. The loss of birefringence (disappearance
of the maltese cross) is a useful means of measur-
ing gelatinization. The initial loss of birefrin-
gence (initiation) is the first stage, the mid-point,
and the complete loss of birefringence are
recorded. The complete loss of birefringence is
then defined as complete gelatinization, thus
defining the gelatinization temperature range.

When heated in excess water after gelatiniza-
tion is complete, the starch granules continue to
swell. Throughout this process the leaching of
amylose continues. Eventually the granules will
be completely disrupted. This disruption is
accentuated by applying shear force as one would
observe during extrusion. This disruption results
in the formation of starch paste (pasting) which is
a solubilization of the amylose and amylopectin
in a continuous phase. One can also observe
granule fragments or ghosts of starch granules in
the mixture. Complete disruption is rare but there
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is more disruption under shear stress as in extru-
sion. When cooled the starch paste forms a firm
rigid gel.

Starch gelatinization is an endothermic pro-
cess and the temperatures and enthalpies of gela-
tinization are frequently measured by differential
scanning calorimetry (DSC). In the gelatinization
process water acts as a plasticizer for the starch
polymers. When starch granules are heated in
sufficient water (60%) the plasticized amorphous
regions in the starch granule undergo a transition
from the glassy to the rubbery state. This specific
transition temperature is the glass transition tem-
perature (Tg). This is similar to the definition of a
glass which is a solid capable of supporting its
own weight against flow, while a rubber is an
undercooled liquid that can exhibit viscous flow.

In typical food processing conditions there is
sufficient heat and water for the starch granules
to swell beyond the point where the process can
be reversed. Water enters the spaces between
chains, disrupts interchain bonding, and estab-
lishes hydration layers in the granule separating
the macromolecules. This lubrication or plasti-
cizing effect causes the starch polymers to be
more separated and enables them to slip or be
considered partially dissolved. Ultimately the
starch will swell to several times the original size.

The properties of cooked starches exhibit a
range of characteristics that can be used to further
classify starches (Table 4.11). Cereal starches
(corn, wheat and rice) form viscous short bodied
pastes and result in opaque gels on cooling.

Potato and tapioca starches form clear, weak gels
on cooling. Waxy starches form heavy bodied
stringy clear pastes upon cooling and relatively
poor gel formation. High amylose corn starch
requires very high temperatures for gelatinization
resulting in short bodied firm opaque gels on
cooling. Starches fill a wide range of roles in food
production; mainly they are used to absorb water
and produce viscous fluids, pastes and gels for
control of texture in foods. The extent of gelatini-
zation of starch in baked goods has a major
impact on product properties including texture,
storage stability and rate of digestion. In high fat
low moisture cookies and pie crusts as much as
90% of the starch in the product is not gelati-
nized. On the other extreme in white bread and
angel food cake 96% of the starch is gelatinized
and in many cases deformed.

Resistant Starch

Resistant starch (RS) is starch that is not digested
in the normal gastric process (Englyst et al. 1987;
Sajilata et al. 2010) and as a result falls in the
category of dietary fiber. RS is not rapidly
digested like ordinary starch, and imparts the bio-
logical benefits of fermentable dietary fiber. RS is
defined as the fraction of starch, which escapes
digestion in the small intestine, and may be fer-
mented by the micribiome in the large intestine
(Englyst et al. 1992). Various factors contribute
to starch’s resistance to digestion, thus there are
four categories of RS, each with similar resis-

Table 4.11 A summary of the size and some physical characteristics of commonly used food starches

Corn Starch | Waxy Maize | High-Amylose Corn | Potato | Tapioca | Wheat | Rice
Granule size (um) 2-30 2-30 2-24 5-100 |4-35 2-55 <1-9
% Amylose 28 <2 50-70 21 17 28 0-21
Gelatinization/Pasting°C | 62/80 63/72 66/170* 58-65 |52-65 |52-85 | 65-75
Relative viscosity Medium Medium Very Low Very | High Low low

High High

Paste Rheology Short Long Short Long | Long Long Short
Paste clarity Opaque Cloudy Opaque Clear | Clear Opaque | Opaque
Retrodegredation High Low High Low | Low High High

When choosing a starch for a particular application these characteristics should be considered
Source: From BeMiller IN et al. (2008). Carbohydrates in Fennema’s Food Chemistry, Fourth Edition S. Damodaran,
KL. Parkin, OR. Fennema (eds) p 84—151. Taylor and Francis
*No increase in viscosity was observed up to 100 °C. Pasting does not occur until temperatures approach 170 °C
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Table 4.12 Types of resistant starch

Type of RS | Description

Food sources

RS, Physically protected

Whole or partially milled grains and seeds, legumes

RS, Ungelatinized resistant granules with type B Raw potatoes, green bananas, some legumes, high
crystallinity, slowly hydrolyzed by a-amylase | amylose corn starch
RS, Retrograded starch Cooked and cooled potatoes, bread, corn flakes,
foods with repeated moist heat treatment and cooling
RS, Chemically modified starches by crosslinking | Foods where modified starches are added, i.e. bread,

or acylation

cakes

tance properties but very different origins. The
four categories of RS are listed in Table 4.12.

RS, is the physically protected form of starch
found in green bananas, grains, and pulses. It is
physically inaccessible because it is not hydrated
and attack by enzymes is prevented by the tissue
structures. RS, is raw starch granules, where the
starch is tightly packed in a radial pattern and is
relatively dehydrated. This dense structure limits
the accessibility of digestive enzymes and accounts
for the resistant nature. RS, is typically found in
raw potato, banana, and high-amylose starch cere-
als. RS; is retrograded starch. The formation of RS;
occurs when the starch granule is completely
hydrated, the amylose leaches out of the granules
into the solution as a random coil polymer. When
the solution cools the amylose polymer chains
begin to reassociate as double helices which are sta-
bilized by hydrogen bonds in a gel (Wu and Sarko
1978). A typical example of RS; formation occurs
when bread or rolls become stale. The stiff texture
of stale products is a result of the retrogradation
process. This effect can be partially reversed by
reheating the product. RS, includes structures of
modified starches obtained by chemical treatments
like distarch phosphate ester. Starch with structure
intermediate between the more crystalline resistant
starch (for example, RS; in staled bread) and more
amorphous rapidly digestible starch (for example,
in boiled potato) is slowly digestible starch
(Lehmann and Robin 2007). Slowly digestible
starch results in slower release of glucose causing
smaller postprandial blood glucose peaks and is
therefore useful in the diabetic diet.

RS is classified as a component of fiber on the
basis of the recent definitions of dietary fiber
given by AACC (2000) and NAS (2002). Portions
of RS consist of low-molecular-weight dextrins,

however, the bulk consists of polymers, of which
retrograded amylose often forms the major frac-
tion (Ranhotra et al. 1991a). RS has an impact
similar to soluble dietary fiber in the colonic
health by increasing crypt cell production rate, or
decreasing the colonic epithelial atrophy in com-
parison with no-fiber diets. RS influences tumori-
genesis, and reduces serum cholesterol and
triglycerides. One of the modes of action for RS
is that it is fermented to short chain fatty acids by
the microbiome. The short chain fatty acids are
rapidly utilized by the colonic epithelium.

Hydrolysis of Starch

Hydrolyzed starches have many applications in
foods ranging from limited degrees of hydrolysis
for texture modifiers and foam stabilization, to
greater degrees hydrolysis for use as sweeteners
and fermentation substrates. Most carbohydrate
polymers, including starch, are readily hydro-
lyzed by hot acids or enzymes. Greater hydroly-
sis of the starch results in the formation of
dextrins. The dextrins tend to result in less vis-
cous preparations and can be used at higher levels
in foods as fillers. They can also be used as coat-
ings for panning and carriers of spray dried fla-
vors and colors. Some dextrins retain long linear
chains of amylose fragments which result in the
formation of strong gels. More extensive hydro-
lysis of starch with acid or enzymes results in the
formation of maltodextrins. Maltodextrins are
categorized by their chain length which is
expressed as dextrose equivalents. The degree of
hydrolysis is expressed as dextrose equivalent
(DE), defined as the amount of reducing sugars
present as dextrose and calculated as a percent-
age of the total dry matter. Table 4.13 lists corn
syrups with various DE. The Dextrose Equivalent
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Table 4.13 Composition of representative corn syrups

Saccharides (%)
Type of conversion | Dextrose equivalent | Mono- | Di- Tri- | Tetra- | Penta |Hexa- |Hepta- |Higher
Acid 30 10.4 9.3 8.6 8.2 7.2 6.0 5.2 45.1
Acid 42 18.5 139 |11.6 9.9 8.4 6.6 5.7 25.4
Acid-enzyme 43 5.5 462 123 |32 1.8 1.5 - 29.5¢
Acid 54 29.7 178 132 9.6 7.3 5.3 4.3 12.8
Acid 60 36.2 195 132 |87 6.3 4.4 32 8.5
Acid-enzyme 63 38.8 28.1 |13.7 |4.1 4.5 2.6 - 8.2¢
Acid-enzyme 71 43.7 36.7 3.7 3.2 0.8 4.3 - 7.6°

Source: From J.D. Commerford, Corn Sweetener Industry, in Symposium: Sweeteners, LE. Inglett, ed., 1974, AVI

Publishing Co.
Includes heptasaccharides

(DE) is related to the average degree of polymer-
ization (DP) in the maltodextrin by the equation:

DE = 100/DP.

The DE can also be considered as the percent-
age of reducing power that would come from
pure glucose. The DE, therefore, is inversely
related to average molecular weight of remaining
polymers in the material.

When starches are further hydrolyzed to DE
values of 20-60 they are referred to as corn syrup
solids. These syrups are hygroscopic and rapidly
dissolve in water. Syrups with a DE of 42 are
extensively used in food products (Table 4.13).
The syrups have a high osmolality which inhibits
growth of most microorganisms yet are highly
resistant to crystallization. An example is pan-
cake syrup which is colored with caramel and
added flavor, but consists primarily of DE 42
syrup. The acid conversion process has a practi-
cal limit of 55 DE; above this value, dark color
and bitter taste become prominent. There is a
fairly constant relationship between the composi-
tion of acid-converted corn syrup and its DE. The
composition of syrups made by acid-enzyme or
dual-enzyme processes cannot be as easily pre-
dicted from DE.

Maltodextrins are defined as hydrolyzates
with measurable DE value of less than 20. Low
DE maltodextrins have the highest molecular
weight and are non-hygroscopic, whereas, high
DE maltodextrins have the lowest molecular

weight can become very hygroscopic.
Maltodextrins are excellent bulk fillers for foods
and contribute little or no sweetness. Further
hydrolysis results it mixtures of malto-oligosac-
charides, maltose and glucose. Maltodextrins
(DE < 20) have compositions that reflect the
physico-chemical characteristic of the starch
used, particularly the amylose/amylopectin ratio
of the starch. A maltodextrin with DE 12 shows
retrogradation in solution, producing cloudiness.
In comparison, a maltodextrin from waxy corn at
the same DE does not show retrogradation
because of the higher level of a-1 — 6 branches.
As the DE decreases, the differences become
more pronounced. A variety of maltodextrins
with different functional properties, such as gel
formation, can be obtained by using different
starch raw materials. Maltodextrins of varying
molecular weights are plasticized by water and
decrease the glass transition temperature.
Maltodextrins can retard the crystallization of
amorphous sucrose and, at high concentrations,
totally inhibit sucrose crystallization (Roos and
Karel 1991c¢). Maltodextrins with low DE and
with little or no remaining polysaccharide can be
produced by using two enzymes. Alpha-amylase
randomly hydrolyzes 1 — 4 linkages to reduce
the viscosity of the suspension. Pullulanase is
specific for 1 — 6 linkages and acts as a deb-
ranching enzyme. The application of these two
enzymes makes it possible to produce maltodex-
trins in high yield (Kennedy 1985). The action of
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Fig.4.36 Schematic representation of the action of starch-degrading enzymes. -Amylase can also hydrolyze disac-
charide maltose units from the non-reducing end of amylose and amylopectin

starch degrading enzymes is discussed in more
detail below.

Starch Degrading Enzymes

There are various starch degrading enzymes,
with different actions, that are described below
and illustrated in Fig. 4.36.

o-Amylase

The enzymatic hydrolysis of starch by a-amylase
is important for both processing and in vivo
digestion. a-Amylase is an endoamylase that
cleaves both amylose and amylopectin producing
oligosaccharides. The products are the result
a-amylase hydrolyzing the 1 — 4 linkages of the
starch. It does not attack double helix regions or
starch helical sections that are complexed with
lipids. The resulting hydrolysis products from
amylopectin remain branched via 1 — 6 linkages.
The bacterial amylases used in processing starch
are similar to the amylases in animal digestive
tracts. This is why starches with large helical
regions are resistant to digestion.

Glucoamylase
Glucoamylase is an exo-amylase that is used in
combination with a-amylase to produce

D-glucose syrups and crystalline D-glucose.
Glucoamylase requires the starch to be gelati-
nized and sequentially hydrolyzes glucose units
of the non-reducing ends amylose and amylopec-
tin. It has the ability to hydrolyze both 1 — 4 and
1 — 6 linkages. Glucoamylase can completely
hydrolyze starch to glucose, however combing it
with a-amylase makes the process more efficient
by generating more non-reducing ends for
hydrolysis.

p-Amylase

B-Amylase hydrolyzes disaccharide maltose
units from the non-reducing end of amylose and
amylopectin. It does not cleave 1 — 6 linkages.
Therefore, when amylopectin is the substrate, in
addition to maltose it yields pruned or unhydro-
lyzed fragments which are named limit dextrins.

Pullulanase and Isoamylase

Pullulanase and isoamylase are “debranching”
enzymes that specifically hydrolyze 1 — 6 bonds
in amylopectin. This produces shorter linear
1 — 4 chains.
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High Fructose Corn Syrup (HFCS)

High fructose corn syrup HFCS) is a major ingre-
dient in the food and beverage industry. HFCS
was first marketed in the 1970s and is less expen-
sive than granulated sugar (sucrose). The major
use of HFCS has been in beverages and soft-
drinks which, at its peak, accounted for 75-80%
use (Eggleston et al. 2017). The use of HFCS,
however, peaked in 1999 due to consumer
concern rather than price or technical use. In
particular, consumers are concerned about a pos-
sible link between HFCS and metabolic diseases
like obesity and diabetes. The flow chart for the
commercial production of HFCS is illustrated in
Fig. 4.37. The starting material for HFCS produc-
tion is corn starch. This is slurried in water, mixed
with a thermally stable a-amylase and rapidly
heated, where the starch is rapidly gelatinized and
hydrolyzed by the a-amylase. After cooling to
55-60 °C, the liquefied starch is further hydro-
lyzed with glucoamylase. The hydrolyzed mix-
ture is then clarified, concentrated, passed through
activated carbon and ion exchange beds. Seed
crystals are added and D-glucose or D-glucose
hydrate crystals are produced. To produce HFCS
the solution of D-glucose is passed through a col-
umn containing immobilized glucose isomerase
(glucofructoisomerase). Glucose isomerase cata-
lyzes the isomerization of D-glucose to
D-Fructose through a trans-enediol intermediate,
and it was this reaction that opened the way for
HFCS production (Dziezak 1987). The equilib-
rium of the mixture is approximately 58% glu-
cose and 42% fructose. Fructose concentrations
are further increased by passing the equilibrium
mixture over a cation-exchange column which
retains fructose. The fructose is then eluted and
can be used to produce the 55% fructose contain-
ing sweetener that is typically used in beverages.

Starch Hydrolyzates: Corn
Sweeteners

As previously stated, starch can be hydrolyzed by
acid or enzymes or by a combination of acid and
enzyme treatments. When acid is used, the corn is

sprayed with hydrochloric acid and heat applied.
This can be accomplished by direct spraying with
hydrochloric acid or by moistening the starch and
applying hydrogen chloride gas. After heat treat-
ment the hydrochloric acid is neutralized and the
desired starch product is washed with water and
dried. In lightly treated starches the granules
remain intact but the starches cook more quickly
and result in thinner and more clear (less turbid)
and less viscous solutions. These starches are
used for coatings, film formation and pan coating
of nuts and candies. Corn starch is an excellent
starting material to produce strong, fast setting
gels in products like jelly beans and processed
cheese loafs. A larger variety of products are
obtained from starch hydrolysis by using various
starches such as corn, wheat, potato, and cassava
(tapioca) starch. Glucose syrups, known in the
United States as corn syrups, are hydrolysis prod-
ucts of starch with varying amounts of glucose
monomer, dimer, oligosaccharides, and polysac-
charides. Depending on the method of hydrolysis
used, different compositions with a broad range
of functional properties can be obtained.

The initial step in starch hydrolysis by
enzymes is also illustrated in Fig. 4.37, and
involves the use of a heat-stable endo-a-amylase.
This enzyme randomly attacks a-1 — 4 glyco-
sidic bonds resulting in rapid decrease in viscos-
ity. These enzymes can be used at temperatures
as high as 105 °C. This reaction produces malto-
dextrins (Fig. 4.37). The next step is saccharifica-
tion by using a series of enzymes that hydrolyze
either the a-1 — 4 linkages of amylose or the
a-1 — 6 linkages of the branched amylopectin.
The action of the various starch-degrading
enzymes is shown in Fig. 4.37 (Olsen 1995). In
addition to products containing high levels of
glucose (95-97%), sweeteners with DE of 4045
(maltose), 50-55 (high maltose), and 55-70 (high
conversion syrup) can be produced. High dex-
trose syrups can be obtained by saccharification
with amyloglucosidase. At the beginning of the
reaction dextrose formation is rapid but gradually
slows down. This decelleration is caused by for-
mation of branched dextrins by enzyme catalyzed
transglycosylation reactions, and because at high
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a-AMYLASE ——®| LIQUEFACTION |————% MALTODEXTRIN
GLUCOAMYLASE/ —————| SACCHARIFICATION
PULLULANASE
__—» MALTOSE SYRUPS
PURIFICATION GLUCOSE SYRUPS
MIXED SYRUPS
GLUCOSE/
ISOMERASE ——"| |SOMERIZATION
REFINING +—————» FRUCTOSE SYRUPS

Fig.4.37 Major steps in enzymatic starch conversion to
high fructose corn syrups. Source: Reprinted from
H.S. Olsen, Enzymic Production0O of Glucose Syrups, in

dextrose levels the repolymerization of dextrose
into isomaltose occurs.

Modified Starches

Chemical modification and physical modifica-
tions of starch are frequently used to impart
desired functionality in foods. There is a wide
array of modified starches available from differ-
ent starches, as well as various types and extents
of modification. Modification of starches results
in pastes that more effectively withstand food
processing conditions, including shear, heat and
acidic conditions, compared to native starches.
Modifications can be made to reduce the heat
required for gelatinization, increased or decreased
paste viscosity, gel clarity, gel strength, reduced
syneresis, improved film formation and improved
heat stability. Generally chemical modification of
starch occurs at low levels (degree of substitu-
tion) on the hydroxyl group of the starch. These
degrees of substitution (DS) only range from
0.002 to 0.2% but still, however, dramatically
alter the functional attributes of the starch.

Handbook of Starch Hydrolysis Products and Their
Derivatives, M.W. Kearsley and S.Z. Dziedzic, eds., p. 30,
© 1995, Aspen Publishers, Inc.

The properties of starches can be modified by
chemical treatments that result in products suitable
for specific purposes in the food industry (Whistler
and Paschall 1967). Starches are used in food
products to produce viscosity, promote gel forma-
tion, and provide cohesiveness in cooked starches.
When a slurry of starch granules is heated, the
granules swell and absorb a large amount of water;
this happens at the gelatinization temperature (see
Table 4.10), and the viscosity increases to a maxi-
mum. The swollen granules then start to collapse
and break up, and viscosity decreases. Starch can
also be modified by acid treatment, enzyme treat-
ment, cross-bonding, substitution, oxidation, or
heat (Table 4.14). Acid treatment results in thin
boiling starch. The granule structure is weakened
or completely destroyed as the acid penetrates into
the intermicellar areas, where a small number of
bonds are hydrolyzed. When this type of starch is
gelatinized, a solution or paste of low viscosity is
obtained. A similar result may be obtained by
enzyme treatment. The thin boiling starches yield
low-viscosity pastes but retain the ability to form
gels on cooling. Acid-converted waxy starches
with low amylose levels, produce stable gels that
remain clear and fluid when cooled. Acid-
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converted starches with higher amylose levels are
more likely to form opaque gels on cooling. The
acid conversion is carried out on aqueous granular
starch slurries with hydrochloric or sulfuric acid at
temperatures of 40-60 °C. The action of acid
incorporates a preferential hydrolysis of linkages
in the non-crystalline areas of the granules. The
granules are weakened and no longer swell; they
take up large amounts of water and produce pastes
of low fluidity.

Cross-bonding of starch involves the forma-
tion of chemical bonds between different areas in
the starch granule. This makes the granules more
resistant to rupture and degradation on swelling
and provides a firmer texture. The number of
cross-bonds required to modify the starch granule
is low; a large change in viscosity can be obtained
by as few as 1 cross-bond per 100,000 glucose
units. Increasing the number of cross-bonds to 1
per 10,000 units results in a product that does not
swell on cooking. There are two methods to
cross-link starch. The first, which gives a product
known as distarch adipate, involves treating an
aqueous slurry of starch with a mixture of adipic
and acetic anhydrides under mildly alkaline con-
ditions. After the reaction the starch is neutral-
ized, washed, and dried. The second method,
which produces distarch phosphate, involves
treating a starch slurry with phosphorous oxy-
chloride or sodium trimetaphosphate under alka-
line conditions. Since the extent of cross-linking
is low, the amount of reaction product in the mod-
ified starch is low. Free and combined adipate in

cross-linked starch is below 0.09%. In distarch
phosphate, the free and combined phosphate,
expressed as phosphorus, is below 0.04% when
made from cereal starch other than wheat, 0.11%
if made from wheat starch, and 0.14% if made
from potato starch (Wurzburg 1995).

Substitution of starch is achieved by reacting
some of the hydroxyl groups in the starch mole-
cules with monofunctional reagents that intro-
duce different substituents. The action of the
substituents lowers the ability of the modified
starch to associate and form gels. This is achieved
by preventing the linear portions of the starch
molecules to form crystalline regions. The differ-
ent types of substituted starch include starch ace-
tates, starch monophosphates, starch sodium
octenyl succinate, and hydroxypropyl starch
ether. These substitution reactions can be per-
formed on unmodified starch or in combination
with other treatments such as acid hydrolysis or
cross-linking.

Acetylation of starch is undertaken on suspen-
sions of granular starch with acetic anhydride or
vinyl acetate. No more than 2.5% of acetyl groups
on a dry starch basis are introduced, which
equates to a degree of substitution of about 0.1%.
Acetyl substitution reduces the ability of starch
to produce gels on cooling and also increases the
clarity of the cooled sol.

Starch phosphates are monophosphate esters,
i.e., only one hydroxyl group is substituted in
contrast to the two hydroxyl groups involved in
production of cross-bonded starch. They are pro-

Fig.4.38 H+N OH ee——m——) STO OH
Phosphorylation of STOH + IO\ p/ \p<
starch with sodium NBO/ \\0 Ngo/ \o
ortho- or triphosphate
(Orthophosphate)
ﬁ —
STOH + NaO\p,/O ST 0\ 40
Na0” ~O__ Na0” “SONa
OiP—ONl
NaO_ + NajHP,0,
Nao” Yo

(Tripolyphosphate)
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Fig.4.39 Reaction of
starch with octenyl
succinic anhydride

?
G—CH,

o

O H

N\ H n o
STOH +/C—C—R + NaOH ey ST—O—C—C—R + H,0

NaO—ﬁ—CH2
(¢

OH

o)
Starch + NaoH + i E —> Starch - O

Starch plus propylene oxide under alkaline conditions produces hydroxyproplyl starch

Fig.4.40 Hydroxypropylation of starch

duced by mixing an aqueous solution of ortho-,
pyro, or tripolyphosphate with granular starch;
drying the mixture; and subjecting this to dry
heat at 120-170 °C. The level of phosphorus
introduced into the starch does not exceed 0.4%.
The introduction of phosphate groups as shown
in Fig. 4.38 gives the product an anionic charge
(Wurzburg 1995). Starch monophosphates give
dispersions with higher viscosity, better clarity,
and better stability than the unmodified starch.
They also have higher stability at low tempera-
tures and during freezing.

Starch sodium octenyl succinate is a lightly
substituted half ester produced by reacting
an aqueous starch slurry with octenyl succinic
anhydride as shown in Fig. 4.39. The level of
introduction of substituent groups is limited to 1
for about 50 anhydroglucose units. The treatment
may be combined with other methods of conver-
sion. The introduction of the hydrophilic car-
boxyl group and the lipophilic octenyl group
makes this product amphiphilic and gives it the
functionality of an emulsifier (Wurzburg 1995).

Hydroxypropylated starch is prepared by
reacting an aqueous starch suspension with
propylenol oxide under alkaline conditions at
temperatures from 38 to 52 °C. The reaction

(Fig. 4.40) is often combined with the introduc-
tion of distarch cross-links (Wurzburg 1995).
Oxidized starch is prepared by treating starch
with the strong oxidant of sodium hypochlorite.
Although this starch is sometimes described as
chlorinated starch, no chlorine is introduced into
the molecule. The reaction is undertaken by com-
bining a starch slurry with a solution of sodium
hypochlorite. Under alkaline conditions carboxyl
groups are formed that modify linear portions of
the molecule so that association and retrograda-
tion are minimized. In addition to the formation
of carboxyl groups, a variety of other oxidative
reactions may occur including the formation of
aldehydic and ketone groups. Oxidation increases
the hydrophilic character of starch and lessens
the tendency toward gel formation.
Dextrinization or pyroconversion of starch
occurs through the action of heat on dry, pow-
dered starch. Usually the heat treatment is under-
taken with hydrochloric or phosphoric acid at
levels of 0.15% and 0.17%, respectively. After
addition of the acid, the starch is dried and heated
in a cooker at temperatures ranging from 100 to
200 °C. Two types of reaction occur, hydrolysis
and transglucosidation. At low degree of conver-
sion, hydrolysis is the main reaction and the
resulting product is known as white dextrin.
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Table 4.15 Some common starch modification reactions

Modification type

Etherification Hydroxyalkyl | g oup oo g
2N/

$t—0-CH, R

starch (with alkylene oxide)

OH

Esterification Starch acetate H
(with vinyl acetate) St—OH #CH,— CH—C—CHy

.I °
]
B St—0—C-—CHy+CH—C—OH

Starch acetate
(with acetic anhydride)

I
St—OH# CHy—C 0 —

i
CHy

) L]
$t—0 - C—CHy ¢ CH—C—OH

Starch phosphate H
(with orthophosphates) St —OH#MaH2POy /Ma,yHPO, B ®=0=p- ona*
i OH
Carboxymethyl starch (with ONa
mono chloro acetic acid) w=o #CLCH,CO0H > q':—e
St -0 —CH,
Cross-linking
With PoCl, H
Il NaOH > N-0-P—0-% +NaCl
+ StOH
4 "
gaa
With STMP o
WOHeNgps0y Moot N o
™
With EPI roHeEp  _ Alkali catalyst s S-0—CHy CH CHj~0-%

St starch, POCI; phosphorus oxychloride, STMP sodium tri-meta phosphate

Table 4.16 Properties and applications of modified starches

Process Function/property

Application

Acid conversion | Viscosity lowering

Gum candies, formulated liquid foods

Oxidation Stabilization; adhesion gelling Formulated foods, batters, gum confectionery
clarification
Dextrins Binding; coating; encapsulation; high Confectionery, baking (gloss), flavorings, spices, oils,

solubility

fish pastes

Cross-linking Thickening; stabilization; suspension;

texturizing

Pie fillings, breads, frozen bakery products, puddings,
infant foods, soups, gravies, salad dressings

Esterification Stabilization; thickening; clarification; | Candies, emulsions, products gelatinized at lower
when combined with cross-linking, temperatures
alkali sensitive

Etherification Stabilization; low-temperature storage | Soups, puddings, frozen foods

Dual modification | Combinations of properties

Bakery, soups and sauces, salad dressings, frozen
foods

Source: Reprinted with permission from O.B. Wurzburg,

Modified Starches, in Food Polysaccharides and Their

Applications, A.M. Stephen ed., p. 93, 1995. By courtesy of Marcel Dekker, Inc.

Transglucosidation involves initial hydrolysis of
a 1 — 4 glucosidic bonds and recombination
with free hydroxyl groups at other locations. In
this manner new randomly branched structures or
dextrins are formed; this reaction happens in the

more highly converted products known as yellow
dextrins. The dextrins have film-forming proper-
ties and are used for coating and as binders.

The chemical reactions and changes in struc-
ture of chemically modified starch have been
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Fig.4.41 Schematic
two-dimensional view of
glycogen. A core protein
of glycogenin is
surrounded by branches
of glucose unites. The
entire globular granule
may contain around
30,000 glucose units.
Source: W.D. McArdle,
F. I. Katch; V. L. Katch,
In Exercise Physiology:
Energy, Nutrition, and
Human Performance
(20006). Lippincott
Williams & Wilkins

comprehensively described by Singh et al
(2003). Table 4.15 summarizes the primary starch
modification reactions. These modifications
result in many useful food applications for chem-
ically modified starch. Table 4.16 summarizes
some common applications of chemically modi-
fied starch.

The properties and applications of modified
starches are summarized in Table 4.10 (Wurzburg
1995). The application of modified starches as
functional food ingredients has been described
by Luallen (1985).

Glycogen

Humans, animals, and fungi produce glycogen in
muscle as an energy reserve. Glycogen is a highly
branched polysaccharide of glucose. Figure 4.41
illustrates the highly branched structure of
glycogen.

Glucoses are linked together linearly by
a-(1 — 4) glycosidic bonds, and branches are

linked to the chains with a-1 — 6 glycosidic
bonds. The outermost branches of the chains are
6—7 glucose units long. Glycogen synthesis is ini-
tiated by autoglucoslylation of a protein, glyco-
genin-1 (Fig. 4.41) (Lomako et al. 2004).

In humans, glycogen, hydrated with three or
four parts of water, is produced and stored pri-
marily in the cells of the liver and muscles.
Muscle glycogen is converted into glucose by
muscle cells, and liver glycogen coverts to glu-
cose for use throughout the body. Glycogen is
found in the form of granules in the cytosol/cyto-
plasm in many cell types, and plays an important
role in the glucose cycle. Glycogen is similar to
starch in is readily rehydrolyzed to produce glu-
cose for the muscle tissue on demand.

In the liver, when a meal containing carbohy-
drates or protein is eaten and digested, blood glu-
cose levels rise, and the pancreas secretes insulin.
Insulin acts on blood glucose in the liver to stim-
ulate the action of several enzymes including gly-
cogen synthase. Glucose are added to the chains
of glycogen as long as both insulin and glucose
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remain plentiful. When it is needed for energy,
glycogen is broken down by glycogen phosphor-
ylase and converted again to glucose (Manners
1991). In comparison, muscle cell glycogen
serves as an immediate reserve source of avail-
able glucose for muscle cells only.

Glycemic Index

The glycemic index (GI) is a number associated
with a particular type of food that indicates the
food’s effect on a person’s blood glucose (also
called blood sugar) level). A value of 100 repre-
sents the standard, which equivalent to pure glu-
cose. The GI represents the rise in a person’s
blood sugar level 2 h after consumption of the
food, and is useful to understand who the body
breaks down available carbohydrates in foods,
i.e., starch. The glycemic effect of foods depends
on a few factors: type of starch or carbohydrate,
physical entrapment of the carbohydrates within
the food, and fat and protein contents of the
foods (Anon 2017). The GI is typically applied
in the context and quantity of the food and the
amount of carbohydrate in the food that is actu-
ally consumed. A related measure, the glycemic
load (GL), factors this by multiplying the glyce-
mic index of the food by the carbohydrate con-
tent of the serving. Watermelon, for example,
had a high GI but a low GL for the quantity usu-
ally consumed. Glycemic index Charts often
give only one value per food, but variations
occur due to, for example, variety, ripeness,
cooking methods, processing, and the length of
food storage (Anon 2017).

Cellulose

Cellulose is one of the most widely distributed
compounds in nature generally existing as homo-
logus polymers accompanied by other polysac-
charides and lignins. Cellulose can have DP as
high as 10,000 which would translate to a molec-
ular weight of approximately 1,620,000 Da. It
provides structural support to most plants and
includes the major component in wood. Cotton
cellulose is used for fabric and can be used in
some food applications. Cellulose is a polymer of

B-D-glucose joined with p-1 — 4 linkages. In the
native state, cellulose occurs as extended ribbons
of twofold chain geometry stabilized by hydro-
gen bonding of each successive residue to its
nearest neighbors. The great strength, fibrous
character, insolubility and inert characteristics of
cellulose, integral to its skeletal function in plant
cell walls are due to the ordered packing of the
cellulose chains (Rees 1977) The hydrogen bonds
result in a high degree of crystallinity and dense
structure contributing to areas that do not absorb
water effectively and exhibit a high degree of
enzyme resistance. When foods are dried the
amorphous regions of cellulose become increas-
ing crystalline in nature and result in toughness
of dried products.

In food products, the crystalline area of the
cellulose absorbs water poorly, thus it is highly
resistant to enzymatic attack. The amorphous
regions absorb water and swell although they do
not dissolve and they remain essentially indigest-
ible. Higher degrees of crystallinity provide
greater tensile strength and increased elastic
modulus. An example of this is that when foods
like carrots are dehydrated, crystallinity increases
and the foods become tougher. Heating cellulose
causes modest reductions in hydrogen bonding
which results in some swelling of the cellulose.

Cellulose and modified celluloses are used in
a wide range of foods to provide important physi-
cal characteristics including bulk replacements of
digestible carbohydrates in low calorie foods.
Unmodified cellulose and its derivatives can be
used to provide bulk, imbibe oils or flavors, or
serve as carriers to improve the flow characteris-
tics of intense sweeteners or flavors. The attri-
butes of cellulose are based on its physical
characteristics including limited interaction with
water, its insolubility in water, specific rheologi-
cal characteristics it brings to the product and the
resulting texture of the product. For example,
finely ground or microcrystalline cellulose
provides bulk to low calorie foods. Chemically
modified celluloses provide emulsification, mod-
ification of texture, emulsification, foam stabili-
zation, water binding and ice crystal formation.
With modified cellulose the functions are deter-
mined by the chain length of the cellulose poly-
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Table 4.17 Applications of commercial food cellulose products

Cellulose/modified cellulose Food applications

Hydroxypropy! cellulose

Whipped toppings, mousses, extruded foods

Hydroxypropylmethyl cellulose

Whipped toppings, mousses, baked goods, bakery fillings, icings, fried foods,
sauces, dressings, frozen desserts, reduced fat foods

Methyl cellulose

Sauces, soups, breads, tortillas, fried foods, reduced fat foods, foams

Microcrystalline cellulose

Dressings, sauces, baked goods, beverages, whipped toppings, reduced fat foods

Powdered cellulose

Breads, cookies, pastries, pasta, imitation cheese, cereals, canned meats

Sodium carboxymethyl cellulose

Frozen desserts, baked goods, dressings, sauces, beverages, animal foods,
reduced calorie foods, extruded foods

CH,OCH,COONa

CH,OH OCH,COONa

G )

CH,OH

OCH,COONa  CH,OH

Fig.4.42 Carboxymethyl modified cellulose repeating units

mer, the physical characteristics of the particular
cellulose (amount of amorphous or crystalline
region), the chemical modification, the degree of
modification and the interactions with other
ingredients in the food matrix.

The addition of carboxyl groups increases the
hydrophilic nature of the cellulose, where the
addition of hydrocarbons such as methyl or ethyl
groups makes the cellulose more hydrophobic.
The chain length of the cellulose polymer influ-
ences the change in viscosity with longer chains
resulting in greater increases in viscosity. When
producing films or coatings shorter chain length
is generally preferred. Table 4.17 summarizes the
applications of some commonly used modified
celluloses.

Carboxymethyl modification of cellulose is one
of the most common modifications used to pro-
duce cellulose gum (Fig. 4.42). The characteristics
of the gum are influenced by chain length and
degree of substitution. Longer chains result in
higher viscosity. Higher substitution increases
water holding capacity. Addition of water soluble
solvents such as glycerine and ethanol increase the
viscosity of the gum. Increasing the degree of sub-
stitution increases the tolerance to dilution of water
by ethanol substantially. Carboxymethylcellulose

solutions can remain clear at up to 50% ethanol in
the solution. When the degree of substitution is
lower the gum is less soluble but binds more water.

Microcrystalline Cellulose

Microcrystalline cellulose is a type of purified
and partially depolymerized cellulose (DP is typi-
cally less than 400) that is white, odorless, taste-
less, and occurs as a crystalline powder made up
of porous particles. MCC is synthesized from o—
cellulose. It can be synthesized by different pro-
cesses including reactive extrusion, enzyme
mediated reactions, steam explosion, and acid
hydrolysis. The role of these reactions is to
destroy the amorphous regions of cellulose, leav-
ing only the crystalline domains. MCC has
become a very valuable additive in the food, phar-
maceutical, cosmetic, and other industries. In the
food industry, MCC can be used as an important
base in functional foods to: (1) maintain emulsifi-
cation and foam stability, (2) maintain high tem-
perature stability, (3) improve liquid stability, and
(4) act as a nutritional supplement and thickener.
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Fig.4.43 Wheat flour
pentosan repeating unit
of L-arabinofuranosyl

linked by Bl — 4 !
glycosidic bonds to OH
D-xylopyranose
backbone

HO OH

o 0 0 0
gf\oH /)-OH
OH
o OH [ oH
0
OH
HO
L OH dn

C
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OCH, )
e [ HO HOL :
CHeCHCHOH  OIhC CH=CHCH,O0H CH=CHCH,0H

Fig.4.44 Monomeric components of lignin: (a) frans-coniferyl alcohol, (b) trans-sinapyl alcohol, (¢) trans-p-coumaryl alcohol

Pentosans/Hemicelluloses

Pentosans and hemicelluloses are groups of non
—starch and non-cellulosic polysaccharides
which are widely distributed in plants.
Hemicelluloses are water insoluble polysaccha-
rides and pentosans are water soluble non-stra-
chy polysaccharides (D’ Appolonia et al. 1971).
Hemicelluloses are structural plant polysaccha-
rides that are mostly composed of non-glucose
containing sugars. They are classified based on
the carbohydrate sugars in the polymer. Sugars in
hemicelluloses can be xylose, arabinose, man-
nose or galactose. The hemicelluloses generally
contain polymers of two to four different sugar
units. Cereals are common sources of hemi-cel-
luloses and pentosans. Arabinose and xylose are
the primary pentoses found in pentosans and
hemicellulose. Hexose units include glucose,
galactose, rthamnose, glucuronic acid and 4-)-
methyl-D-glucuronic acid.

In wheat flour the pentosans are arabinoxylans
as shown in Fig. 4.43. The hemicelluloses in
wheat contain 59% L-arabinose, 38.5% D-xylose,
and 9% D-glucuronic acid. It is a highly branched
with arabinose on the side chains and an acidic

polysaccharide core with seven to eight xylopy-
ranose units and a one D-glucuronic acid attached
by a 1 — 2 linkage at the branch point.

The water-soluble pentosans are highly
branched, highly viscous, and gel forming.
Because of these properties, it is thought that the
pentosans may contribute to the structure of
bread dough. Hoseny (1984) has described the
functional properties of pentosans in baked
foods. One of the more significant properties is
due to the water-soluble pentosans, which form
very viscous aqueous solutions. These solutions
are subject to oxidative gelation with certain oxi-
dizing agents. The cross-linking of protein and
polysaccharide chains creates high molecular
weight compounds that increase the viscosity and
thereby change the rheological properties of
dough. Wheat flour contains 2-3% arabinox-
ylans. These water soluble pentosans are viscous
and gel forming. Wheat flour contains 2-3% of
water soluble and insoluble pentosans. The solu-
ble portion represents about 0.5-0.8% of the dry
weight of the flour. It is estimated that the pento-
sans absorb about one third of the water in a nor-
mal dough. Treatment of doughs with pentosanase
hydrolyzes the pentosans to oligomers and mono-
mers of arabinose and xylose thereby drastically
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reducing the viscosity of the dough and reducing
bake time for cookies and crackers. Pentosanase
treatment is also important in reducing the vis-
cosity of low/no fat doughs.

Lignin

Although lignin is not a polysaccharide, it is
included in this chapter because it is a component
of dietary fiber and an important constituent of
plant tissues. Lignin is present in mature plant
cells and provides mechanical support, conducts
solutes, and provides resistance to microbial deg-
radation (Dreher 1987). Lignin is always associ-
ated in the cell wall with cellulose and
hemicelluloses, both in close physical contact but
also joined by covalent bonds. Lignins are defined
as polymeric natural products resulting from
enzyme-initiated dehydrogenative polymerization
of three primary precursors: trans-coniferyl, trans-
sinapyl, and frans-p-coumaryl alcohol (Fig. 4.44).
Lignin occurs in plant cell walls as well as in
wood, with the latter having higher molecular
weights. Lignin obtained from different sources
differs in the relative amounts of the three constitu-

Fig.4.45 Molecular
structure of cyclodextrin
showing linkages

ents as well as in molecular weight. The polymeric
units have molecular weights between 1000 and
4000 Da. The polymeric units contain numerous
hydroxylic and ether functions, which provide
opportunities for internal hydrogen bonds. These
properties lend a good deal of rigidity to lignin
molecules. One of the problems in the study of lig-
nin composition is that separation from the cell
wall causes rupturing of lignin-polysaccharide
bonds and a reduction in molecular weight so that
isolated lignin is never the same as the in sifu lig-
nin (Sarkanen and Ldwig 1971).

Cyclodextrins

When starch is treated with a glycosyltransferase
enzyme (CGTase), (E.C. 2.4.1.19; CGTase)
cyclic polymers are formed that contain six,
seven, or eight glucose units. These are known as
a-, B-, and y-cyclodextrins, respectively. The
structure of B-cyclodextrin is shown in Fig. 4.45.
These ring structures have a hollow cavity that is
relatively hydrophobic in nature because hydrogen
atoms and glycosidic oxygen atoms are directed
to the interior. The outer surfaces of the ring are

0= H
!
HaC 6
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Table 4.18 Properties of the main cyclodextrins used in food products
Outer Cavity diameter (nm) | Cayity volume | Solubility, | Hydrate H,O
Cyclodextrin | Mass | diameter (nm) | Inner rim | Outer rim | (mL/g) g/kg H,O | Cavity |External
a, (glucose)s 972 |1.52 0.45 0.53 0.10 129.5 2.0 44
B, (glucose), | 1134 | 1.66 0.60 0.65 0.14 18.4 6.0 3.6
Y, (glucose)s | 1296 | 1.77 0.75 0.85 0.20 249.2 8.8 5.4

Source: From Sabadini 2006; http://www 1.1sbu.ac.uk/water/cyclodextrin.html#r915

Fig.4.46 Structures of «, 3 and y cylodextrins

hydrophilic because polar hydroxyl groups are
located on the outer edges. The hydrophobic
nature of the cavity allows molecules of suitable
size to be complexed by hydrophobic interaction.
These stable complexes may alter the physical
and chemical properties of the guest molecule.
For example, vitamin molecules could be com-
plexed by cyclodextrin to prevent degradation.

Other possible applications have been described
by Pszczola (1988). A disadvantage of this method
is that the complexes may become insoluble. This
can be overcome by derivatization of the cyclo-
dextrin, for instance, by selective méthylation of
the C2 and C3 hydroxyl groups (Szejtli 1984).
Cyclodextrins have many applications in the
food industry (Astray et al. 2009). The three most
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widely used cyclodextrins contain six, seven, or
eight D-glucopyranonsyl residues (a-, -, and
y-cyclodextrin respectively) linked in a ring by
a-1 — 4 glycosidic bonds. The glucose residues
have the *C,(chair) conformation. All three cyclo-
dextrins have similar structures differing only in
number of glucose residues (Table 4.18). Their
shape is like a bottomless bowl. The molecule is
stiffened by hydrogen bonding between the 3-OH
and 2-OH groups around the outer rim.

The different chain lengths of the polymers
result in different dimensions of the cavities. The
cavities have different diameters dependent on the
number of glucose units (empty diameters between
anomeric oxygen atoms illustrated in Fig. 4.46.
The side rim depth (shown below in the diagrams)
is the same for all three (at about 0.8 nm).

Cyclodextrin rings have a wider rim with the
2- and 3-OH groups and the narrower rim with
6-OH group on its flexible appendage. The
hydrophilic groups are on the outside of cyclo-
dextrin and the inner surface is hydrophobic lined

oM
L
Molecular Weight Distribution
(by Sephadex dwr%
Molecular Weight Range .
162- 5,000 88.7 P
5.000-10,000 10.0
10.000-16,000 1.2
16,000-18,000 0.1

with the ether-like anomeric oxygen atoms and
the C3-H and C5-H hydrogen atoms. The hydro-
phobic cavity contains about 3 (a-DC), 7 (-DC)
or 9 (y-DC) poorly held and easily displaceable
water molecules. The hydrophilic cyclodextrin
molecules may bind non-polar suitably-sized ali-
phatic and aromatic compounds such as aroma
compounds and lipophilic drugs in the hydropho-
bic cavity. They may bind in 1:1, 2:1 and 1:2
ratios dependent on the molecules involved (for
example, two molecules of y-cyclodextrin bind
well to single Cgy-fullerene molecules (Buvari-
Barcza et al. 2001). Such binding also allows
cyclodextrins to be used to increase the water
solubility of normally hydrophobic compounds
or minimize undesirable properties such as odor
or taste in certain food additives. Cyclodextrin
complexes are now widely used in the pharma-
ceutical, food and cosmetic and toiletry fields
(Hedges 1998).

The cyclodextrins, by themselves, are natural,
non-toxic additives. The hydroxyl groups may be

Fig.4.47 Hypothetical structure of polydextrose repeating unit
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derivatized to modify the specificity, physical and
chemical properties of the cyclodextrins. The
6-OH groups are most easily derivatized.

Polydextrose

Polydextrose is synthetically produced low calo-
rie polymer. It is produced by a random transgly-
cosylation polymerization of glucose with minor
amounts of sorbitol and citric acid. Polydextrose
is a randomly bonded condensation polymer of
glucose. It is synthesized in the presence of minor
amounts of sorbitol and citric acid. The polymer
contains all possible types of linkages between
glucose monomers, resulting in a highly branched
complex structure (Fig. 4.47). Because of the
material’s unusual structure, it is not readily bro-
ken down in the human intestinal tract and there-
fore supplies only 1 calorie per g. It is described
as a bulking agent and can be used in low-calorie
diets. It provides no sweetness. When polydex-
trose use is combined with artificial sweeteners, a
reduction in calories of 50% or more can be
achieved (Smiles 1982).

OH
... I
0 c=0
o)
HO
H
OH O ?'C 3
0 c=0
o)
HO _
OH O (I)
0 ¢c=o0
0
HO
oH O

Fig.4.48 A repeating segment of galacturonic acid units
in pectin. Source: Reprinted with permission from
D.G. Oakenfull, The Chemistry of High Methoyxl Pectins,
in The Chemistry and Technology of Pectin, R.H. Walter,
ed., p. 87, © 1991, Academic Press

Pectins

The middle lamellae of plant cell walls contain
pectic materials that serve to cement the cellu-
losic network and help control the movement of
water. These pectic materials can be attached to
cellulose fibers and/or xyloglucans through gly-
cosidic bonds. When heated under acidic condi-
tions the pectin substances are hydrolyzed to form
pectin and as the reaction continues they become
soluble pectin. As fruit ripens similar hydrolysis
takes place. Pectin is primarily composed of
repeating units of a-1 — 4-galacturonic acid. The
structure is a homologous polymer of 1 — 2-a-D-
galactopyranosyluronic acid (Fig. 4.48). Pectins
can also contain o-D-galactouronan which is a
heteogenious section formed by repeating units of
1 — 2-a-L-rhamnosyl-(1-L)a-D-galactosyluronic
acid. The main blocks in pectin are branched
galacturonan chains that are periodically inter-
rupted with rhamnose units which causes bending
in the chain. The rhamnose units can carry many
sidechain units. The branched units alternate with
unbranched blocks. The rhamnose in the branched
blocks form galactan and arabinan blocks or ara-
binogalactan side chains form through a 1 — 4
linkage with the rhamnose. The galacturonic acid
is partially esterified with methyl groups, and the
degree of esterification varies among plant spe-
cies. Pectins are all similar but various species
exhibit differences in chain length, degree of
esterification and in some cases other sugars will
be on the side chains. The number of units
between branch points ranges from 8 to 20
residues.

The most important factors in determining
properties are chain length and degree of meth-
ylation. Pectins range from 9 to 12% methyl
esters, although the theoretical maximum would
be 16%, no pectin has been reported with that
extent of methyoxylation. Treatment of pectin
with alkali results in hydrolysis of the methyl
esters. Complete hydrolysis of the esters results
in forming pectic acid which is completely
insoluble.

In the presence of calcium ions, sugar and acid
pectin forms gels. These gels are three dimen-
sional networks of pectins that bind large amounts
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of water. The pectins for this purpose should be
branched and form interchain associations
through hydrophobic, hydrogen or ionic bonds.
The ability to form these gels is controlled by the
composition of the side chains, degree of polym-
erization, composition of the side chains and
degree of methylation.

Two types of pectins are commonly used in
foods. They are referred to as High methoxy-
(HM) and Low methoxy- (LM) based on degree
of methylation. HM pectin has 50-80% of the
acid sites esterified with methyl esters and the
LM has 25-50% esterification. The HM forms
acid gels and the LM forms gels with Calcium
ions acting as bridges between exposed carbox-
ylic acid groups. For HM gels to form stable gels
they require the pH to be below 3.6 and the sugar
content to be at least 55% by weight. The HM
gels are formed as a result of hydrogen and
hydrophobic bonding that are stabilized as a
result of the high sugar concentration which acts
as a dehydrating agent in the system.

Commercially pectins are graded based on the
quantity of sugar required to gel one part pectin
to an acceptable firmness. Common conditions
for establishing pectin grades are pH 3.2 to 3.5,
sugar 65 to 70% and pectin from 0.2 to 1.5%.
Commercial pectin grades range from 100 to 500.
The degree of methylation in Rapid Set pectin is
over 70%. The pectin gels form at a pH 3.0 to 3.4.
The gel strength is determined by chain length:
the longer the chain the firmer the gel. Degree of
methylation does not have a significant effect on
gel strength. Slow set pectin has a degree of
methylation of 50-70% in a pH range from 2.8 to
3.2. These pectins form gels at lower tempera-
tures than the rapid set. LM pectins form gels
with Calcium ions and are not influenced signifi-
cantly by sugar or pH. Gel strength is dependent
on degree of methylation and molecular weight.

The gel formation of pectin (homogalacturo-
nan) with calcium ions is one of the most com-
mon uses of pectin in foods. The gel is formed
when calcium ions interact with the free carbox-
ylic acid groups on the galacturonan polymer.
These pectin gels are used in jams, jellies, con-
fections, desserts, and dairy products such as
yogurt. The degree gelatinization and the strength

Table 4.19 Pectin levels in selected fruits and vegetables
by two studies

Campbell and Palmer 1978 | 7ilversmit
Product Range Average etal. 1979
Apples 0.71-0.84 0.78 0.78
Apricots 0.71-1.32 1.02 1.00
Bananas 0.59-1.28 0.94 0.94
Beans 0.27-1.11 0.69 0.70
Blackberries | 0.68-1.19 0.94 0.94
Carrots 1.17-2.92 2.04 2.00
Cherries 0.24-0.54 0.39 0.39
Dewberries 0.51-1.00 0.76 nl*
Grapes 0.09-0.28 0.19 0.19
Grapefruit 3.30-4.50 3.90 3.90
Lemons 2.80-2.99 2.90 2.90
Loganberries | 0.59 0.59 0.59
Oranges 2.34-2.38 2.36 2.36
Raspberries | 0.97 0.97 0.97
Squash 1.00-2.00 1.50 nl
Sweet 0.78 0.78 0.78
Potatoes

nl® not listed

of the pectin gel is determined by the ratio of free
carboxylic acids to methyl esters. Furthermore,
the occurrence of more free carboxylic acid
groups results in stronger gels.

The pectin content of fruits and vegetables
range widely as shown in Table 4.19. In juice
manufacture pectin can present problems,
because it holds water and reduces the amount of
juice that can be extracted. This is frequently
resolved by adding pectinases to hydrolyze the
pectins in the juice extract.

Pectin is one of the most versatile stabilizers
and gelling agents in food applications.
Traditionally, pectin was primarily used in the
production of jams and fruit jellies in low as well
as high sugar products. It helps develop the
desired texture, helps keep fruit distributed in the
product and prevents water migration to the sur-
face. Some typical applications are listed below:

Bakery fillings and toppings
— Fruit preparations for dairy applications
e Fruit applications
— Jams, jellies, and desserts
e Dairy application
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Table 4.20 Structure function properties and applications of polysaccharides

Polysaccharide source

Molecular structure

Function

Applications

Agar Red seaweeds

Sulfated polymers of (1 — 3)-p-D-

Gelation

Confections, dairy, meat

(Gelidium) Galactose and (1 — 4)-3,6-anhydro-o- | 17 yjyo —Non-digestible | products

L-Galactose alternating; pyruvate and

methyl side chains
Carboxymethyl HO,C-CH,—group ether linked to Water retention, Ice cream, syrups, meat
cellulose Modified 0-6 of the linear (1 — 4)-f-D-glucose | stabilizer thickener products, cakes

cotton cellulose

polymer

In vivo—

Carageenans

Red Seaweed
(Gracilaria,
Gigartina,
Eucheuma

Sulfated polymers of (1 — 3)-p-D-
Galactose and (1 — 4)-3,6-anhydro-a-
D-Galactose alternating; pyruvate and
methyl side chains

Gelation, thickener
Stabilizer

In vivo —-Non-digestible

Ice cream, desserts,
instant pudding,
dressing, meat products

Guar Gum/Guar
seeds

Locust Bean Gum/
Locust bean

Linear f-D-(1 — 4)-manan changes
appended with a-D-galactose side
chains

Water retention,
stabilizer, viscosity,
retards ice crystal growth

In vivo—bulking agent
~2 keal/g

Ice Cream, milk
products, desserts,
bread, cakes, icings,
sauces

Gum Arabic Stems
of Acacia senegal

L-Arabino-(1 — 3)and (1 — 6)-p-D-
galactan, branched with L-rhamnose
and D-galacturopnic acid

Emulsifier,
encapsulation, thickener

Reduces surface tension,
increases fizzing in
carbonated beverages

In vivo—nearly 100%
digestible

Confections, dairy, meat
products, beverages

Pectins Citrus, apple
etc.

Partially esterified with methyl groups
or acetylated Linear and branched
(1 = 4)-a-D-galacturonic acid,;

Gelation, stabilizer,
thickener

In vivo —

Jams, Jellies, Preserves,
dairy, confections,
beverages

Xanthan gum

Xanthomonas
campestris

Cellulosic backbone with D-mannose
and D-galacturonic acid side chains;
Mannose is pyruvylated and
acetylated

Thickener, stabilizer

In vivo—Non-digestible

Dairy, dressings,
beverages

— Acidified milk and protein drinks

gelling,

stabilizing,

and suspending agents.

— Yoghurts (thickening)
e Confectionery
— Fruit jellies
— Neutral jellies
* Beverages
* Nutritional and Health Products
e Pharmaceutical and Medical Applications

Gums

This large group of polysaccharides and their
derivatives is characterized by its ability to give
highly viscous solutions at low concentrations.
Gums are widely used in the food industry as

Compounds in this group come from different
sources and may include naturally occurring
compounds as well as their derivatives, such as
exudate gums, seaweed gums, seed gums, micro-
bial gums, and starch and cellulose derivatives.
Table 4.20 lists the source and molecular
structure of many of the gums as well as other
polysaccharides (Stephen 1995). These polysac-
charides are extensively used in the food industry
as stabilizers, thickeners, emulsifiers, and gel
formers (Stephen 1995).

Gums have hydrophilic molecules, which can
combine with water to form viscous solutions or
gels. The nature of the molecules influences the
properties of the various gums. Linear polysac-
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charide molecules occupy more space and are
more viscous than highly branched molecules of
the same molecular weight. The branched com-
pounds form gels more easily and are more stable
because extensive interaction along the chains is
not possible. The linear neutral polysaccharides
readily form coherent films when dry, and they
are good coating agents. Solutions are not tacky.
Solutions of branched polysaccharides are tacky
because of extensive entangling of the side chains
and because the dried solutions do not form films
readily. The dried material can be more easily
redissolved than can the dried linear compounds.

Neutral polysaccharides are only slightly
affected by change in pH, and salts at low con-
centrations also have little effect. High salt con-
centration may result in removal of the bound
water and precipitation of the polysaccharide.
Some polysaccharides have long straight chains
with many short branches. Such compounds, for
example, locust bean gum and guar gum, com-
bine many properties of the linear and the
branched polysaccharides. Some gums have mol-
ecules containing many carboxyl groups along
the chains; examples are pectin and alginate.
These molecules are precipitated below pH 3
when free carboxyl groups are formed. At higher
pH values, alkali metal salts of these compounds
are highly ionized, and the charges keep the mol-
ecules in extended form and extensively hydrated.
This results in stable solutions. Divalent cat-ions

such as calcium may form salt bridges between
neighboring molecules, resulting in gel forma-
tion and—if much calcium is present—precipita-
tion. Examples of polysaccharides with strong
acid groups are furcellaran and carrageenan.
Both are seaweed extractives with sulfuric acid
ester groups. Because the ionization of sulfuric
acid groups is not reduced much at low pH, such
gums are stable in solutions of low pH values.

Gums can be chemically modified by intro-
duction of small amounts of neutral or ionic sub-
stituent groups. Substitution or derivatization to a
degree of substitution (DS) of 0.01 to 0.04 is
often sufficient to completely alter the properties
of a gum. The effect of derivatization is much
less dramatic with charged molecules than with
neutral ones.

Introduction of neutral substituents along the
chains of linear polysaccharides results in
increased viscosity and solution stability. Some
of the commonly introduced groups are methyl,
ethyl, and hydroxymethyl. Acid groups can be
carboxyl, introduced by oxidation, or sulfate and
phosphate groups. Introduction of strongly ion-
ized acid groups may make the polysaccharides
mucilaginous.

Gum Arabic

Gum arabic is a dried exudate from acacia trees.
It is a neutral or slightly acidic salt of a complex
polysaccharide containing calcium, magnesium,

CH.OH CH.0H

oH O, o= O
OH OH

OH OH
CH;OH CH;0 CH.OH CH3 CH;OH
O o o) ° O o O o
N
s o= o oM oH OH oH OH oH

Fig.4.49 Galactomannan structure found in Guar and locust bean



Polysaccharides

219

and potassium anions. The molecule exists in a
stiff coil with many side chains and a molecular
weight of about 300,000 Da. The molecule is
made up of four sugars, L-arabinose, L-rhamnose,
D-galactose, and D-glucuronic acid. It is one of
the few gums that require high concentration to
give increased viscosity and is used as crystalli-
zation inhibitor and emulsifier. Gum arabic forms
coacervates with gelatin and many other
proteins.

Guar and Locust Bean
Guar and locust bean gums are composed of
galactomannan polymers, which give solutions
of high viscosity and low polymer concentration,
but each has its own characteristics. The galacto-
mannan polymers are composed of «
(1 — 4)-p-linked D-mannan polymer which is
appended with single units of (1 — 6)-a-linked
galactopyranosyl side chains as shown on
Fig. 4.49. Because of the extent of branching the
galactomannans are resistant to crystallization.

Locust bean gum is obtained from the carob
bean (Ceratonia Siliqua), which is cultivated
exclusively around the Mediterranean. The com-
mercial gum contains 88% of D-galacto-D-
mannoglycan, 4% of pentoglycan, 6% protein,
1% cellulose, and 1% ash. The molecular weight
is about 310,000 Da, and the molecule is a linear
chain of D-mannopyranosyl units linked 1 — 4.
Every fourth or fifth D-mannopyranosyl unit is
substituted on carbon 6 with a D-galactopyranosyl
residue. Locust bean gum is known to form
tough, pliable films.

Guar gum is obtained from the seed of the
guar plant (Cyamopsis tetragonolubus) and is

Fig.4.50 Structure of —

agarose

more soluble than locust bean gum. It is a straight
chain of D-galacto-D-mannogly-can with many
single galactose branches. The D-mannopyranose
units are joined by -1 — 4 bonds, and the single
D-galactopyranose units are attached by a-1 — 6
linkages. The branches occur at every second
mannose unit. The compound has a molecular
weight of 220,000 Da, forms viscous solutions at
low concentration, and hydrates rapidly in either
hot or cold water. At concentrations of 2-3%,
gels are formed. Guar gum shows no incompati-
bility with proteins or other polysaccharides.
Guar gum forms tough, pliable films.

Marked synergistic interactions of galacto-
mannans with other specific polysaccharides can
occur (Dea et al. 1977). This interaction is sensi-
tive to the mannan/galactose (MQG) ratio and thus
the type of galactomannan. For example, locust
bean gum can form mixed gels with the ordered
helical structures of agars, carageenans, and xan-
than at polymer concentrations as low as 1 mg/
mL (Dea and Morrison 1975).

Agar

Agar is extracted from red algae of the class
Rhodophyceae. 1t is soluble in boiling water but
is insoluble in cold water. The gels are heat-resis-
tant, and agar is widely used as an emulsifying,
gelling, and stabilizing agent in foods. The gel
formation properties of agar are unique. At ele-
vated temperatures agarose exists in a “random
coil” disordered form, but on cooling forms
unique turbid, brittle gels at concentrations as
low as 0.04% w/w (Dea and Morrison 1975),
which exhibit a marked degree of thermal hyster-
esis (i.e., gelation takes place at temperatures far

oL Tor




220

below the gel-melting temperature). Molecular
weight determinations have given varying results.
Osmotic pressure measurements indicate values
from 5000 to 30,000 Da; other methods, as high
as 110,000. Agar is a mixture of at least two poly-
saccharides (Glicksman 1969): agarose, a neutral
polysaccharide with little or no ester sulfate
groups, and agaropectin with 5-10% sulfate
groups. The ratio of the two polymers can vary
widely. Agarose consists of a linear chain of aga-
robiose disaccharide units. The structure, as
shown in Fig. 4.50, indicates alternating 1 — 4
linked, 3,6-anhydro-L-galactose units and
al — 3 linked D-galactose units. Agaropectin is
a sulfated molecule composed of agarose and
ester sulfate, D-glucuronic acid, and small
amounts of pyruvic acid. In neutral solutions,
agar is compatible with proteins and other poly-
saccharides. At pH 3, mixing of warm agar and
gelatin dispersions cause flocculation. Some
gums, such as alginate and starch, decrease the
strength of agar gels. Locust bean gum can
improve rupture strain of agar gels several times.

Fig.4.51 Structure of
alginic acid

S DHob=
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Alginates

Alginate gums are salts of alginic acid and they
are obtained from the giant kelp Macrocystis pyr-
ifera or large, brown algae. Alginic acid is a
mixed polymer of anhydro 1 — 4-p-D-
mannuronic acid and L-guluronic acid (Fig. 4.51).
The most common form is sodium alginate. A
property of alginates which is of major impor-
tance both for their biological function as struc-
tural polysaccharides or food application is the
formation of strong, rigid gels on the addition of
divalent cations, usually Ca?* (Smidsrod 1974).
This functionality also underpins their thicken-
ing, suspending, emulsifying, stabilizing, gel-
forming, and film-forming properties in foods,
and their solubility in both hot and cold water.
When no divalent cations are present, solutions
have long flow properties. Increasing amounts of
calcium ions increase viscosity and result in short
flow properties.

Carrageenan

Extracted from Irish moss (Chondrus crispus), a
red seaweed, carrageenan consists of salts or sul-
fate esters with a ratio of sulfate to hexose units

OH

OH o) OH
O ’O O,-”

L m
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of close to unity. Three fractions of carrageenan
have been isolated, named «-, A-, and
1-carrageenan. The idealized structure of
k-carrageenan (Fig. 4.52) is made up of 1 — 3
linked galactose-4-sulfate units and 1 — 4 linked
3,6-anhydro-D-galactose units. Actually, up to
20-25% of the 3,6-anhydro-D-galactose units
can be sulfated at carbon 2 and some of the
anhydro-D-galactose may occur as galactose-
6-sulfate. The 6-sulfate group can be removed by
heating with lime to yield anhydro residues, and
this treatment results in greatly increased gel
strength. The major portion of A-carrageenan
consists of 1 — 3 linked galactose 2-sulfate and
1 — 4 linked galactose 2,6-disulfate (Fig. 4.53);
about 30% of the 1,3 galactose units are not sul-
fated. The 6-sulfate group can be removed with
lime treatment but does not result in gel forma-
tion. Iota-carrageenan consists mainly of 1 — 3
linked galactose 4-sulfate and 1 — 4 linked

3,6-anhydro-D-galactose 2-sulfate (Fig. 4.54). A
certain amount of 6-sulfate groups present can be
changed to 3,6-anhydro groups by alkali treat-
ment. The comparative properties of the three
types of carrageenan have been listed by
Glicksman (1969). Molecular weights of carra-
geenan vary from 100,000 to 800,000 Da.
Carrageenan can form thermally reversible gels
whose strengths and gelation temperatures are
dependent on the cations potassium and ammo-
nium. The mechanism has been visualized as a
zipper arrangement between aligned sections of
linear polymer sulfates, with the potassium ions
locked between alternating sulfate residues.
Other monovalent cations, such as sodium, are
not effective, probably because of larger ionic
diameter. At low concentrations, carrageenan can
alter the degree of agglomeration of caseinate
particles in milk. It is a highly effective suspend-
ing agent and is used to suspend cacao particles
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Fig.4.55 Chemical
composition of the
repeating unit of xanthan
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in chocolate milk at concentrations as low as
0.03%. Carrageenan is often used in combination
with starch. The two compounds form complexes
that have useful properties in foods. The com-
plexes permit a lowering of the starch content by
as much as 50% (Descamps et al. 1986). An
example of mixed gels combining carrageenan
and whey protein has been described by Mleko
et al. (1997). Optimal gelation occurred at pH 6
to 7. The shear stress value of whey protein iso-
late at 3% concentration was significantly
enhanced by the presence of 0.5% k-carrageenan.

Xanthan

Xanthan, is the extracellular polysaccharide from
the plant pathogen Xanthomas campestris, is one
of the most commercially important water-solu-
ble polymers. It was discovered by USDA-ARS
scientist Allene Rosalind Jeanes, and brought
into commercial production by Kelco in the early
1960s (Whistler and BeMiller 1973). It has a
pentasaccharide repeating unit (Jansson et al.
1975; Melton et al. 1976) in which charged tri-
saccharide sidechains, which solubilize the poly-
mer, occur on alternate glucose residues of a
cellulose-like backbone, giving rise to a highly
branched molecule (Fig. 4.55). In solution, xan-

C OKoH oH
/\0 HO

than has an ordered conformation (helix) (Morris
et al. 1977). The technological use of xanthan as
a commercial polysaccharide centers on its
unusual solution properties such as its large vis-
cosity increment in the presence of low molecu-
lar weight salts (Whitcomb et al. 1977) and
having the ability to flow freely with a tenuous,
gel-like structure at rest, which is capable of
holding particles in suspension over long periods
of storage time, for example, in salad dressings.

Dietary Fiber

Originally, the fiber content of food was known
as crude fiber and defined as the residue remain-
ing after acid and alkaline extraction of a defat-
ted sample. During the 1970s, the physiological
effect of dietary fiber began to attract attention
(Ink and Hurt 1987) and the need for better meth-
ods for the determination of fiber became appar-
ent. Dietary fiber can be defined as a complex
group of plant substances that are resistant to
mammalian digestive enzymes. Because the defi-
nition is based on physiological properties rather
than common chemical properties, the analysis
of dietary fiber is not simple. Included in the defi-
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Fig.4.56 Association SAMPLE
of Official Analytical OEFATTED; DRIED; MILLED
Chemists (AOAC) l
method for the
determination of total PREPARED MATERIAL PLUS BLANK
dietary fiber. Source:
Reprinted with
permission from AOAC
Collaborative Study, THERMAL TREATMENT
Total Dietary Fiber BOILING
Method, © 1984,
Association of Official STEP1
Analytical Chemists

PROTEASE

60°C

STEP 2
AMYLOGLUCOSIDASE
80°C
STEP 3
ETHANOL SATURATION
FILTER
DIGESTED RESIDUE
WASH: VACUUM DRY
CRUDE TOTAL DIETARY FIBER
SUBTRACT ASH, PROTEIN,
AND BLANK
TOTAL DIETARY FIBER

nition of dietary fiber are cellulose, hemicellu-
lose, lignin, cell wall components such as cutin,
minerals, and soluble polysaccharides such as
pectin. A method for determining total dietary
fiber (TDF) that is based on enzymatic digestion
has been accepted by the Association of Official
Analytical Chemists (AOAC 1984) and is recog-
nized for labeling food products. To determine
the calorie content of a food, the TDF can be sub-
tracted from the total carbohydrate content. The
AOAC method for total dietary fiber is outlined
in Fig. 4.56.

Earlier literature refers to crude fiber, which
consists of part of the cellulose and lignin only.
This method is now obsolete. The dietary fiber
content of foods is usually from 2 to 16 times
greater than the crude fiber content. Examples of

Table 4.21 Differences between crude fiber (CF) and
total dietary fiber (TDF) in some plant materials g/100 g

Plant material CF TDF Ratio
Cellulose 72.5 94.0 1:1.3
Pea hulls 36.3 51.8 1:1.4
Corn bran 19.0 88.6 1:4.7
Distiller’s dried grains 10.9 45.9 1:4.2
White wheat bran 8.7 36.4 1:4.2
Citrus pulp 14.4 24.8 1:1.7

Source: Reprinted with permission from M.L. Dreher,
Handbook of dietary Fiber: An Applied Approach, p. 58
1987. By courtesy of Marcel Dekker, Inc.

the difference between the two measurements are
given in Table 4.20. One of the first alternative
methods was the acid detergent fiber (ADF)
method developed by van Soest (1963). In
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Fig.4.57 Furda method
for the determination of
insoluble and soluble
dietary fiber. Source:
Reprinted with
permission from

I. Furda, Simultaneous
Analysis of Soluble and
Insoluble Dietary Fiber,
in The Analysis of
Dietary Fiber in Food,
W.P.I. James and

O. Theander, eds., 1981.
By courtesy of Marcel
Dekker, Inc.

RESIOUE

INSOLUBLE DIETARY
FIBER (IOF)

this procedure, hemi-cellulose is completely
extracted, and the residue contains lignin and cel-
lulose. Thereafter, neutral dietary fiber (NDF)
methods were developed. These methods
measure cellulose, hemicellulose, lignin, cutin,
minerals, and protein, but do not account for sol-
uble polysaccharides such as pectins. One of
these methods, enzyme-modified neutral deter-
gent fiber (ENDF), has been approved for the
determination of insoluble dietary fiber. Chemical
methods of determining TDF are known as
Southgate type methods (Southgate 1981). This
procedure measures cellulose, lignin, and soluble

4 Carbohydrates
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SOLUBLE DIETARY FIBER (SOF)

and insoluble non-cellulose polysaccharides
(NCP) in terms of hexose, pentose, and uronic
acid units. Examples of the determination of
TDF by the Southgate method are listed in
Table 4.21. Finally, enzymatic gravimetric meth-
ods were developed and adopted to determine
TDF in food. In these methods the defatted sam-
ple is treated with enzymes to degrade proteins
and starch. Starch removal is an essential step in
these procedures. The various steps evolved in
the AOAC method for the determination of total
dietary fiber are shown in Fig. 4.56, which shows
there is no separation of soluble and insoluble
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Table 4.22 Total dietary fiber (TDF) and components as determined by the southgate method (g/100 g dry weight)

Noncellulose polysaccharides
Fiber source Hexose Pentose Uronic acid Cellulose Lignin TDF
Wheat bran 6.9 20.9 1.5 7.6 29 39.8
Rye biscuit 7.9 8.0 0.5 2.5 0.9 19.8
Dried apple 1.3 1.8 2.7 32 1.0 10.0
Citrus pectin 7.6 7.0 77.3 1.6 - 93.5
Potato powder 11.8 1.3 0.8 3.6 - 17.6
Soya flour 3.3 3.8 1.6 2.1 0.3 11.1

Source: Reprinted with permission from M.L. Dreher, Handbook of Dietary Fiber: An Applied Approach, p. 66, 1987.
By courtesy of Marcel Dekker, Inc.

Table 4.23 Composition of
American Association of
Cereal Chemists (AACC)—
certified food-grade wheat
bran

Component %

Acid detergent fiber 11.9
Neutral detergent fiber 40.2
Total dietary fiber 42.4
Protein 14.3
Lipid 5.2
Ash 5.1
Moisture 10.4
Lignin 32
Pectin 3.0
Cutin 0.0
Total starch 17.4
Total sugar 7.0
Pentosan 22.1
Phytic acid 34

Source: Reprinted with permission from M.L. Dreher,
Handbook of Dietary Fiber: An Applied Approach, p. 82,
1987. By courtesy of Marcel Dekker, Inc.

Table 4.24 Overview of dietary fiber methods

Method

Portion removed during analysis

Fiber components determined by method

Crude fiber (CF)

80% lignin, 85% hemicellulose, and
20-60% cellulose

Remainder of the lignin, hemicellulose,
and cellulose

Acid detergent fiber (ADF)

Solubilizes cellular components (starch,
sugars, fat, nitrogen compounds, and
some minerals) plus hemicellulose

Cell wall components, except
hemicellulose, as one unit

Neutral detergent fiber (NDF)
or enzyme-modified NDF

Solubilizes cellular components:
soluble fiber

Cell wall components as one unit

NDF-ADF

Hemicellulose

72% sulfuric acid (Klason Cellulose Lignin, insoluble nitrogen compounds,
lignin) cutin, silica
Permanganate oxidation Lignin Lignin (loss in weight)

Southgate-type methods
(unavailable carbohydrate)

Solubilizes cellular components;
hydrolysis starch

Individual chemical components (including
soluble and insoluble polysaccharides) =
total dietary fiber (TDF)

Enzymatic methods

Solubilizes cellular components;
hydrolysis starch and protein

TDF (indigestible residue); isolation
soluble and insoluble fractions

Fractionation methods

Isolation and determination of individual
components

Source: Reprinted with permission from M.L. Dreher, Handbook of Dietary Fiber: An Applied Approach, p. 106, 1987.
By courtesy of Marcel Dekker, Inc.
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fiber. The method developed by Furda (1981) and
shown in Fig. 4.57 provides for separation of
soluble and insoluble fiber. The TDF content of
some foods as determined by the AOAC method
are listed in Table 4.22. The American Association
of Cereal Chemists (AACC) makes available a
certified standard for reference purposes. The
composition of the AACC wheat bran standard is
listed in Table 4.23 and illustrates the complexity
of what is now known as dietary fiber. An over-
view of different methods for fiber determina-
tions is presented in Table 4.24 (Dreher 1987).

One of the beneficial effects of dietary fiber is
its bulking capacity, and the water-holding capac-
ity of the gums plays an important role in this
effect.

Dietary fiber, as now defined, includes the fol-
lowing three major fractions:

1. Structural polysaccharides—associated with
the plant cell wall, including cellulose, hemi-
cellulose, and some pectins

2. Structural nonpolysaccharides—mainly lignins

3. Nonstructural  polysaccharides—including
the gums and mucilages (Schneeman 1986).
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Minerals

John W. Finley and John M.deMan

Introduction

In addition to the major components, all foods
contain varying amounts of minerals. The min-
eral material may be present as inorganic or
organic salts or may be combined with organic
material, as the phosphorus is combined with
phosphoproteins and metals are combined with
enzymes. More than 60 elements may be pres-
ent in foods. It is customary to divide the min-
erals into two groups, the major salt components
and the trace elements. The major salt compo-
nents include potassium, sodium, calcium,
magnesium, chloride, sulfate, phosphate, and
bicarbonate. Trace elements are all others and
are usually present in amounts below 50 parts
per million (ppm). Dietary elements in the die
can be divided into four basic categories as
found in Table 5.1.

A total of 90 naturally occurring elements are
found in the earth’s crust. Approximately 25 ele-
ments are essential for life and are found in living
cells. Because most of our diet is derived from
living material these essential elements are found
in foods in our diet. Foods can also contain non-
essential nutrients and toxic elements which
often come from contamination during produc-
tion, harvesting, processing and preparation. The
essential elements for humans can be seen on the
naturally occurring portion of the periodic table
shown in Fig. 5.1.

© Springer International Publishing AG 2018

Mineral elements are present in many forms n
foods including chemical compounds, complexes
and ionic forms (van Dokkum et al. 1989). The
diversity of chemical properties among mineral
elements and the vast number of chemical changes
that can occur during processing and storage,
results in a very large number of mineral species in
foods. Many of the mineral species that occur in
foods are unstable making it difficult to isolate and
characterize specific mineral species in food.

All biological systems contain water and most
nutrients are delivered and metabolized in an
aqueous environment. Most of the availability
and reactivates of minerals are dependent on sol-
ubility in water. Generally, the minerals must be
in ionic or complexed forms because pure ele-
mental minerals are not absorbed by animals.
The forms of the elements depend on the specific
chemical properties of the element. For example,
the highly water soluble elements Na*, K*, CI-,
and F-, exist in ionic forms in food. Most other
minerals are found as complexes, chelates, or
oxygen containing anions.

Much of the chemistry of minerals in food and
nutrition can be described in terms of acid/base
chemistry. The Bronsted theory of acid base
chemistry states:

A Bronsted acid is any substance capable of
donating a proton.

A Bronsted base is any substance capable of
accepting a proton.

231

J.M. deMan et al., Principles of Food Chemistry, Food Science Text Series,

https://doi.org/10.1007/978-3-319-63607-8_5



232

5 Minerals

Table 5.1 Elements in human diets

Essential human elements > 50 mgl/day

Essential trace elements < 50 mg/day

Na, K, Ca, Mg, C1, P

Fe, Cu, I, Co, Mn, Zn, Cr, Ni, Si, F, Mo, Se

Nonnutritive nontoxic elements

Toxic elements

Al, B, and Sn Hg, Pb, As, Cd, and Sb
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Fig.5.1 Periodic table of naturally occurring elements

Foods contain many naturally occurring acids
or bases naturally occurring in foods or as and
phosphoric or hydrochloric are common inor-
ganic acids in foods. Phosphoric acid is a com-
mon ingredient in foods and represents a tri basic
acid because it contains three available protons
for donation.

H,PO, 2 H,PO,” +H" pK, =222
H,PO,” 2 HPO,” +H" pK, =7.10
HPO,”” 2 PO,” +H"  pK, =12.40

The multiple pK values of phosphoric acid
make it useful as a buffering agent and for pH
control in many foods and beverages.

The Lewis Theory of acids and bases is based
on electrons rather than protons (Shriver et al.
1994):

A Lewis acid is an electron pair acceptor.

A Lewis base is an electron pair donor.

The conventional expression of a Lewis acid base
reaction is:

A+:B—>A-B

. Shaded atoms are of nutritional significance

In the Lewis Theory A must possess unpaired
electrons and B must have unpaired electrons.
The interaction or bonding occurs when the
orbitals of A and B interact to form new molec-
ular orbitals. The stability of the new complex
depends on the reduction in energy that occurs
when the new molecule is formed. The product
of Lewis A and B molecules combining is gen-
erally referred to as a complex. Understanding
these interactions is key because metal cations
in foods are classified as Lewis acid which are
bound to Lewis bases. The products from the
reaction to metal cations and various molecules
in food products range from metal hydrates to
metal containing components such as hemoglo-
bin and chlorophyll and metalo-enzymes. The
number of Lewis base molecules that can bind
to a metal ion is independent of the charge on
the metal. The number of potential binding
molecules is referred to as the coordination
number which can range from 1 to 12, with 6
being the most common number. For example
when the Fe** ion is in water it binds six water
molecules forming an octahedron structure as
illustrated in Fig. 5.2.
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H,0

Fig.5.2 Ferric ion in acidic conditions, coordinated with
six water molecules in an octahedral arrangement

The electron donating species are referred to
as ligands. A ligand must contain an oxygen
donating atom generally they are Oxygen,
Nitrogen or Sulfur atoms in an organic mole-
cule. The ligands are classified by the number of
bonds they can share with a metal ion. The sta-
bility of the complexes is expressed as stability
constant or formation constant, shown below
the metal ligand complex can be represented
was M for metal ion, L, for the number of
ligands and K, is the stability or formation con-
stant (Shriver et al. 1994).

M

L
M+L 2 ML K, =—7>r"—
N (VN

The stability constants or Log K for some typ-
ical metal complexes are listed in Table 5.2.

Many food components can form ligands for
metal ions, including water, carbohydrates, pro-
teins, phospholipids and organic acids. Figure 5.3
illustrates the mon-dentate formation with water
and homogeneous and heterogonous dentate with
oxalate and glycine respectively.

The stabilities pf Lewis acid and base com-
plexes are proportional to the driving force of the
reaction. The reaction is described quantitatively
by the Gibbs free energy equation:

AG = AH-TAS.
where AG is the free energy in the reaction

system, AH is the enthalpy change, T is the abso-
lute temperature and AS is the entropy change.

When AG is negative reactions will occur sponta-
neously, and become more favorable as AG
becomes more negative. For a spontaneous reac-
tion to occur enthalpy must decrease or entropy
must increase. A decrease in enthalpy represents
a decrease in the electronic energy of the system.
An increase in entropy means that there is an
increase in the randomness of the system.

A chelate is a complex that forms when a
multi-dentate ligand forms two or more bonds
with a metal ion. This results in a ring structure
which includes the metal ion. For this to occur
the chelating ligand must contain at least two
functional groups capable of donating electrons.
These ligands must be spatially close enough so
that when the metal is included a ring can form.
Chelates are more thermodynamically stable than
other simple complexes.

Kratzer and Vohara described critical factors
for the formation of chelates:

1. Five and six membered saturated rings tend to
be more stable than smaller rings

2. The greater the number of rings in a chelate
the greater the stability

3. Stroger Lewis bases tend to form stronger
chelates

4. Charged ligands
uncharged ligands

5. Relative strengths of ligand bonds:
Oxygen as donor: H,O > ROH > R,0
Nitrogen as donor: H;N > RN, > R;N
Sulfur as donor: R,S > RSH > H,S

6. Enhanced resonance in the chelate increases
stability

7. Large bulky ligands are less stable chelators

are more stable than

Chelates are effected by many factors in com-
plex systems like foods. The concept of the
Gibb’s free energy can be a useful predictor of
stability. This can be seen in the comparison of
Cu* complexing with ammonia or ethylene
diamine (Shriver et al. 1994).

Cu(H,0)." +NH, - [ Cu(H,0), (NH,), ]2* +H,0

(AH =—46kJmol™"; AS=-8.4JK 'mol™" and logK = 7.7)

Cu(H,0); +NH,CH,CH,NH, [ Cu(H,0), (NH,CH,CH,NH, )| +2H,0

(AH =—kJmol';;DS = +23JK "'mol ';;logK = 10. 1)
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Table 5.2 Major mineral content of some foods
Food Na K Ca Fe? P
mg/100 g food
Whole milk 371 1330 912 0.47 776
Butter (unsalted) 11 24 24 0.02 24
Cheddar cheese 653 76 710 0.14 455
Monterey cheese 781 81 705 0.72 444
Yogurt skim milk 77 255 199 0.09 157
Egg whole 142 138 56 1.75 99
Egg white 166 163 7 0.08 15
Beef carcass 59 267 1.83 154
Pork carcass 42 253 19 0.69 155
Chicken meat only raw 77 229 12 0.89 173
Turkey whole meat raw 118 235 11 0.86 190
Fish Cod raw 54 413 16 0.38 203
Fish Tuna Yellowfin 45 441 4 0.77 278
Corn flour yellow whole 5 315 7 2.38 272
Wheat whole grain 363 34 3.6 357
Asparagras 2 202 24 2.16 70
Broccoli raw flowers 27 325 48 0.88 66
Carrots, baby raw 78 237 32 0.89 28
Kale, raw 38 491 150 1.47 92
Onions, raw 146 23 0.21 29
Peas raw 5 244 25 1.47 108
Potatoes fresh raw 425 12 0.81 425
Black beans 5 1483 123 5.02 352
Kidney beans, raw 12 1359 83 6.69 406
Apple Fuji raw 1 109 7 0.11 13
Orange, Raw Florida 0 169 43 0.09 12
Peach raw 0 190 9 0.32 31
Digiorno pepperoni pizza 663 268 209 0.9 268
McDonalds Double Cheeseburger 668 216 178 2.24 166
KFC Original Thigh with breading 781 237 64 0.88 230
ron discussed below as a trace element
Monodentate M*---- O/ Water Both complexes have a single Cu*? and two
AN Nitrogens, yet the ethylenediamine complex is
much more stable than the ammonia complex
-0 [e) with the Log formation constant for the ammonia
; I Oxylate complex is 7.5 compared to 10.1 for the ethylene-
Bidentate AN N diamine complex. Both entropy and enthalpy
© © contribute to the difference, however entropy
H change is the major factor. Ammonia forms a
.N2 monodentate ligand whereas ethylenediamine
) e Glycine forms a bidentate ligand bond with copper. The
Bidentate M* -0 o entropy change is a result of the change in the

Fig.5.3 Examples of metal ions coordinated with differ-
ent ligands

number of independent molecules in solution.
The first reaction the number of independent
molecules is the same on both sides of the
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Fig.5.5 EDTA and calcium EDTA chelate

equation, thus the entropy change is small.
The chelation reaction results in a net increase in
the number of independent molecules in solution,
increasing the entropy (Figs. 5.4 and 5.5).

Ethylenediamine tetraacetic acid (EDTA) is
an even stronger chelator. EDTA is a hexadentate
chelator displacing six water molecules from a
metal.

Ca(H,0)." +EDTA* — Ca(EDTA)" +6H,04S = +118JK 'mol”’

The EDTA chelate contains five membered
rings, which enhance stability. EDTA is widely
used as a chelater in foods and other biological
systems. ss in food sequester metal ions such as
copper and ion preventing their action as
proxidants.

The chelate’s stability depends on the nature
of the metal ion and is related to the electronega-
tive chelate normally decreases with decreasing
pH. In a chelate the donor atoms can be N, O, P,
S, and CI; some common donor groups are —NH,,

=C=0, =NH, —-COOH, and —-OH-O-PO(OH),.
Many metal ions, especially the transition metals,
can serve as acceptors to form chelates with these
donor groups. Formation of chelates can involve
ring systems with four, five, or six members.
Some examples of four- five- and six-membered
ring structures are given in Fig. 5.6. Other exam-
ples of food components that can be considered
metal chelates are hemoglobin and myoglobin,
vitamin B,, and calcium caseinate (Pfeilsticker
1970). It has also been proposed that the gelation
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of certain polysaccharides, such as alginates and
pectates, with metal ions occurs through chela-
tion involving both hydroxyl and carboxyl groups
(Schweiger 1966). A requirement for the forma-
tion of chelates by these polysaccharides is that
the OH groups be present in vicinal pairs.

The minerals in foods are usually determined
by ashing or incineration. This destroys the
organic compounds and leaves the minerals
behind. However, determined in this way, the ash
does not include the nitrogen contained in pro-
teins and is in several other respects different
from the real mineral content. Organic anions
disappear during incineration, and metals are
changed to their oxides. Carbonates in ash may
be the result of decomposition of organic mate-
rial. The phosphorus and sulfur of proteins and
the phosphorus of lipids are also part of ash.
Some of the trace elements and some salts may
be lost by volatilization during the ashing.
Sodium chloride will be lost from the ash if the
incineration temperature is over 600 °C. Clearly,
when we compare data on mineral composition

of foods, we must pay great attention to the meth-
ods of analysis used.

Some elements appear in plant and animal
products at relatively constant levels, but in a
number of cases an abundance of a certain ele-
ment in the environment may result in a greatly
increased level of that mineral in plant or animal
products. Enrichment of elements in a biological
chain may occur; note, for instance, the high mer-
cury levels reported in some large predatory fish
species such as swordfish and tuna.

Interactions with Other Food
Components

The behavior of minerals is often influenced by
the presence of other food constituents. The
recent interest in the beneficial effect of dietary
fiber has led to studies of the role fiber plays in
the absorption of minerals. It has been shown
(Toma and Curtis 1986) that mineral absorption
is decreased by fiber. A study of the behavior of
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iron, zinc, and calcium showed that interactions
occur with phytate, which is present in fiber.
Phytates can form insoluble complexes with iron
and zinc and may interfere with the absorption of
calcium by causing formation of fiber-bound cal-
cium in the intestines.

Iron bioavailability may be increased in the
presence of meat (Politz and Clydesdale 1988).
This is the so-called meat factor. The exact mech-
anism of this effect is not known, but it has been
suggested that amino acids or polypeptides that
result from digestion are able to chelate nonheme
iron. These complexes would facilitate the
absorption of iron. In nitrite-cured meats some
factors promote iron bioavailability (the meat
factor), particularly heme iron and ascorbic acid
or erythorbic acid. Negative factors may include
nitrite and nitrosated heme (Lee and Greger
1983).

Major Minerals

Foods provide most of the minerals important for
good health. Table 5.2 contains some of mineral
content of some foods illustrating the range of
composition of the macro-minerals in foods.

Sodium

The human body contains approximately 1.4 g/kg
Sodium. It is present mostly as an extracellular
component maintaining the osmotic pressure of
extracellular fluid. The U.S. Food and Drug
Administration recommends that individuals
consume no more than 2300 mg of sodium per
day, and that certain groups limit intake to
1500 mg/day. The “Dietary Guidelines for
Americans 20107 addresses sodium intake in
detail. The average daily sodium intake for
Americans is 3400 mg/day, an excessive amount
that raises blood pressure and poses health risks
in some individuals. It is recommended that
Americans limit daily sodium consumption to
2300 mg.

Salt provided one of the earliest means of food
preservation and remains as a successful preser-

vative in salted meat products. The emergence of
refrigeration and other methods of food preserva-
tion, has reduced the requirement for salt as a
preservative (He et al. 2007). Salt also provides
flavors that we rapidly become accustomed to
and many people develop strong preferences for
high salt levels, especially in processed foods.
The tastes and flavors associated with historical
salt use have come to be expected, and the rela-
tively low cost of enhancing the palatability of
processed foods has become a key rationale for
the use of salt in food (Van der Veer 1985).
Sodium continues to play a significant role in
reducing the growth of pathogens and organisms
that spoil products and reduce their shelf life.
High Sodium levels also result enhanced func-
tional roles, such as improving texture. In addi-
tion to sodium chloride other sodium-containing
compounds are also used for increasing the safety
and shelf life of foods or creating physical
properties.

Salt is effective as a preservative because it
reduces the water activity of foods. Salt’s ability
to decrease water activity is due to the ability of
sodium and chloride ions to associate with water
molecules (Fennema 1996; Potter and Hotchkiss
1995). The addition of salt to foods can also
cause microbial cells to loose water from osmotic
shock, thereby causing cell death or retarded
growth (Davidson et al. 2001). Because solutes in
aqueous solutions reduce oxygen solubility,
interfere with cellular enzymes, or force cells to
expend energy to remove sodium ions from the
cell, salt can serve to reduce the rate of microbial
growth (Shelef et al. 2005).

Potassium

The concentration of Potassium in the human
body is approximately 2 g/kg, making it the most
predominant cation in intracellular fluid.
Potassium is localized mostly within cells where
it regulates intracellular osmotic pressure.
Potassium is frequently used as a replacement for
Sodium in salt substitutes. Generally the popula-
tion consumes too much Sodium and too little
potassium.
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Recommended dietary allowance guidelines
for Potassium vary depending on age. Infants
from O to 6 months old should receive 400 mg
daily, and those from 7 to 12 months old need
700 mg. The RDA for children from 1 to 3 years
old is 3000 mg each day, those from 4 to 8 years
old warrant 3800 mg and those from 9 to 13 years
old need 4500 mg. Children older than 13 and
adults should get 4700 mg/day, except for lactat-
ing women, who require 5100 mg.

Low potassium levels, or hypokalemia, can
lead to weakness, lack of energy, high blood pres-
sure, muscle cramping, gastrointestinal distress,
arrhythmia and abnormal electrocardiograms.

Magnesium

The concentration of Magnesium in the body is
about 250 mg/kg. The daily requirement is 300—
400 mg/day and the daily intake is from 300 to
500 mg/day. It is naturally abundant in many
foods. Magnesium is an activator of many
enzymes including conversion of energy rich
phosphates. Magnesium compounds also are
involved in intracellular and plasma membranes.
Membrane involved in many life supporting met-
abolic functions and thus deficiency can be very
serious. Magnesium is widely distributed in plant
and animal foods.

Calcium

Calcium, the most abundant mineral in the body
is widely distributed in the throughout the body
totally about 1500 g in adults. It is included in the
skeleton bones but also widely distrusted in most
other tissues. Calcium is essential for muscle
function controlling processes like muscle con-
traction. Approximately 99% of the Calcium in
the body is in the skeletal tissue. The Calcium in
soft tissue must be maintained in a narrow physi-
ological range for the body to function. Thus if
the levels of Calcium in the blood and extracel-
lular Calcium are not met by the diet the mineral
will be reabsorbed from the bone.

Calcium has multiple roles in living cells
related to its complex formation with proteins,

carbohydrates and lipids. The binding of Calcium
is selective based on its binding to neutral oxy-
gens including alcohols and carbonyl groups.
Because it is a divalent cation Calcium can bind
simultaneously to two centers resulting it is cross-
linking function in carbohydrates and proteins.

Phosphates

Phosphates are found in many different forms in
foods and are both naturally occurring and as
food additives. Phosphates play crucial roles in
living systems. For example adenosine triphos-
phate (ATP) is the primary energy source in liv-
ing cells. Phosphoproteins (ferritins) are critical
for iron storage. Calcium as hydroxyapatite
(Ca,o(PO4)s(OH),) comprises the primary struc-
ture in bone. Phospholipids are the major compo-
nents in membranes and sugar phosphates are
critical in carbohydrate metabolism. Extensive
discussions of phosphates can be found in reviews
by Ellinger (1972) and Mollins (1990).

Several phosphate are approved as food addi-
tives and their structures can be found in Fig. 5.7.
Phosphate food additives provide many functions
in food including acidification of soft drinks, buff-
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Fig. 5.7 Structures of phosphoric acid and phosphate
ions used as food additives
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ering of beverages, anti-caking, stabilizing, leaven-
ing, emulsification and antioxidants. At pH ranges
in most foods, phosphates are negatively charges
and polyphosphates are polyelectrolytes. The nega-
tive charges on these molecules result in the phos-
phates acting like Lewis bases and as a result they
exhibit strong metal binding characteristics.

Minerals in Milk

The normal levels of the major mineral constitu-
ents of cow’s milk are listed in Table 5.3. These are
average values; there is a considerable natural
variation in the levels of these constituents.
A number of factors influence the variations in
salt composition, such as feed, season, breed and
individuality of the cow, stage of lactation, and
udder infections. In all but the last case, the varia-
tions in individual mineral constituents do not
affect the milk’s osmotic pressure. The ash content
of milk is relatively constant at about 0.7%. An
important difference between milk and blood
plasma is the relative levels of sodium and potas-
sium. Blood plasma contains 330 mg/100 mL of
sodium and only 20 mg/100 mL of potassium. In
contrast, the potassium level in milk is about three
times as high as that of sodium. Some of the min-
eral salts of milk are present at levels exceeding
their solubility and therefore occur in the colloidal
form. Colloidal particles in milk contain calcium,
magnesium, phosphate, and citrate. These colloi-
dal particles precipitate with the curd when milk is
coagulated with rennin. Dialysis and ultrafiltration
are other methods used to obtain a serum free from

Table 5.3 Average values for major mineral content of

these colloidal particles. In milk the salts of the
weak acids (phosphates, citrates, and carbonates)
are distributed among the various possible ionic
forms. As indicated by Jenness and Patton (1959),
the ratios of the ionic species can be calculated by
using the Henderson—Hasselbach equation,

[salt]
[acid]

pH = pK_ +log

The values for the dissociation constants of
the three acids are listed in Table 5.4. When these
values are substituted in the Henderson—
Hasselbach equation for a sample of milk at
pH 6.6, the following ratios will be obtained:

Citrate™ Citrate™ 7
Citricacid Citrate™
Citrate™
D —— 16
Citrate™

From these ratios we can conclude that in milk
at pH 6.6 no appreciable free citric acid or
monocitrate ion is present and that tricitrate and
dicitrate are the predominant ions, present in a
ratio of about 16 to 1. For phosphates, the follow-
ing ratios are obtained:

PO, g3600 PO 30
H,PO, ’ H,PO,”
PO,”
4+ =0.000002
HPO,

This indicates that mono- and diphosphate
ions are the predominant species. For carbonates
the ratios are as follows:

cow’s milk (skim milk) HCO3_ —17
Constituent Normal level (mg/100 mL) H,CO, '
Sodium 50 =
Potassium 145 <0, —=0.0002
Calcium 120 HCO,
Magnesium 13
Phosphorus (total) 95
Phosphorus (inorganic) 75 Table 5.4 Dissociation constants of weak acids
Chloride 100 Acid pK, pK» PK;
Sulfate 10 Citric 3.08 4.74 5.40
Carbonate (as CO,) 20 Phosphoric 1.96 7.12 10.32
Citrate (as citric acid) 175 Carbonic 6.37 10.25 -
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The predominant forms are bicarbonates and
the free acid.

Note that milk contains considerably more
cations than anions; Jenness and Patton (1959)
have suggested that this can be explained by
assuming the formation of complex ions of cal-
cium and magnesium with the weak acids. In the
case of citrate [Cit] the following equilibria exist:

H|[Cit] - [cit]”’

[Cit]* +Ca™ - Ca[Cit]'
Ca[Cit]" +H" — CaH[Cit]
2Ca[Cit]" +Ca™ — Ca, [Cit],

Soluble complex ions such as Ca*? can account
for a considerable portion of the calcium and
magnesium in milk, and analogous complex ions
can be formed with phosphate and possibly with
bicarbonate.

Treatments of casein micelles results in a
number of changes in the water, Calcium, phos-
phate and other ions which migrate in or out of
the micelle depending on the physiochemical

Acid

changes. Gaucheron (2005) has reviewed the
changes in detail. Figure 5.8 illustrates some of
the important changes. Heat causes a concentra-
tion of Calcium phosphate in the micelle whereas
cooling results in migration of calcium phosphate
out of the micelle. Addition of sodium chloride
results in phosphate coming out of the micelle
and water migrating into the micelle. Lowering
the pH causes calcium phosphate and water to
come out of the micelle along with some of the
caseins prior to isoelectric precipitation.

The equilibria levels of total and soluble cal-
cium and phosphorus are listed in Table 5.5. The
mineral equilibria in milk have been extensively
studied because the ratio of ionic and total calcium
exerts a profound effect on the stability of the
caseinate particles in milk. Processing conditions
such as heating and evaporation change the salt
equilibria and therefore the protein stability. When
milk is heated, calcium and phosphate change
from the soluble to the colloidal phase. Changes in
pH result in profound changes of all of the salt
equilibria in milk. Decreasing the pH results in
changing calcium and phosphate from the colloi-

Calcium

Cooling
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Fig. 5.8 Changes in salt equilibrium of casein micelles resulting from physio-chemical treatments (modified from

Gaucheron (2005))
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Table 5.5 Total and soluble calcium and phosphorus
content of milk

Constituent mg/100 mL
Total calcium 112.5
Soluble calcium 352
Ionic calcium 27.0
Total phosphorus 69.6
Soluble phosphorus 333
o 0]
] Il
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Fig.5.9 Calcium chelate of a polyphosphate

dal to the soluble form. At pH 5.2, all of the cal-
cium and phosphate of milk becomes soluble. An
equilibrium change results from the removal of
CO, as milk leaves the cow’s udder. This loss of
CO, by stirring or heating results in an increased
pH. Concentration of milk results in a dual effect.
The reduction in volume leads to a change of cal-
cium and phosphate to the colloidal phase, but this
also liberates hydrogen ions, which tend to dis-
solve some of the colloidal calcium phosphate.
The net result depends on initial salt balance of the
milk and the nature of the heat treatment.

The stability of the caseinate particles in milk
can be measured by a test such as the heat stabil-
ity test, rennet coagulation test, or alcohol stabil-
itytest. Additionofvariousphosphates—especially
polyphosphates, which are effective calcium
complexing agents—can increase the caseinate
stability of milk. Addition of calcium ions has the
opposite effect and decreases the stability of
milk. Calcium is bound by polyphosphates in the
form of a chelate, as shown in Fig. 5.9.

Minerals in Meat

The major mineral constituents of meat are listed
in Table 5.6. Sodium, potassium, and phosphorus
are present in relatively high amounts. Muscle

Table 5.6 Mineral constituents in meat (beef)

Constituent mg/100 g
Total calcium 8.6
Soluble calcium 3.8
Total magnesium 24.4
Soluble magnesium 17.7
Total citrate 8.2
Soluble citrate 6.6
Total inorganic phosphorus 233.0
Soluble inorganic phosphorus 95.2
Sodium 168
Potassium 244
Chloride 48

tissue contains much more potassium than
sodium. Meat also contains considerably more
magnesium than calcium. Table 5.4 also provides
information about the distribution of these miner-
als between the soluble and non-soluble forms.
The non-soluble minerals are associated with the
proteins. Since the minerals are mainly associated
with the non-fatty portion of meat, the leaner
meats usually have a higher mineral or ash con-
tent. When liquid is lost from meat (drip loss), the
major element lost is sodium and, to a lesser
extent, calcium, phosphorus, and potassium.
Muscle tissue consists of about 40% intracellular
fluid, 20% extracellular fluid, and 40% solids. The
potassium is found almost entirely in the intracel-
lular fluid, as are magnesium, phosphate, and sul-
fate. Sodium is mainly present in the extracellular
fluid in association with chloride and bicarbonate.
During cooking, sodium may be lost, but the other
minerals are well retained. Processing does not
usually reduce the mineral content of meat. Many
processed meats are cured in brine that contains
mostly sodium chloride. As a result, the sodium
content of cured meats may be increased.

Ionic equilibria play an important role in the
water-binding capacity of meat (Hamm 1971).
The normal pH of rigor or post-rigor muscle
(pH 5.5) is close to the isoelectric point of acto-
myosin. At this point the net charge on the pro-
tein is at a minimum. By addition of an acid or
base, a cleavage of salt cross-linkages occurs,
which increases the electrostatic repulsion
(Fig. 5.10), loosens the protein network, and thus
permits more water to be taken up. Addition of
neutral salts such as sodium chloride to meat



242 5 Minerals
Fig.5.10 Schematic
repr.e.sentation. of the 3 Nat B 3 Nat 4 Na* 2 Na*
addition of acid (HA) or
base (B7) to an s % - .
isoelectric protein. The s 3d - Pn_)t a8
isoelectric protein has 1dl
equal numbers of .. i
positive and negative Initial At Equilibrium
charges. The acid HA
donates protons, the N |-|3‘" wees "00C NH3+ HOOC
base B~ accepts protons +2A —+ +2 A
COO =+ *H3N COOH™  *H3N
NH Fras “00C NH "00C
} L . +2HB
COO =+ *H3N COO"  H,N

increases water-holding capacity and swelling.
The swelling effect has been attributed mainly to
the chloride ion. The existence of intra- and
extracellular fluid components has been described
by Merkel (1971) and may explain the effect of
salts such as sodium chloride. The proteins inside
the cell membrane are non-diffusible, whereas
the inorganic ions may move across this semiper-
meable membrane. If a solution of the sodium
salt of a protein is on one side of the membrane
and sodium chloride on the other side, diffusion
will occur until equilibrium has been reached.
This can be represented as follows:

At equilibrium the product of the concentra-
tions of diffusable ions on the left side of the
membrane must be equal to the product on the
right side, shown as follows:

[Na'] fer ], =[na" | [er],

In addition, the sum of the cations on one side
must equal the sum of anions on the other side
and vice versa:

[, =[], e ] ama [, =[or )

This is called the Gibbs—Donnan equilibrium
and provides an insight into the reasons for the
higher concentration of sodium ions in the intra-
cellular fluid.

Table 5.7 Major mineral element components in wheat
grain

Element mg/100 g
Potassium 363
Phosphorus 357
Calcium 34
Magnesium 137
Sodium 2

Source: USDA nutrient database

Struvite

Occasionally, phosphates can form undesirable
crystals in foods. The most common example is
struvite, a magnesium-ammonium phosphate of
the composition Mg(NH,)PO,-6H,O. Struvite
crystals are easily mistaken by consumers for bro-
ken pieces of glass. Most reports of struvite forma-
tion have been related to canned seafood, but
occasionally the presence of struvite in other foods
has been reported. It is assumed that in canned sea-
food, the struvite is formed from the magnesium
of sea water and ammonia generated by the effect
of heat on the fish or shellfish muscle protein.

Minerals in Plant Products

Plants generally have a higher content of potas-
sium than of sodium. The major minerals in wheat
are listed in Table 5.7 and include potassium,
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Table 5.8 Mineral components in endosperm and bran fractions of red winter wheat

P (%) |K(%) |Na(%) |Ca(%) Mg(%) |Mn(ppm) |Fe(ppm) | Cu (ppm)
Total endosperm 0.10 0.13 0.0029 1 0.017 0.016 2.4 13 8
Total bran wheat kernel | 0.38 0.35 0.0067 0.032 0.11 32 31 11
Center section 0.35 0.34 0.0051 0.025 0.086 29 40 7
Germ end 0.55 0.52 0.0036 |0.051 0.13 77 81 8
Brush end 0.41 0.41 0.0057 0.036 0.13 44 46 12
Entire kernel 0.44 0.42 0.0064 0.037 0.11 49 54 8

Source: From V.H. Morris et al., Studies on the Composition of the Wheat Kernel. II. Distribution of Certain Inorganic
Elements in Center Sections, Cereal Chem., Vol. 22, pp. 361-372, 1945

phosphorus, calcium, magnesium, and sulfur
(Schrenk 1964). Sodium in wheat is present at a
level of only about 80 ppm and is considered a
trace element in this case. The minerals in a wheat
kernel are not uniformly distributed; rather, they
are concentrated in the areas close to the bran coat
and in the bran itself. The various fractions result-
ing from the milling process have quite different
ash contents. The ash content of flour is consid-
ered to be related to quality, and the degree of
extraction of wheat in milling can be judged from
the ash content of the flour. Wheat flour with high
ash content is darker in color; generally, the lower
the ash content, the whiter the flour. This general
principle applies, but the ash content of wheat
may vary within wide limits and is influenced by
rainfall, soil conditions, fertilizers, and other fac-
tors. The distribution of mineral components in
the various parts of the wheat kernel is shown in
Table 5.8.

High-grade patent flour, which is pure endo-
sperm, has an ash content of 0.30-0.35%,
whereas whole wheat meal may have an ash con-
tent from 1.35 to 1.80%.

The ash content of soybeans is relatively
high, close to 5%. The ash and major mineral
levels in soybeans are listed in Table 5.9.
Potassium and phosphorus are the elements
present in greatest abundance. About 70-80% of
the phosphorus in soybeans is present in the
form of phytic acid, the phosphoric acid ester of
inositol (Fig. 5.11). Phytin is the calcium-mag-
nesium-potassium salt of inositol hexaphos-
phoric acid or phytic acid. The phytates are
important because of their effect on protein sol-
ubility and because they may interfere with
absorption of calcium from the diet. Phytic acid
is present in many foods of plant origin.

Table 5.9 Mineral content of soybeans (green raw)

Mineral Range (%)
Iron 3.5
Potassium 620
Calcium 197
Magnesium 65
Phosphorus 194
Sodium 15

Source: USDA nutrient database

A major study of the mineral composition of
fruits was conducted by Zook and Lehmann
(1968). Some of their findings for the major miner-
als in fruits are listed in Table 5.10. Fruits are gen-
erally not as rich in minerals as vegetables are.
Apples have the lowest mineral content of the fruits
analyzed. The mineral levels of all fruits show great
variation depending on growing region.

The rate of senescence of fruits and vegetables
is influenced by the calcium content of the tissue
(Poovaiah 1986.) When fruits and vegetables are
treated with calcium solutions, the quality and
storage life of the products can be extended.

Chloride

Originally, nine of the trace elements were consid-
ered to be essential to humans: cobalt, copper,
fluorine, iodine, iron, manganese, molybdenum,
selenium, and zinc. Recently, chromium, silicon,
and nickel have been added to this list (Reilly et al.
1996). These are mostly metals; some are metal-
loids. In addition to essential trace elements, sev-
eral trace elements have no known essentiality and
some are toxic (such as lead, mercury, and cad-
mium). These toxic trace elements, which are clas-
sified as contaminants, are dealt with in Chap. 11.
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Table 5.10 Mineral content of some fruits
Minerals (mg/100 g)
Fruit Na Ca Mg Fe Zn P K
Orange (Navel) 1 43 11 0.13 0.08 23 166
Apple (raw with skin) | 1 6 5 0.12 0.04 11 107
Grape (Thompson) 2 10 7 0.36 0.07 20 191
Cherry (sweet raw) 0 13 11 0.036 0.07 21 222
Pear (fresh raw) 1 7 0.18 0.10 12 116
Banana (raw) 1 5 27 0.26 0.15 22 358
Pineapple (Puerto 1 13 12 0.25 0.08 9 125
Rico)

Source: USDA nutrient database

Trace Elements

Because trace metals are ubiquitous in our envi-
ronment, they are found in all of the foods we eat.
In general, the abundance of trace elements in
foods is related to their abundance in the environ-
ment. Table 5.11 presents the recommended daily
allowance (RDA) for some trace elements and
their common food sources.

Trace elements get into foods by different
pathways. The most important source is from the
soil, by absorption of elements in aqueous solu-
tion through the roots. Another, minor, source is
foliar penetration. This is usually associated with
industrial air pollution and vehicle emissions.
Other possible sources are fertilizers, agricultural

chemicals, and sewage sludge. Sewage sludge is a
good source of nitrogen and phosphate but may
contain high levels of trace minerals, many of
these originating from industrial activities such as
electroplating. Trace minerals may also originate
from food processing and handling equipment,
food packaging materials, and food additives.

Iron

Iron is a component of the heme pigments and of
some enzymes. In spite of the fact that some
foods have high iron levels, much of the popula-
tion has frequently been found to be deficient in
this element. Animal food products may have
high levels that are well absorbed; liver may
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Table 5.11 Dietary allowances and sources of some important trace elements in the human diet

Element RDA Common sources
Chromium 50-200 mcg Whole grains, brewer’s yeast, nuts and dark chocolate
Copper 1.5-3 mg Seafood, nuts, legumes, green leafy vegetables, dried fruits
(such as prunes and cocoa), yeast, organ meats, nuts, potatoes, grains, beans
Iodine 150 meg Seafood, lodized salt
ITron 10-15 mg Heme iron is only present in animal flesh. Beef, liver, clams and oysters.
Non-heme iron is in tofu, legumes, spinach, raisins
Manganese 2.5-5.0 mg Coftee, tea, nuts, whole grains, legumes and some fruits and vegetables
Molybdenum 75-250 mcg Peas, legumes and some breakfast cereals
Selenium 55-70 mcg Seafoods and organ meats, muscle meats, cereals and other grains, and dairy
Fluoride 0.7-3 mg Fluoridated water, tea, sardines, chicken

contain several thousand ppm of iron. The iron
from other foods such as vegetables and eggs is
more poorly absorbed. In the case of eggs the
uptake is poor because the ferric iron is closely
bound to the phosphate of the yolk phosphopro-
teins. Iron is used as a food additive to enrich
flour and cereal products. The form of iron used
significantly determines how well it will be taken
up by the body. Ferrous sulfate is very well
absorbed, but will easily discolor or oxidize the
food to which it is added. Elemental iron is also
well absorbed and is less likely to change the
food. For these reasons, it is the preferred form of
iron for the enrichment of flour.

Iron bioavailability may be increased in the
presence of meat (Politz and Clydesdale 1988).
This is the so-called meat factor. The exact mech-
anism of this effect is not known, but it has been
suggested that amino acids or polypeptides that
result from digestion are able to chelate nonheme
iron. These complexes would facilitate the absorp-
tion of iron. In nitrite-cured meats some factors
promote iron bioavailability (the meat factor),
particularly heme iron and ascorbic acid or ery-
thorbic acid. Negative factors may include nitrite
and nitrosated heme (Lee and Greger 1983).

Cobalt

Cobalt is an integral part of the only metal con-
taining vitamin B,. The level of cobalt in foods
varies widely, from as little as 0.01 ppm in corn
and cereals to 1 ppm in some legumes. The
human requirement is very small and deficiencies
do not occur.

Copper

Copper is present in foods as part of several
copper-containing enzymes, including the poly-
phenolases. Copper is a very powerful prooxi-
dant and catalyzes the oxidation of unsaturated
fats and oils as well as ascorbic acid. The normal
daily diet contains from 2 to 5 mg of copper,
more than ample to cover the daily requirement
of 0.6-2 mg.

Zinc

Zinc is the second most important of the essential
trace elements for humans. It is a constituent of
some enzymes, such as carbonic anhydrase. Zinc
is sufficiently abundant that deficiencies of zinc
are unknown. The highest levels of zinc are found
in shellfish, which may contain 400 ppm. The
level of zinc in cereal grains is 30—40 ppm. When
acid foods such as fruit juices are stored in galva-
nized containers, sufficient zinc may be dissolved
to cause zinc poisoning. The zinc in meat is
tightly bound to the myofibrils and has been
speculated to influence meat’s water-binding
capacity (Hamm 1972).

Manganese

Manganese is present in a wide range of foods
but is not easily absorbed. This metal is associ-
ated with the activation of a number of enzymes.
In wheat, a manganese content of 49 ppm has
been reported (Schrenk 1964). This is mostly
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concentrated in the germ and bran; the level in
the endosperm is only 2.4 ppm. Information on
the manganese content of seafoods has been sup-
plied by Meranger and Somers (1968). Values
range from a low of 1.1 ppm in salmon to a high
of 42 ppm in oyster.

Molybdenum

Molybdenum plays a role in several enzyme
reactions. Some of the molybdenum-containing
enzymes are aldehyde oxidase, sulfite oxidase,
xanthine dehydrogenase, and xanthine oxidase.
This metal is found in cereal grains and legumes;
leafy vegetables, especially those rich in chloro-
phyll; animal organs; and in relatively small
amounts, less than 0.1 ppm, in fruits. The molyb-
denum content of foods is subject to large
variations.

Selenium

Selenium has recently been found to protect
against liver necrosis. It usually occurs bound to
organic molecules. Different selenium com-
pounds have greater or lesser protective effect.
The most active form of selenium is selenite,
which is also the least stable chemically. Many
selenium compounds are volatile and can be lost
by cooking or processing. Kiermeier and
Wigand (1969) found about a 5% loss of sele-
nium as a result of drying of skim milk. The
variation in selenium content of milk is wide
and undoubtedly associated with the selenium
content of the soil. The same authors report fig-
ures for selenium in milk in various parts of the
world ranging from 5 to 1270 pg/kg. The sele-
nium in milk is virtually all bound to the pro-
teins. Morris and Levander (1970) determined
the selenium content of a wide variety of foods.
Most fruits and vegetables contain less than
0.01 pg/g. Grain products range from 0.025 to
0.66 pg/g, dried skim milk from 0.095 to
0.24 pg/g, meat from 0.1 to 1.9 pg/g, and sea-
food from 0.4 to 0.7 pg/g.

Fluorine

Fluorine is a constituent of skeletal bone and
helps reduce the incidence of dental caries. The
fluorine content of drinking water is usually below
0.2 mg/L but in some locations may be as high as
5 mg/L. The optimal concentration for dental
health is 1 mg/L. The fluoride content of vegeta-
bles is low, with the exception of spinach, which
contains 280 pg/100 g. Milk contains 20 pg/100 g
and beef about 100 pg/100 g. Fish foods may con-
tain up to 700 pg/100 g and tea about 100 pg/g.

lodine

Iodine is not present in sufficient amounts in the
diet in several areas of the world; an iodine defi-
ciency results in goiter. The addition of iodine to
table salt has been extremely effective in reduc-
ing the incidence of goiter. The iodine content of
most foods is in the area of a few mg/100 g and is
subject to great local variations. Fish and shell-
fish have higher levels. Saltwater fish have levels
of about 50-150 mg/100 g and shellfish may
have levels as high as 400 mg/100 g.

Chromium

Recent well-controlled studies (Anderson 1988)
have found that dietary intake of chromium is in
the order of 50 pg/day. Refining and processing
of foods may lead to loss of chromium. As an
example, in the milling of flour, recovery of chro-
mium in white flour is only 35-44% of that of the
parent wheat (Zook et al. 1970). On the other
hand, the widespread use of stainless steel equip-
ment in food processing results in leaching of
chromium into the food products (Offenbacher
and Pi-Sunyer 1983). No foods are known to con-
tain higher-than-average levels of chromium. The
average daily intake of chromium from various
food groups is shown in Table 5.12. It has been
suggested that the dietary intake of chromium in
most normal individuals is suboptimal and can
lead to nutritional problems (Anderson 1988).
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Table 5.12 Chromium intake from various food groups

Food group Average daily intake (pg) | Comments
Cereal products 3.7 55% from wheat
Meat 5.2 55% from pork
25% from beef
Fish and seafood 0.6
Fruits, vegetables, nuts 6.8 70% from fruits and berries
Dairy products, eggs, margarine 6.2 85% from milk
Beverages, confectionery, sugar, and condiments 6.6 45% from beer, wine, and soft drinks
Total 29.1

Source: Reprinted with permission from R.A. Anderson, Chromium, in Trace Minerals in Foods, K.T. Smith, ed.,

p- 238, 1988, by courtesy of Marcel Dekker, Inc.

Silicon is ubiquitous in the environment and
present in many foods. Foods of animal origin are
relatively low in silicon; foods of plant origin are
relatively high. Good plant sources are unrefined
grains, cereal products, and root crops. The dietary
intake of silicon is poorly known but appears to be
in the range of 20-50 pg/day. Although silicon is
now regarded as an essential mineral for humans,
a minimum requirement has not been established.
Silicon Foods, K.T. Smith, ed., p. 385, 1988

Additional Information on Trace
Elements

The variations in trace elements in vegetables may
be considerable (Warren 1972) and may depend to
a large extent on the nature of the soil in which the
vegetables are grown. Table 5.13 illustrates the
extent of the variability in the content of copper,
zing, lead, and molybdenum of a number of vege-
tables. The range of concentrations of these metals
frequently covers one order of magnitude and
occasionally as much as two orders of magnitude.
Unusually high concentrations of certain metals
may be associated with the incidence of diseases
such as multiple sclerosis and cancer in humans.
Aluminum, which has been assumed to be non-
nutritious and nontoxic, has come under increas-
ing scrutiny. Its presence has been suggested to be
involved in several serious conditions, including
Alzheimer’s disease (Greger 1985). Since alumi-
num is widely used in utensils and packaging
materials, there is great interest in the aluminum
content of foods. Several aluminum salts are used
as food additives, for example, sodium aluminum

phosphate as a leavening agent and aluminum sul-
fate for pH control. The estimated average daily
intake of aluminum is 26.5 mg, with 70% coming
from grain products (Greger 1985).

Fruits contain relatively high levels of organic
acids, which may combine with metal ions. It is
now generally agreed that these compounds
may form chelates of the general formula
M,H,L,(OH),, where M and L represent the
metal and the ligand, respectively. According to
Pollard and Timberlake (1971), cupric ions form
strong complexes with acids containing
o-hydroxyl groups. The major fruit acids, citric,
malic, and tartaric, are multidendate ligands
capable of forming polynuclear chelates. Cupric
and ferric ions form stronger complexes than fer-
rous ions. The strongest complexes are formed by
citrate, followed by malate and then tartrate.

Metal Uptake in Canned Foods

Canned foods may take up metals from the con-
tainer, tin and iron from the tin plate, and tin and
lead from the solder. There are several types of
internal can corrosion. Rapid detinning is one of
the most serious problems of can corrosion. With
most acid foods, when canned in the absence of
oxygen, tin forms the anode of the tin-iron cou-
ple. The tin under these conditions goes into solu-
tion at an extremely slow rate and can provide
product protection for 2 years or longer. There
are, however, conditions where iron forms the
anode, and in the presence of depolarizing or oxi-
dizing agents the dissolution of tin is greatly
accelerated. The food is protected until most of



Table 5.13 Extreme variation in the content of copper, zinc, lead, and molybdenum in some vegetables

“Normal” content in

Minimum as fraction

Maximum as multiple

ppm wet weight of “Normal” of “Normal” Extreme range
Copper
Lettuce 0.74 %5 8 1-120
Cabbage 0.26 % 2.5 1-15
Potato 0.92 % 4 1-36
Bean (except broad) 0.56 % 2.5 1-22
Carrot 0.52 % 2.5 1-22
Beet 0.78 % 2.5 1-20
Zinc
Lettuce 4.9 % 15 1-90
Cabbage 1.9 Ya 6 1-12
Potato 2.9 %3 5 1-10
Bean (except broad) 3.6 Yy 2 14
Carrot 34 %3 8 1-48
Beet 4.1 % 12 1-16
Lead
Lettuce 0.25 %0 30 1-300
Cabbage 0.10 % 2.5 1-20
Potato 0.40 %0 15 1-150
Bean (except broad) 0.24 % 4 1-20
Carrot 0.22 % 9 1-27
Beet 0.20 % 11 1-66
Molybdenum
Lettuce 0.06 % 12 1-96
Cabbage 0.20 %0 8 1-240
Potato 0.15 %6 7.5 1-120
Bean (except broad) 0.48 %0 7 1-210
Carrot 0.22 % 3.5 1-14
Beet 0.04 10 1-300

Source: From H.V. Warren, Variations in the Trace Element Contents of Some Vegetables, J. Roy. Coll. Gen. Practit.,

Vol. 22, pp. 56-60, 1972
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the tin is dissolved; thereafter, hydrogen is pro-
duced and the can swells and becomes a springer.
Some foods are more likely to involve rapid
detinning, including spinach, green beans, tomato
products, potatoes, carrots, vegetable soups, and
certain fruit juices such as prune and grapefruit
juice.

Another corrosion problem of cans is sulfide
staining. This may happen when the food con-
tains the sulfur-containing amino acids cysteine,
cystine, or methionine. When the food is heated
or aged, reduction may result in the formation of
sulfide ions, which can then react with tin and
iron to form SnS and FeS. The compound SnS is
the major component of the sulfide stain. This
type of corrosion may occur with foods such as
pork, fish, and peas (Seiler 1968). Corrosion of
tin cans depends on the nature of the canned food
as well as on the type of tin plate used. Formerly,
hot dipped tin plate was used, but this has been
mostly replaced by electrolytically coated plate.
It has been shown (McKirahan et al. 1959) that
the size of the crystals in the tin coating has an
important effect on corrosion resistance. Tin
plate with small tin crystals easily develops
hydrogen swell, whereas tin plate containing
large crystals is quite resistant. Seiler (1968)
found that the orientation of the different crystal
planes also significantly affected the ease of
forming sulfide stains.

The influence of processing techniques for
grapefruit juice on the rate of can corrosion was
studied by Bakal and Mannheim (1966). They
found that the dissolved tin content can serve as a
corrosion indicator. In Israel the maximum pre-
scribed limit for tin content of canned food is
250 ppm. Deaeration of the juice significantly
lowers tin dissolution. In a study of the in-can shelf
life of tomato paste, Van der Merwe and Knock
(1968) found that, depending on maturity and vari-
ety, 1 g of tomato paste stored at 22 °C could cor-
rode tin at rates ranging from 9 x 107° to
68 x 1076 g/month. The useful shelf life could vary
from 24 months to as few as 3 months. Up to 95%
of the variation could be related to effects of matu-
rity and variety and the associated differences in
contents of water-insoluble solids and nitrate.

Severe detinning has often been observed with
applesauce packed in plain cans with enameled

ends. This is usually characterized by detinning
at the headspace interface. Stevenson et al. (1968)
found that steam flow closure reduced the detin-
ning problem, but the best results were obtained
by complete removal of oxygen through nitrogen
closure. Detinning by canned spinach was stud-
ied by Lambeth et al. (1969) and was found to be
significantly related to the oxalic acid content of
the fresh leaves and the pH of the canned prod-
uct. High-oxalate spinach caused detinning in
excess of 60% after 9 months’ storage.

In some cases the dissolution of tin into a food
may have a beneficial effect on food color, with
iron having the opposite effect. This is the case
for canned wax beans (Van Buren and Downing
1969). Stannous ions were effective in preserving
the light color of the beans, whereas small
amounts of iron resulted in considerable darken-
ing. A black discoloration has sometimes been
observed in canned all-green asparagus after
opening of the can. This has been attributed
(Lueck 1970) to the formation of a black, water-
insoluble coordination compound of iron and
rutin. The iron is dissolved from the can, and the
rutin is extracted from the asparagus during the
sterilization. Rutin is a flavonol, the 3-rutinoside
of quercetin. The black discoloration occurs only
after the iron has been oxidized to the ferric state.
Tin forms a yellow, water-soluble complex with
rutin, which does not present a color problem.
The uptake of iron and tin from canned foods is a
common occurrence, as is demonstrated by Price
and Roos (1969), who studied the presence of
iron and tin in fruit juice (Table 5.14).

Table 5.14 Tron and tin content of fruit juices

Product Iron (ppm) Tin (ppm)
Fresh orange juice 0.5 7.5
Bottled orange juice 2.5 25
Bottled orange juice 2.0 50
Bottled pineapple juice 15.0 50
Canned orange juice 2.5 60
Canned orange juice 0.5 115
Canned orange juice 2.5 120
Canned pineapple juice 17.5 135

Source: From W.J. Price and J.T.H. Roos, Analysis of
Fruit Juice by Atomic Absorption Spectrophotometry.
I. The Determination of Iron and Tin in Canned Juice,
J. Sci. Food Agric., Vol. 20, pp. 427-439, 1969
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Color and Food Colorants

John W. Finley, John M.deMan,

and Chang Yong Lee

Introduction

Color is important to many foods, both those that
are unprocessed and those that are manufactured.
Together with flavor and texture, color plays an
important role in food acceptability. In addition,
color may provide an indication of chemical
changes in a food, such as browning and caramel-
ization. For a few clear liquid foods, such as oils
and beverages, color is mainly a matter of trans-
mission of light. Other foods are opaque—they
derive their color mostly from reflection.

Color is the general name for all sensations
arising from the activity of the retina of the eye.
When light reaches the retina, the eye’s neural
mechanism responds, signaling color among
other things. Light is the radiant energy in the
wavelength range of about 400-800 nm.
According to this definition, color (like flavor and
texture) cannot be studied without considering
the human sensory system. The color perceived
when the eye views an illuminated object is
related to the following three factors: the spectral
composition of the light source, the chemical and
physical characteristics of the object, and the
spectral sensitivity properties of the eye. To eval-
uate the properties of the object, we must stan-
dardize the other two factors. Fortunately, the
characteristics of different people’s eyes for
viewing colors are fairly uniform; it is not too dif-
ficult to replace the eye by some instrumental

© Springer International Publishing AG 2018

sensor or photocell that can provide consistent
results. There are several systems of color classi-
fication; the most important is the CIE system
(Commission International de I’Eclairage—
International Commission on Illumination).
Other systems used to describe food color are the
Munsell, Hunter, and Lovibond systems.

When the reflectance of different colored objects
is determined by means of spectrophotometry,
curves of the type shown in Fig. 6.1 are obtained.
White materials reflect equally over the whole visi-
ble wavelength range, at a high level. Gray and
black materials also reflect equally over this range
but to a lower degree. Red materials reflect in the
higher wavelength range and absorb the other wave-
lengths. Blue materials reflect in the low-wave-
length range and absorb the high-wavelength light.

CIE System

The spectral energy distribution of CIE light
sources A and C is shown in Fig. 6.2. CIE illumi-
nant A is an incandescent light operated at
2854 K, and illuminant C is the same light modi-
fied by filters to result in a spectral composition
that approximates that of normal daylight.
Figure 6.2 also shows the luminosity curve of the
standard observer as specified by CIE. This curve
indicates how the eyes of normal observers
respond to the various spectral light types in the
visible portion of the spectrum. By breaking
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Fig.6.1
Spectrophotometric
reflectance curves of
colored objects

Fig.6.2 Spectral
energy distribution of
light sources A and C,
the CIE, and relative
luminosity function y for
the CIE standard
observer
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Fig.6.3 Spectral
energy distribution of
sunlight, CIE illuminant,
cool white fluorescent
lamp, and sodium light
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down the spectrum, complex light types are
reduced to their component spectral light types.
Each spectral light type is completely determined
by its wavelength. In some light sources, a great
deal of radiant energy is concentrated in a single
spectral light type. An example of this is the
sodium lamp shown in Fig. 6.3, which produces
monochromatic light. Other light sources, such
as incandescent lamps, give off a continuous
spectrum. A fluorescent lamp gives off a continu-
ous spectrum on which is superimposed a line
spectrum of the primary radiation produced by
the gas discharge (Fig. 6.3).

In the description of light sources, reference is
sometimes made to the black body. This is a radiat-
ing surface inside a hollow space, and the light
source’s radiation comes out through a small open-
ing. The radiation is independent of the type of
material the light source is made of. When the tem-
perature is very high, about 6000 K the maximum
of the energy distribution will fall about in the
middle of the visible spectrum. Such energy distri-
bution corresponds with that of daylight on a
cloudy day. At lower temperatures, the maximum
of the energy distribution shifts to longer wave-
lengths. At 3000 K, the spectral energy distribution
is similar to that of an incandescent lamp; at this
temperature the energy at 380 nm is only one-six-
teenth of that at 780 nm, and most of the energy is
concentrated at higher wavelengths (Fig. 6.3). The
uneven spectral distribution of incandescent light

500 600 700

Wavelength (nm)

makes red objects look attractive and blue ones
unattractive. This is called color rendition. The
human eye has the ability to adjust for this effect.

The CIE system is a trichromatic system; its
basis is the fact that any color can be matched by
a suitable mixture of three primary colors. The
three primary colors, or primaries, are red, green,
and blue. Any possible color can be represented
as a point in a triangle. The triangle in Fig. 6.4
shows how colors can be designated as a ratio of
the three primaries. If the red, green, and blue
values of a given light type are represented by a,
b, and c, then the ratios of each to the total light
are given by a/(a + b + ¢), bl(a + b + ¢), and ¢/
(a + b + ¢), respectively. Since the sum of these is
one, then only two have to be known to know all
three. Color, therefore, is determined by two, not
three, of these mutually dependent quantities. In
Fig. 6.4, a color point is represented by P. By
determining the distance of P from the right
angle, the quantities a/(a + b +c) and b/(a+ b + ¢)
are found. The quantity c/(a + b + ¢) is then
found, by first extending the horizontal dotted
line through P until it crosses the hypotenuse at O
and by then constructing another right angle tri-
angle with Q at the top. All combinations of a, b,
and ¢ will be points inside the triangle.

The relative amounts of the three primaries
required to match a given color are called the tri-
stimulus values of the color. The CIE primaries
are imaginary, because there are no real primaries
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Fig.6.4 Representation Color
of a color as a point in a A
color triangle

that can be combined to match the highly satu-
rated hues of the spectrum.

In the CIE system the red, green, and blue pri-
maries are indicated by X, Y, and Z. The amount
of each primary at any particular wavelength is
given by the values x,y, and zZ. These are called
the distribution coefficients or the red, green, and
blue factors. They represent the tristimulus val-
ues for each chosen wavelength. The distribution
coefficients for the visible spectrum are presented
in Fig. 6.5. The values of y correspond with the
luminosity curve of the standard observer
(Fig. 6.2). The distribution coefficients are
dimensionless because they are the numbers by
which radiation energy at each wavelength must
be multiplied to arrive at the X, ¥, and Z content.
The amounts of X, Y, and Z primaries required to
produce a given color are calculated as follows:

780

X = j % IRdh
380
780
XY = jledh
380
780
XZ = j 7 IRdh

380

a+b+c
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Fig. 6.5 Distribution coefficients x, y, and z for the visi-
ble spectrum. Source: From Hunter Associates Lab., Inc.

where
I = spectral energy distribution of illuminant
R = spectral reflectance of sample
dh = small wavelength interval
X,y,z =red, green, and blue factors
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The ratios of the primaries can be expressed as

X
X=—"—"
X+Y+Z

_ Y
Y X+Y+Z

Z
I=——
X+Y+Z

The quantities x and y are called the chroma-
ticity coordinates and can be calculated for each
wavelength from

x=X/(X+y+7)
y=y/(¥+y+2)
z =1—(x+y)

A plot of x versus y results in the CIE chroma-
ticity diagram (Fig. 6.6). When the chromaticities
of all of the spectral colors are placed in this graph,
they form a line called the locus. Within this locus
and the line connecting the ends, represented by
400 and 700 nm, every point represents a color
that can be made by mixing the three primaries.
The point at which exactly equal amounts of each
of the primaries are present is called the equal
point and is white. This white point represents the
chromaticity coordinates of illuminant C. The red
primary is located at x = 1 and y = 0; the green

Fig.6.6 CIE
chromaticity diagram

primary at x =0 and y = 1; and the blue primary at
x=0and y=0. The line connecting the ends of the
locus represents purples, which are nonspectral
colors resulting from mixing various amounts of
red and blue. All points within the locus represent
real colors. All points outside the locus are unreal,
including the imaginary primaries X, Y, and Z. At
the red end of the locus, there is only one point to
represent the wavelength interval of 700-780 nm.
This means that all colors in this range can be sim-
ply matched by adjustment of luminosity. In the
range of 540—700 nm, the spectrum locus is almost
straight; mixtures of two spectral light types along
this line segment will closely match intervening
colors with little loss of purity. In contrast, the
spectrum locus below 540 nm is curved, indicat-
ing that a combination of two spectral lights along
this portion of the locus results in colors of
decreased purity.

A pure spectral color is gradually diluted with
white when moving from a point on the spectrum
locus to the white point P. Such a straight line
with purity decreasing from 100 to 0% is known
as a line of constant dominant wavelength. Each
color, except the purples, has a dominant wave-
length. The position of a color on the line con-
necting the locus and P is called excitation purity
(p.) and is calculated as follows:

X=X, Y=

Pe:

X, =X,
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where

x and y are the chromaticity coordinates of a
color

x,, and y, are the chromaticity coordinates of
the achromatic source

x, and y, are the chromaticity coordinates of
the pure spectral color

Achromatic colors are white, black, and gray.
Black and gray differ from white only in their
relative reflection of incident light. The purples
are nonspectral chromatic colors. All other colors
are chromatic; for example, brown is a yellow of
low lightness and low saturation. It has a domi-
nant wavelength in the yellow or orange range.

A color can be specified in terms of the tris-
timulus value Y and the chromaticity coordinates
x and y. The Y value is a measure of luminous
reflectance or transmittance and is expressed in
percent simply as ¥/1000.

Another method of expressing color is in terms
of luminance, dominant wavelength, and excita-
tion purity. These latter are roughly equivalent to
the three recognizable attributes of color: light-
ness, hue, and saturation. Lightness is associated
with the relative luminous flux, reflected or trans-
mitted. Hue is associated with the sense of red-
ness, yellowness, blueness, and so forth. Saturation
is associated with the strength of hue or the rela-
tive admixture with white. The combination of hue
and saturation can be described as chromaticity.

Complementary colors (Table 6.1) are
obtained when a straight line is drawn through
the equal energy point P When this is done for
the ends of the spectrum locus, the wavelength
complementary to the 700-780 point is at
492.5 nm, and for the 380-410 point is at 567 nm.

Table 6.1 Complementary colors

Wavelength (nm) Color Complementary color
400 Violet Yellow
450 Blue
500 Green Orange
550 Yellow Red
Violet
600 Orange Blue
650 Red Green
700

All of the wavelengths between 492.5 and 567 nm
are complementary to purple. The purples can be
described in terms of dominant wavelength by
using the wavelength complementary to each
purple, and purity can be expressed in a manner
similar to that of spectral colors.

An example of the application of the CIE sys-
tem for color description is shown in Fig. 6.7.
The curved, dotted line originating from C repre-
sents the locus of the chromaticity coordinates
of caramel and glycerol solutions. The chroma-
ticity coordinates of maple syrup and honey
follow the same locus. Three triangles on this
curve represent the chromaticity coordinates of
U.S. Department of Agriculture (USDA) glass
color standards for maple syrup. These are
described as light amber, medium amber, and
dark amber. The six squares are chromaticity
coordinates of honey, designated by USDA as
water white, extra white, white, extra light amber,
light amber, and amber. Such specifications are
useful in describing color standards for a variety
of products. In the case of the light amber stan-
dard for maple syrup, the following values apply:
x=0.486,y=0.447, and T = 38.9%. In this way,
x and y provide a specification for chromaticity
and T for luminous transmittance or lightness.
This is easily expressed as the mixture of prima-
ries under illuminant C as follows: 48.6% of red
primary, 44.7% of green primary, and 6.7% of
blue primary. The light transmittance is 38.9%.

The importance of the light source and other
conditions that affect viewing of samples cannot
be overemphasized. Many substances are meta-
meric; that is, they may have equal transmittance
or reflectance at a certain wavelength but possess
noticeably different colors when viewed under
illuminant C.

Munsell System

In the Munsell system of color classification, all
colors are described by the three attributes of hue,
value, and chroma. This can be envisaged as a
three-dimensional system (Fig. 6.8). The hue
scale is based on ten hues which are distributed on
the circumference of the hue circle. There are five
hues: red, yellow, green, blue, and purple; they are
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Fig.6.7 CIE
chromaticity diagram
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Munsell Colour System

written as R, Y, G, B, and P. There are also five to 10. The value scale is a lightness scale ranging
intermediate hues, YR, GY, BG, PB, and RP. Each  from 0 (black) to 10 (white). This scale is distrib-
of the ten hues is at the midpoint of a scale from 1  uted on a line perpendicular to the plane of the
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hue circle and intersecting its center. Chroma is a
measure of the difference of a color from a gray of
same lightness. It is a measure of purity. The
chroma scale is of irregular length, and begins
with O for the central gray. The scale extends out-
ward in steps to the limit of purity obtainable by
available pigments. The shape of the complete
Munsell color space is indicated in Fig. 6.9. The
description of a color in the Munsell system is
given as H, V/C. For example, a color indicated as
5R 2.8/3.7 means a color with a red hue of 5R, a
value of 2.8, and a chroma of 3.7. All colors that
can be made with available pigments are laid
down as color chips in the Munsell book of color.

Fig.6.9 The Munsell color space

Fig.6.10 The Hunter L,
a, b color space. Source:
From Hunter Associates
Lab., Inc.

Hunter System

The CIE system of color measurement is based
on the principle of color sensing by the human
eye. This accepts that the eyes contain three light-
sensitive receptors—the red, green, and blue
receptors. One problem with this system is that
the X, ¥, and Z values have no relationship to
color as perceived, though a color is completely
defined. To overcome this problem, other color
systems have been suggested. One of these,
widely used for food colorimetry, is the Hunter L,
a, b, system. The so-called uniform-color,
opponent-colors color scales are based on the
opponent-colors theory of color vision. In this
theory, it is assumed that there is an intermediate
signal-switching stage between the light recep-
tors in the retina and the optic nerve, which trans-
mits color signals to the brain. In this switching
mechanism, red responses are compared with
green and result in a red-to-green color dimen-
sion. The green response is compared with blue
to give a yellow-to-blue color dimension. These
two color dimensions are represented by the sym-
bols a and b. The third color dimension is light-
ness L, which is nonlinear and usually indicated
as the square or cube root of Y. This system can
be represented by the color space shown in
Fig. 6.10. The L, a, b, color solid is similar to the

+3*
red

L*=0 (black)
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Munsell color space. The lightness scale is com-
mon to both. The chromatic spacing is different.
In the Munsell system, there are the polar hue and
chroma coordinates, whereas in the L, a, b, color
space, chromaticity is defined by rectangular a
and b coordinates. CIE values can be converted to
color values by the equations shown in Table 6.2
into L, a, b, values and vice versa (MacKinney
and Little 1962; Clydesdale and Francis 1970).
This is not the case with Munsell values. These
are obtained from visual comparison with color
chips (called Munsell renotations) or from instru-
mental measurements (called Munsell renota-
tions), and conversion is difficult and tedious.

The Hunter tristimulus data, L (value), a (red-
ness or greenness), and b (yellowness or blue-
ness), can be converted to a single color function
called color difference (AE) by using the follow-
ing relationship:

AE =(ALY +(Aa) +(2b)
The color difference is a measure of the dis-
tance in color space between two colors. It does

not indicate the direction in which the colors
differ.

Table 6.2 Mathematical relationship between color scales

Lovibond System

The Lovibond system is widely used for the
determination of the color of vegetable oils. The
method involves the visual comparison of light
transmitted through a glass cuvette filled with oil
at one side of an inspection field; at the other
side, colored glass filters are placed between the
light source and the observer. When the colors on
each side of the field are matched, the nominal
value of the filters is used to define the color of
the oil. Four series of filters are used—red, yel-
low, blue, and gray filters. The gray filters are
used to compensate for intensity when measuring
samples with intense chroma (color purity) and
are used in the light path going through the sam-
ple. The red, yellow, and blue filters of increasing
intensity are placed in the light path until a match
with the sample is obtained. Vegetable oil colors
are usually expressed in terms of red and yellow;
a typical example of the Lovibond color of an oil
would be R1.7 Y17. The visual determination of
oil color by the Lovibond method is widely used
in industry and is an official method of the
American Oil Chemists’ Society. Visual methods
of this type are subject to a number of errors, and

To convert ToL,a, b To X%, Y, Z% ToY,x,y
From X%, Y Z% L=10JY Y=Y%
17.5(X%-Y) o X
a —_ —
\/7 X+;’+Z
7.0(Y -2 %) y=—
b= X+Y+Z
Jr
From L, a, b Y =001 Y =0.012
X% =001+ go_ @*lL
175 5.645L +a-3.012b
Z%:().()lLZ_b_L y:L
70 5.645L +a—-3.012b
From Y, x, _
Y L=10V¥ X%=1.02xL
y
a=17.50y 225 v
Y Z%=847[1-(x+y)]=
— y
b= 5,929&%
y

Source: From Hunter Associates Lab., Inc.
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the results obtained are highly variable. A study
has been reported (Maes 1997) to calculate CIE
and Lovibond color values of oils based on their
visible light transmission spectra as measured by
a spectrophotometer. A computer software has
been developed that can easily convert light
transmission spectra into CIE and Lovibond
color indexes.

Gloss

In addition to color, there is another important
aspect of appearance, namely gloss. Gloss can be
characterized as the reflecting property of a
material. Reflection of light can be diffused or
undiffused (specular). In specular reflection, the
surface of the object acts as a mirror, and the
light is reflected in a highly directional manner.
Surfaces can range from a perfect mirror with
completely specular reflection to a surface
reflecting in a completely diffuse manner. In the
latter, the light from an incident beam is scat-
tered in all directions and the surface is called
matte.

Food Colorants

Color is one of the important quality attributes of
foods. It is because that consumers often use
color as an index of freshness, wholesomeness,
and overall quality. Specific colors of fruits are
often associated with maturity. Consumers use
color as a way to identify a food and a way to
judge the quality of a food. No matter how one
can provide consumers the most nutritious, saf-
est, and most economical foods, if they do not
have attractive color, consumers will not accept
them. Color influence flavor perception: red
color for strawberry, raspberry, or cherry fla-
vored; yellow to be lemon; and green to be lime
flavored. Color also affects the apparent level of
sweetness: strongly red-colored strawberry-fla-
vored drinks to be sweeter than less strongly col-
ored ones. Unfortunately, the color of a food

may change during processing, storage, and
preparation that are often perceived as undesir-
able, which is an indication of chemical changes.
Some processed foods are manufactured to be
brightly colored to appeal consumers’ eyes,
especially to children. Therefore, understanding
how to preserve the natural colors of food during
processing is very important for the acceptability
of a food product. In addition, it should also be
noted some substances such as p-carotene or
riboflavin or anthocyanins are not only colorants
but nutrients and nutraceuticals. Therefore, color
of foods has multiple effects on foods and to the
consumers. Thus controlling, changing, or stabi-
lizing the color of foods is a major objective for
food scientists.

Until the mid-eighteenth century, the only
external sources of coloring used in foods were
natural: animal, vegetables, and minerals includ-
ing saffron, carrots, mulberries, flowers, and
copper and iron ores. Since then, food manufac-
turers used many different chemicals to color
foods. Pickles were colored green with copper
sulfate. Candy was colored with salts of copper
and lead. Artificial food colors have been
obtained from organic coal tar in the latter part of
the nineteenth century. Addition of colorants to
foods has many commercial reasons: to enhance
colors that occur naturally, to make food more
attractive and appetizing, to offset color loss dur-
ing processing and storage, to correct natural
variations in color and to provide color to color-
less and “fun foods” for kids. Color additives are
now recognized as an important part of practi-
cally all processed foods.

However, color additives have been controver-
sial almost since they were first introduced, due
to the facts that they have the reputation of being
potentially toxic, they may be used to deceive the
consumers, and that their primary function is to
enhance appearance rather than nutritive value,
shelf life, or safety. For example, pickles were
colored with copper sulfate, cheese with lead
oxide, candy with compounds containing lead
and mercury. Arsenic salts were also commonly
used. The number of synthetic food colorants has
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declined over the years as government safety
regulations and toxicity testing have advanced.
The FDA regulates food color additives under the
authority of the Color Additives Amendment Act
of 1960 to the Federal Food, Drug, and Cosmetic
Act. FDA’s permitted colors are classified as sub-
ject to certification or exempt from certification,
both of which are subjected to rigorous safety
standards prior to their approval and listing for
use in foods:

+ Certified colors:
+ Color that are exempt from certification:

Certified (Synthetic) Color

Certified colors are synthetically produced dye,
lakes, or pigments and used widely because
they impart an intense, uniform color. They are
less expensive and blend more easily to create a
variety of hues. Those for food use are chemi-
cally classified as azo, xanthene, triphenylmeth-
ane, and indigoid dyes, which are synthesized
mainly from raw materials obtained from petro-
leum. Currently, there are nine certified color
additives that may be added to foods (Table 6.3
and Fig. 6.11). Most of the certified colorants
used in the United States have been assigned

Table 6.3 Color certified for use in foods

and FD&C number as required by the Food,
Drug and Cosmetic Act: FD&C indicates that
these colors are approved by FDA for use in
coloring foods, drugs, and cosmetics; and D&C
is considered safe to use with drugs and
cosmetics.

Certified colors may be used as dyes or
converted to lakes. They can be manufactured
as a powder, granule, or liquid. Lakes are pre-
pared by precipitating the soluble dye onto an
approved insoluble base, such as aluminum
hydroxide and then dried. Since the lakes are
dry products providing opacity, they are stable
to heat and light, can be used in dry product and
suitable to use for fats, gums, waxes, oils, and
food packaging materials. They are stable to
heat and light.

Colors Exempt from Certification
(Natural)

Colors that are exempt from certification are a
group of pigments derived from natural sources
such as animals, plants, or minerals. They always
have been part of our diet. They have been isolated
and added back to foods for the same reasons as
the certified colors. However, the exempted natu-
ral colorants are relatively unstable, easily affected

FD&C number Common name Chemical class Characteristics
FD&C Blue No. 1 Brilliant blue FCF Triphenylmethane Stable to heat
Unstable to light Allura
FD&C Blue No. 2 Indigotine (royal blue) Indigoid Stable to light
Unstable to water
D&C Green No. 3 Fast green FCF Triphenylmethane Stable, brilliant color
FD&C Red No. 3 Erythrosine (cherry red) Xanthene Stable to heat
FD&C Red No. 40 Allura red (orange-red) unstable to redox agents
FD&C Yellow No. 5 Tartrazine (lemon yellow) Azo Stable to heat and light
Very soluble in water
FD&C Yellow No. 6 Sunset yellow Azo Fair stability to heat and light
Orange Azo Not soluble in water
Citrus Red No. 2 Azo Use only for orange skins
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FD&C Blue No. 1 (Brilliant Blue)
Commonly used in ice cream, canned peas, icings, dairy products, sweets and drinks.
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FD&C Blue No. 2 (Indigotine, royal blue)

Originally indigo was a natural dye extracted from plants. Today, nearly all indigo dye
is produced by industrial syntheses. It is the blue of blue jeans.
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FD&C Green No. 3 (Fast Green)
It can be used for tinned green peas and other vegetables. It is the least used of the
seven main FDA approved dyes. prohibited in European Union and some other
countries.

FD&C Red No. 3 (Erythrosine, Cherry-red)
Known as a organoiodine compound. Primarily used in sweets, such as candies,
cake-decorating gels. Commonly used in many countries of the world, but less
commonly used in the United Stated, the second least used after Fast Green.
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FD&C Red No. 40 (Allura Red AC, orange-red)

Has dark red color. Very soluble in watere. The most commonly used red colorant in
the United States, especially in soft drinks.

Fig.6.11 The chemical structures of FDA certified food colorants. (As noted, most of the FD&C colorants are sodium
salts of sulfonic acids)
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FD&C Yellow No. 5 (Tartrazine, lemon yellow)

A commonly used color all over the world for ice cream, confectionery, drink mixes,
corn chips, popcorn, potato chips, mustard, pickles,....
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FD&C Yellow No. 6 (Sunset yellow)
It is used in candy, desserts, snacks, sauces and preserved fruits.
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Orange B
Restricted use only in frankfurters and sauage casing or surfaces.
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Citrus Red No. 2
Restricted use only to color the skins of orange

Fig.6.11 (continued)

by the food matrix, such as pH, salts, and process-
ing conditions, compared to certified synthetic
colorants. However, exempt colors are well
received by the consumer due to the name of “nat-
ural.” Common natural colorings include annatto,
beet root, caramel, carrot oil, grape skins, paprika,
saffron, turmeric, and others, such as inorganic

compounds, titanium dioxide. Some of these can
be used only with certain restrictions (Table 6.4).
Today, some of these are also well perceived by
consumer as the source of antioxidants, derived
from bioactive green, red, yellow, orange, and
blue colors as the sources of lycopene, beta-caro-
tene, lutein, anthocyanin and astaxanthin.
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Table 6.4 Colorants exempt from certification

Exempt color name

Uses and restriction

Annatto extract

Foods generally

Astaxanthin

Salmon fish feed

Beet powder

Foods generally

Canthaxanthin Foods generally (not to exceed
30 mg/lb), and animal feed

Caramel Foods generally

[-apo-carotenal Foods generally

(not to exceed 15 mg/Ib)

f-carotene Foods generally
Carrot oil Foods generally
Cochineal extract;

carmine

Corn endosperm | Chicken feed
oil

Cottonseed flour Foods generally

Grape skin extract | Carbonated drinks, alcoholic

beverages
Fruit juice Foods generally
Paprika Foods generally
Riboflavin Foods generally
Saffron Foods generally

Titanium dioxide | Foods generally (not to exceed 1%)

Turmeric Foods generally

Vegetable juices
Source: Griffiths (2005): CFR (2004)

Foods generally

With few exceptions, the naturally occurring
pigments can be divided into the following four
groups:

1. Tetrapyrrole  compounds:
hemes, and bilins

2. Isoprenoid derivatives: carotenoids

3. Benzopyran derivatives: anthocyanins and
flavonoids

4. Betalains and other colorants: betacyanins,
betaxanthins, caramels and melanoidins.

chlorophylls,

The chlorophylls are characteristic of green
vegetables and leaves. The heme pigments are
found in meat and fish. The carotenoids are a
large group of compounds that are widely distrib-
uted in animal and vegetable products; they are
found in fish and crustaceans, vegetables and
fruits, eggs, dairy products, and cereals.
Anthocyanins and flavonoids are found in root
vegetables and fruits such as berries and grapes.
Caramels and melanoidins are found in syrups

and cereal products, especially if these products
have been subjected to heat treatment.

Tetrapyrrole Pigments
Myoglobins

The basic unit from which the tetrapyrrole pig-
ments are derived is pyrrole.

/ \

N

H
The basic structure of the heme pigments con-
sists of four pyrrole units joined together into a
porphyrin ring as shown in Fig. 6.12. In the heme
pigments, the nitrogen atoms are linked to a cen-
tral iron atom. The color of meat is the result of
the presence of two pigments, myoglobin and
hemoglobin. Both pigments have globin as the
protein portion, and the heme group is composed
of the porphyrin ring system and the central iron
atom. In myoglobin, the protein portion has a
molecular weight of about 17,000. In hemoglo-
bin, this is about 67,000—equivalent to four
times the size of the myoglobin protein. The cen-
tral iron in Fig. 6.12 has six coordination bonds;
each bond represents an electron pair accepted by
the iron from five nitrogen atoms, four from the

Fig.6.12 Schematic representation of the heme complex of
myoglobin (http://www.wiley.com/college/pratt/0471393878/
instructor/structure/myoglobin_hemoglobin/index.html)
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porphyrin ring and one from a histidyl residue of
the globin. The sixth bond is available for joining
with any atom that has an electron pair to donate.
The ease with which an electron pair is donated
determines the nature of the bond formed and the
color of the complex. Other factors playing a role
in color formation are the oxidation state of the
iron atom and the physical state of the globin.

In fresh meat and in the presence of oxygen,
there is a dynamic system of three pigments, oxy-
myoglobin, myoglobin, and metmyoglobin. The
reversible reaction with oxygen is

Mb +0, —> MbO,

In both pigments, the iron is in the ferrous
form; upon oxidation to the ferric state, the com-
pound becomes metmyoglobin. The bright red
color of fresh meat is due to the presence of oxy-
myoglobin; discoloration to brown occurs in two
stages, as follows:

MbO, =2 Mb = MetMb

(red) (Purplish) (Brownish)

Oxymyoglobin represents a ferrous covalent
complex of myoglobin and oxygen. The absorp-
tion spectra of the three pigments are shown in
Fig. 6.13 (Bodwell and McClain 1971). Myoglobin
forms an ionic complex with water in the absence
of strong electron pair donors that can form cova-
lent complexes. It shows a diffuse absorption band
in the green area of the spectrum at about 555 nm
and has a purple color. In metmyoglobin, the major
absorption peak is shifted toward the blue portion
of the spectrum at about 505 nm with a smaller
peak at 627 nm. The compound appears brown.

As indicated above, oxymyoglobin and myo-
globin exist in a state of equilibrium with oxy-
gen; therefore, the ratio of the pigments is
dependent on oxygen pressure. The oxidized
form of myoglobin, the metmyoglobin, cannot
bind oxygen. In meat, there is a slow and continu-
ous oxidation of the heme pigments to the met-
myoglobin state. Reducing substances in the
tissue reduce the metmyoglobin to the ferrous
form. The oxygen pressure, which is so important
for the state of the equilibrium, is greatly affected
by packaging materials used for meats. The max-
imum rate of conversion to metmyoglobin occurs

Conversion of Reduced Myoglobin
— Oxymyoglobin - Metmyoglobin

Reduced Oxygenation 2
Myoglobin ——  Oxymyoglobin
(Purple) Deoxygenation (Bright Red)
Reduction
(electm Oxidation

(Electron loss)

Metmyoglobin

(Brown)
Oxymyoglobin
i
08 4 !
i\ :
F
] [ I
07+ § e
: 7 0
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08 dovd
Metmyoglobin : !
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Extinction cocflicient (¢m¥/mg)
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Fig.6.13 Absorption spectra of myoglobin, oxymyoglo-
bin, and metmyoglobin. Source: From C.E. Bodwell and
P.E. McClain, Proteins, in The Sciences of Meat Products,
2nd ed., J.E. Price and B.S. Schweigert, eds., 1971,
W.H. Freeman & Co.

at partial pressures of 1-20 nm of mercury,
depending on pigment, pH, and temperature (Fox
1966). When a packaging film with low oxygen
permeability is used, the oxygen pressure drops
to the point where oxidation is favored. To pre-
vent this, Landrock and Wallace (1955) estab-
lished that oxygen permeability of the packaging
film must be at least 5 L of oxygen/m?*/day/atm.
Fresh meat open to the air displays the bright
red color of oxymyoglobin on the surface. In the
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interior, the myoglobin is in the reduced state and
the meat has a dark purple color. As long as reduc-
ing substances are present in the meat, the myo-
globin will remain in the reduced form; when they
are used up, the brown color of metmyoglobin will
predominate. According to Solberg (1970), there
is a thin layer a few nanometers below the bright
red surface and just before the myoglobin region,
where a definite brown color is visible. This is the
area where the oxygen partial pressure is about
1.4 nm and the brown pigment dominates. The
growth of bacteria at the meat surface may reduce
the partial oxygen pressure to below the critical
level of 4 nm. Microorganisms entering the loga-
rithmic growth phase may change the surface
color to that of the purplish-red myoglobin
(Solberg 1968).

In the presence of sulfhydryl as a reducing
agent, myoglobin may form a green pigment,
called sulfmyoglobin. The pigment is green
because of a strong absorption band in the red
region of the spectrum at 616 nm. In the presence
of other reducing agents, such as ascorbate, cho-
lemyoglobin is formed. In this pigment, the por-
phyrin ring is oxidized. The conversion into
sulfmyoglobin is reversible; cholemyoglobin for-
mation is irreversible, and this compound is rap-
idly oxidized to yield globin, iron, and
tetrapyrrole. According to Fox (1966), this reac-
tion may happen in the pH range of 5-7.

Heating of meat results in the formation of a
number of pigments. The globin is denatured. In
addition, the iron is oxidized to the ferric state. The
pigment of cooked meat is brown and called hemi-
chrome. In the presence of reducing substances
such as those that occur in the interior of cooked
meat, the iron may be reduced to the ferrous form;
the resulting pigment is pink hemochrome.

In the curing of meat, the heme reacts with
nitrite of the curing mixture. The nitrite-heme
complex is called nitrosomyoglobin, which has a
red color but is not particularly stable. On heating
the more stable nitrosohemochrome, the major
cured meat pigment is formed, and the globin
portion of the molecule is denatured. This
requires a temperature of 65 °C. This molecule
has been called nitrosomyoglobin and nitro-
sylmyoglobin, but Mohler (1974) has pointed out

that the only correct name is nitric oxide myoglo-
bin. The first reaction of nitrite with myoglobin is
oxidation of the ferrous iron to the ferric form
and formation of MetMb. At the same time,
nitrate is formed according to the following reac-
tion (Mohler 1974):

4MbO, +4NO,” +2H,0 —
4MetMbOH +4NO,™ +0,

During the formation of the curing pigment,
the nitrite content is gradually lowered; there are
no definite theories to account for this loss.

The reactions of the heme pigments in meat
and meat products have been summarized in the
scheme presented in Fig. 6.14 (Fox 1966). Bilin-
type structures are formed when the porphyrin
ring system is broken.

Chlorophylls

The chlorophylls are green pigments responsible
for the color of leafy vegetables and some fruits. In
green leaves, the chlorophyll is broken down dur-
ing senescence and the green color tends to disap-
pear. In many fruits, chlorophyll is present in the
unripe state and gradually disappears as the yellow
and red carotenoids take over during ripening. In
plants, chlorophyll is isolated in the chloroplas-
tids. These are microscopic particles consisting of
even smaller units, called grana, which are usually
less than 1 pm in size and at the limit of resolution
of the light microscope. The grana are highly
structured and contain laminae between which the
chlorophyll molecules are positioned.

The chlorophylls are tetrapyrrole pigments in
which the porphyrin ring is in the dihydro form
and the central metal atom is magnesium. There
are two chlorophylls, a and b, which occur
together in a ratio of about 1:25. Chlorophyll b
differs from chlorophyll a in that the methyl
group on carbon 3 is replaced with an aldehyde
group. The structural formula of chlorophyll a is
given in Fig. 6.15. Chlorophyll is a diester of a
dicarboxylic acid (chlorophyllin); one group is
esterified with methanol, the other with phytyl
alcohol. The magnesium is removed very easily
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Fig. 6.14 Heme pigment reactions in meat and meat
products. ChMb cholemyoglobin (oxidized porphyrin
ring), O,Mb oxymyoglobin (Fe*?), MMb metmyoglobin
(Fe*?), Mb myoglobin (Fe*?), MMb-NO, metmyoglobin
nitrate, NOMMb nitrosylmetmyoglobin, NOMb nitro-
sylmyoglobin, NMMb nitrimetmyoglobin, NMb nitrimyo-

CH,CH4

CHy

globin, the latter two being reaction products of nitrous
acid and the heme portion of the molecule, R reductants,
O strong oxidizing conditions. Source: From J.B. Fox,
The Chemistry of Meat Pigments, J. Agr. Food Chem.,
Vol. 14, no. 3, pp. 207-210, 1966, American Chemical
Society

CH ,CH ,CO,CH,CH= cmH CH,CH, CH)CH

H CHy

Fig.6.15 Structure of chlorophyll a. (Chlorophyll 4 dif-
fers in having a formyl group at carbon 3). Source:
Reprinted with permission from J.R. Whitaker, Principles

by acids, giving pheophytins a and b. The action
of acid is especially important for fruits that are
naturally high in acid. However, it appears that
the chlorophyll in plant tissues is bound to lipo-
proteins and is protected from the effect of acid.
Heating coagulates the protein and lowers the
protective effect. The color of the pheophytins is
olive-brown. Chlorophyll is stable in alkaline
medium. The phytol chain confers insolubility in
water on the chlorophyll molecule. Upon hydro-

CH CH

3 3

of Enzymology for the Food Sciences, 1972, by courtesy
of Marcel Dekker, Inc.

lysis of the phytol group, the water-soluble
methyl chlorophyllides are formed. This reaction
can be catalyzed by the enzyme chlorophyllase.
In the presence of copper or zinc ions, it is pos-
sible to replace the magnesium, and the resulting
zinc or copper complexes are very stable.
Removal of the phytol group and the magnesium
results in pheophorbides. All of these reactions
are summarized in the scheme presented in
Fig. 6.16.
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Fig.6.16 Reactions of
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In addition to those reactions described above,
it appears that chlorophyll can be degraded by yet
another pathway. Chichester and McFeeters
(1971) reported on chlorophyll degradation in
frozen beans, which they related to fat peroxida-
tion. In this reaction, lipoxidase may play a role,
and no pheophytins, chlorophyllides, or
pheophorbides are detected. The reaction requires
oxygen and is inhibited by antioxidants.

Isoprenoid Derivative Pigments
Carotenoids

The naturally occurring carotenoids, with the
exception of crocetin and bixin, are tetraterpe-
noids. They have a basic structure of eight iso-
prenoid residues arranged as if two 20-carbon
units, formed by head-to-tail condensation of
four isoprenoid units, had joined tail to tail. There
are two possible ways of classifying the
carotenoids. The first system recognizes two
main classes, the carotenes, which are
hydrocarbons, and the xanthophylls, which con-
tain oxygen in the form of hydroxyl, methoxyl,
carboxyl, keto, or epoxy groups. The second sys-
tem divides the carotenoids into three types

(Fig. 6.17), acyclic, monocyclic, and bicyclic.
Examples are lycopene (I)—acyclic; y-carotene
(II)—monocyclic; and a-carotene and -carotene
(IIT)—bicyclic.

The carotenoids take their name from the
major pigments of carrot (Daucus carota). The
color is the result of the presence of a system of
conjugated double bonds. The greater the number
of conjugated double bonds present in the mole-
cule, the further the major absorption bands will
be shifted to the region of longer wavelength; as
a result, the hue will become more red. A mini-
mum of seven conjugated double bonds are
required before a perceptible yellow color
appears. Each double bond may occur in either
cis or trans configuration. The carotenoids in
foods are usually of the all-trans type and only
occasionally a mono-cis or di-cis compound
occurs. The prefix neo- is used for stereoisomers
with at least one cis double bond. The prefix pro-
is for poly-cis carotenoids. The effect of the pres-
ence of cis double bonds on the absorption
spectrum of p-carotene is shown in Fig. 6.18. The
configuration has an effect on color. The all-trans
compounds have the deepest color; increasing
numbers of cis bonds result in gradual lightening
of the color. Factors that cause change of bonds
from trans to cis are light, heat, and acid.
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Fig.6.17 The
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In the narrower sense, the carotenoids are the
four compounds shown in Fig. 6.17—a-, -, and
y-carotene and lycopene—polyene hydrocarbons
of overall composition Cy,Hss. The relation
between these and carotenoids with fewer than
40 carbon atoms is shown in Fig. 6.19. The prefix
apo- is used to designate a carotenoid that is
derived from another one by loss of a structural
element through degradation. It has been sug-
gested that some of these smaller carotenoid mol-
ecules are formed in nature by oxidative
degradation of C,, carotenoids (Grob 1963).

<
<

Fig. 6.18 Absorption spectra of the three stereoisomers
of beta carotene. B = neo-f-carotene; U = neo-f-
carotene-U; T = all-trans-p-carotene. a, b, ¢, and d indi-
cate the location of the mercury arc lines 334.1 nm,
404.7 nm, 435.8 nm and 491.6 nm, respectively. Source:
From F. Stitt et al., Spectrophotometric Determination of
Beta Carotene Stereoisomers in Alfalfa, J. Assoc. Off.
Agric. Chem. Vol. 34, pp. 460-471, 1951
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Fig.6.20 Formation of retinal and vitamin A from f3-carotene

Several examples of this possible relation-
ship are found in nature. One of the best known
is the formation of retinin and vitamin A from
B-carotene (Fig. 6.20). Another obvious rela-
tionship is that of lycopene and bixin (Fig. 6.21).
Bixin is a food color additive obtained from the

seed coat of the fruit of a tropical brush, Bixa
orellana. The pigment bixin is a dicarboxylic
acid esterified with one methanol molecule. A
pigment named crocin has been isolated from
saffron. Crocin is a glycoside containing two
molecules of gentiobiose. When these are
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Fig.6.21 Relationship
between lycopene and
bixin. Source: From
E.C. Grob, The
Biogenesis of Carotenes
and Carotenoids, in
Carotenes and
Carotenoids, K. Lang,
ed., 1963, Steinkopff
Verlag

Fig.6.22 Relationship
between crocin and
picrocrocin and the
carotenoids
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removed, the dicarboxylic acid crocetin is
formed (Fig. 6.22). It has the same general
structure as the aliphatic chain of the carotenes.
Also obtained from saffron is the bitter com-
pound picrocrocin. It is a glycoside and, after
removal of the glucose, yields saffronal. It is
possible to imagine a combination of two mole-
cules of picrocrocin and one of crocin; this
would yield protocrocin. Protocrocin, which is
directly related to zeaxanthin, has been found in
saffron (Grob 1963).

The structure of a number of important xan-
thophylls as they relate to the structure of
[-carotene is given in Fig. 6.23. Carotenoids may
occur in foods as relatively simple mixtures of
only a few compounds or as very complex mix-
tures of large numbers of carotenoids. The sim-
plest mixtures usually exist in animal products

because the animal organism has a limited ability
to absorb and deposit carotenoids. Some of the
most complex mixtures are found in citrus fruits.

Beta-carotene as determined in fruits and veg-
etables is used as a measure of the provitamin A
content of foods. The column chromatographic
procedure, which determines this content, does
not separate a-carotene, f-carotene, and crypto-
xanthin. Provitamin A values of some foods are
given in Table 6.5. Carotenoids are not synthe-
sized by animals, but they may change ingested
carotenoids into animal carotenoids—as in, for
example, salmon, eggs, and crustaceans. Usually
carotenoid content of foods does not exceed 0.1%
on a dry weight basis.

In ripening fruit, carotenoids increase at the
same time chlorophylls decrease. The ratio of
carotenes to xanthophylls also increases.
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Fig.6.23 Structure of
some of the important
carotenoids. Source:
From B. Borenstein and
R.H. Bunnell,
Carotenoids: Properties,
Occurrence, and
Utilization in Foods, in
Advances in Food
Research, Vol. 15, (0]
C.O. Chichester et al., [
eds., 1967, Academic

Press
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Common carotenoids in fruits are o- and
y-carotene and lycopene. Fruit xanthophylls
are usually present in esterified form. Oxygen,
but not light, is required for carotenoid synthe-
sis and the temperature range is critical. The
relative amounts of different carotenoids are
related to the characteristic color of some fruits.
In the sequence of peach, apricot, and tomato,

Astaxanthin

there is an increasing proportion of lycopene
and increasing redness. Many peach varieties
are devoid of lycopene. Apricots may have
about 10% and tomatoes up to 90%. The lyco-
pene content of tomatoes increases during rip-
ening. As the chlorophyll breaks down during
ripening, large amounts of carotenoids are
formed (Table 6.6).
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Table 6.5 Provitamin A value of various fruits and
vegetables

Product 10/100 g
Carrots, mature 20,000
Carrots, young 10,000
Spinach 13,000
Sweet potato 6000
Broccoli 3500
Apricots 2000
Lettuce 2000
Tomato 1200
Asparagus 1000
Bean, french 1000
Cabbage 500
Peach 800
Brussels sprouts 700
Watermelon 550
Banana 400
Orange juice 200
Source: From B. Borenstein and R.H. Bunnell,

Carotenoids: Properties, Occurrence, and Utilization in
Foods, in Advances in Food Research, Vol. 15,
C.O. Chichester et al., eds., 1967, Academic Press

Table 6.6 Development of pigments in the ripening

tomato

Green Half-ripe | Ripe
Pigment (mg/100 g) | (mg/100 g) | (mg/100 g)
Lycopene 0.11 0.84 7.85
Carotene 0.16 0.43 0.73
Xanthophyll 0.02 0.03 0.06
Xanthophyll ester | 0 0.02 0.10

Color is an important attribute of citrus juice
and is affected by variety, maturity, and process-
ing methods. The carotenoid content of oranges
is used as a measure of total color. Curl and
Bailey (1956) showed that the 5,6-epoxides of
fresh orange juice isomerize completely to
5,8-epoxides during storage of canned juice. This
change amounts to the loss of one double bond
from the conjugated double bond system and
causes a shift in the wavelength of maximum
absorption as well as a decrease in molar absor-
bance. In one year’s storage at 70 °F, an apparent
carotenoid loss of 20-30% occurs.

Table 6.7 Composition of the carotenes in crude palm oil

Carotene % of total carotenes
Phytoene 1.27
Cis-f-carotene 0.68
Phytofluene 0.06
f-carotene 56.02
a-carotene 35.06
C-carotene 0.69
y-carotene 0.33
d-carotene 0.83
Neurosporene 0.29
[-zeacarotene 0.74
a-zeacarotene 0.23
Lycopene 1.30

Source. Reprinted with permission from Choo Yuen May,
Carotenoids from Palm Oil, Palm Oil Developments, Vol.
22, pp. 1-6, Palm Oil Research Institute of Malaysia

Peaches contain violaxanthin, cryptoxanthin,
B-carotene, and persicaxanthin as well as 25 other
carotenoids, including neoxanthin. Apricots con-
tain mainly - and y-carotene, lycopene, and little
if any xanthophyll. Carrots have been found to
have an average of 54 ppm of total carotene
(Borenstein and Bunnell 1967), consisting
mainly of a-, B, and {-carotene and some lycopene
and xanthophyll. Canning of carrots resulted in a
7-12% loss of provitamin A activity because of
cis-trans isomerization of o- and f-carotene
(Weckel 1962). In dehydrated carrots, carotene
oxidation and off-flavor development have been
correlated (Falconer et al. 1964). Corn contains
about one-third of the total carotenoids as caro-
tenes and two-thirds xanthophylls. Compounds
found in corn include zeaxanthin, cryptoxanthin,
B-carotene, and lutein.

One of the highest known concentrations of
carotenoids occurs in crude palm oil. It contains
about 15-300 times more retinol equivalent than
carrots, green leafy vegetables, and tomatoes. All
of the carotenoids in crude palm oil are destroyed
by the normal processing and refining operations.
Recently, improved gentler processes have been
developed that result in a “red palm oil” that retains
most of the carotenoids. The composition of the
carotenes in crude palm oil with a total carotene
concentration of 673 mg/kg is shown in Table 6.7.
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Milkfat contains carotenoids with seasonal
variation (related to feed conditions) ranging
from 2 to 13 ppm. Egg yolk contains lutein, zea-
xanthin, and cryptoxanthin. The total carotenoid
content ranges from 3 to 89 ppm. Crustaceans
contain carotenoids bound to protein resulting in
a blue or blue-gray color. When the animal is
immersed in boiling water, the carotenoid-protein
bond is broken and the orange-red color of the
free carotenoid appears. Widely distributed in
crustaceans is astaxanthin. Red fish contain
astaxanthin, lutein, and taraxanthin.

Common unit operations of food processing
are reported to have only minor effects on the
carotenoids (Borenstein and Bunnell 1967). The
carotenoid-protein complexes are generally more
stable than the free carotenoids. Because carot-
enoids are highly unsaturated, oxygen and light
are major factors in their breakdown. Blanching
destroys enzymes that cause carotenoid destruc-
tion. Carotenoids in frozen or heat-sterilized
foods are quite stable. The stability of carotenoids
in dehydrated foods is poor, unless the food is
packaged in inert gas. A notable exception is
dried apricots, which keep their color well.
Dehydrated carrots fade rapidly.

Several of the carotenoids are now commer-
cially synthesized and used as food colors. A pos-
sible method of synthesis is described by
Borenstein and Bunnell (1967). Beta-ionone is
obtained from lemon grass oil and converted into
a Cl14 aldehyde. The C14 aldehyde is changed to
a C16 aldehyde, then to a C19 aldehyde. Two
moles of the C19 aldehyde are condensed with
acetylene dimagnesium bromide and, after a
series of reactions, yield p-carotene.

Three synthetically produced carotenoids are used
as food colorants, p-carotene, p-apo-8’-carotenal
(apocarotenal), and canthaxanthin. Because of
their high tinctorial power, they are used at levels
of 1-25 ppm in foods (Dziezak 1987). They are
unstable in light but otherwise exhibit good stabil-
ity in food applications. Although they are fat sol-
uble, water-dispersible forms have been developed
for use in a variety of foods. Beta-carotene imparts
a light yellow to orange color, apocarotenal a light
orange to reddish-orange, and canthaxanthin,
orange-red to red. The application of these com-
pounds in a variety of foods has been described by

Counsell (1985). Natural carotenoid food colors
are annatto, oleoresin of paprika, and unrefined
palm oil.

Benzopyran Derivative Pigments
Anthocyanins and Flavonoids

The anthocyanin pigments are present in the sap
of plant cells; they take the form of glycosides and
are responsible for the red, blue, and violet colors
of many fruits and vegetables. When the sugar
moiety is removed by hydrolysis, the aglucone
remains and is called anthocyanidin. The sugar
part usually consists of one or two molecules of
glucose, galactose, and rhamnose. The basic
structure consists of 2-phenyl-benzopyrylium or
flavylium with a number of hydroxy and methoxy
substituents. Most of the anthocyanidins are
derived from 3,5,7-trihydroxy-flavylium chloride
(Fig. 6.24) and the sugar moiety is usually
attached to the hydroxyl group on carbon 3. The
anthocyanins are highly colored, and their names
are derived from those of flowers. The structure of
some of the more important anthocyanidins is
shown in Fig. 6.25, and the occurrence of antho-
cyanidins in some fruits and vegetables is listed in
Table 6.8. Recent studies have indicated that some
anthocyanins contain additional components such
as organic acids and metals (Fe, Al, Mg).

Substitution of hydroxyl and methoxyl groups
influences the color of the anthocyanins. This
effect has been shown by Braverman (1963)
(Fig. 6.26). Increase in the number of hydroxyl
groups tends to deepen the color to a more bluish
shade. Increase in the number of methoxyl groups
increases redness. The anthocyanins can occur in
different forms. In solution, there is an equilib-
rium between the colored cation R* or oxonium
salt and the colorless pseudobase ROH, which is
dependent on pH.

R"+H,0 =ROH+H"

As the pH is raised, more pseudobase is
formed and the color becomes weaker. However,
in addition to pH, other factors influence the color
of anthocyanins, including metal chelation and
combination with other flavonoids and tannins.
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General anthocyanins structure

Name Abbreviation R R R3 Ry Rs Rg Ry
Cyamdin Cy OH OH H OH OH OH H
Delphinidin Dp OH OH H OH OH OH OH
Malvidin Mv OH OH H OH OMe OH OMe
Pelargonidin Pg OH OH H OH H OH H
Peomdin Pn OH OH H OH OMe OH H
Petunidin Pt OH OH H OH OMe OH OH
Fig.6.24 Chemical structure of fruit anthocyanidins
Fig.6.25 Structure of OH
some important .
anthocyanidins HO O 0\ Q OH
ZSoH
OH
Cyanidin
OH OCH,
oo e
ZNOH oy Z>0H
OH OH
Delphinidin Peonidin

Anthocyanidins are highly colored in strongly
acid medium. They have two absorption max-
ima—one in the visible spectram at 500-550 nm,
which is responsible for the color, and a second
in the ultraviolet (UV) spectrum at 280 nm. The
absorption maxima relate to color. For example,
the relationship in 0.01% HC1 in methanol is as
follows: at 520 nm pelargonidin is scarlet, at
535 nm cyanidin is crimson, and at 546 nm del-
phinidin is blue-mauve (Macheix et al. 1990).

About 16 anthocyanidins have been identified
in natural products, but only the following six of
these occur frequently and in many different prod-
ucts: pelargonidin, cyanidin, delphinidin, peoni-
din, malvidin, and petunidin. The anthocyanin
pigments of Red Delicious apples were found to
contain mostly cyanidin-3-galactoside, cyanidin-
3-arabinoside, and cyanidin-7-arabinoside (Sun
and Francis 1968). Bing cherries contain primar-
ily cyanidin-3-rutinoside, cyanidin-3-glucoside,
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Table 6.8 Anthocyanidins occurring in some fruits and

vegetables

Fruit or vegetable

Anthocyanidin

Apple

Cyanidin

Black currant

Cyanidin and delphinidin

Blueberry

Cyanidin, delphinidin, malvidin,
petunidin, and peonidin

Cabbage (red)

Cyanidin

Cherry

Cyanidin and peonidin

Grape Malvidin, peonidin, delphinidin,
cyanidin, petunidin, and
pelargonidin

Orange Cyanidin and delphinidin

Peach Cyanidin

Plum Cyanidin and peonidin

Radish Pelargonidin

Raspberry Cyanidin

Strawberry Pelargonidin and a little cyanidin

Source: From P. Markakis, Anthocyanins, in Encyclopedia
of Food Technology, A.H. Johnson and M.S. Peterson,
eds., 1974, AVI Publishing Co.

Shade of Blue

and small amounts of the pigments cyanidin,
peonidin, peonidin-3-glucoside, and peonidin-
3-rutinoside (Lynn and Luh 1964). Cranberry
anthocyanins were identified as cyanidin-
3-monogalactoside, peonidin-3-monogalactoside,
cyanidin monoarabinoside, and peonidin-3-mono-
arabinoside (Zapsalis and Francis 1965). Cabernet
Sauvignon grapes contain four major anthocya-
nins: delphinidin-3-monoglucoside, petunidin-
3-monoglucoside,  malvidin-3-monoglucoside,
and malvidin-3-monoglucoside acetylated with
chlorogenic acid. One of the major pigments is
petunidin (Somaatmadja and Powers 1963).
Anthocyanin pigments can easily be destroyed
when fruits and vegetables are processed. High
temperature, increased sugar level, pH, and
ascorbic acid can affect the rate of destruction
(Daravingas and Cain 1965). These authors
studied the change in anthocyanin pigments dur-
ing the processing and storage of raspberries.

a”
OH

HO oL
&
X
OH

Pelargonidin Cyanidin

OH
®
o ‘

N OCH,

pay Jo apeys

OH

Malvidin

Fig. 6.26 Effect of substituents on the color of anthocyanidins. Source: Reprinted with permission from
J.B.S. Braverman, Introduction to the Biochemistry of Foods, © 1963, Elsevier Publishing Co.
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During storage, the absorption maximum of the
pigments shifted, indicating a change in color.
The level of pigments was lowered by prolonged
times and higher temperatures of storage. Higher
concentration of the ingoing sugar syrup and the
presence of oxygen resulted in greater pigment
destruction.

The stability of anthocyanins is increased by
acylation (Dougall 1997). These acylated antho-
cyanins may occur naturally as in the case of an
anthocyanin from the purple yam (Yoshida et al.
1991). This anthocyanin has one sinapic residue
attached through a disaccharide and was found to
be stable at pH 6.0 compared to other anthocya-
nins without acylation. Dougall (1997) were able
to produce stable anthocyanins by acylation of
carrot anthocyanins in cell cultures. They found
that a wide range of aromatic acids could be
incorporated into the anthocyanin.

Anthocyanins can form purplish or slategray
pigments with metals, which are called lakes. This
can happen when canned foods take up tin from
the container. Anthocyanins can be bleached by
sulfur dioxide. According to Jurd (1964), this is a
reversible process that does not involve hydrolysis
of the glycosidic linkage, reduction of the pig-
ment, or addition of bisulfite to a ketonic, chalcone
derivative. The reactive species was found to be
the anthocyanin carbonium ion (R*), which reacts
with a bisulfite ion to form a colorless chromen-
2(or 4)-sulfonic acid (R-SO;H), similar in struc-
ture and properties to an anthocyanin carbinol
base (R—OH). This reaction is shown in Fig. 6.27.

Fig.6.27 Reaction of
bisulfite with the
anthocyanin carbonium
ion

Fig.6.28 Structure of
anhydro base (I) and
chalcone (IT)

HSO; + O

OMe
HO 0 + OH
~

The colors of the anthocyanins at acid pH val-
ues correspond to those of the oxonium salts. In
slightly alkaline solutions (pH 8-10), highly col-
ored ionized anhydro bases are formed. At pH 12,
these hydrolyze rapidly to fully ionized chal-
cones (Fig. 6.28). Leuco bases are the reduced
form of the anthocyanins. They are usually with-
out much color but are widely distributed in fruits
and vegetables. Under the influence of oxygen
and acid hydrolysis, they may develop the char-
acteristic color of the carbonium ion. Canned
pears, for example, may show “pinking”—a
change from the leuco base to the anthocyanin.

The flavonoids or anthoxanthins are glyco-
sides with a benzopyrone nucleus. The flavones
have a double bond between carbons 2 and 3. The
flavonols have an additional hydroyxl group at
carbon 3, and the flavanones are saturated at
carbons 2 and 3 (Fig. 6.29). The flavonoids have
low coloring power but may be involved in dis-
colorations; for example, they can impart
blue and green colors when combined with iron.
Some of these compounds are also potential sub-
strates for enzymic browning and can cause
undesirable discoloration through this mecha-
nism. The most ubiquitous flavonoid is quercetin,
a 3,5,7,3',4'-pentahydroxy flavone (Fig. 6.30).
Many flavonoids contain the sugar rutinose, a
disaccharide of glucose and rhamnose. Hesperidin
is a flavanone occurring in citrus fruits and, at
pH 12, the inner ring opens to form a chalcone in
a similar way as shown for the anthocyanins. The
chalcones are yellow to brown in color.

=
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(W] <]

Flavone

Flavonol

Flavanone

Flavan-3-ol

Anthocyanidin

Isoflavone

Fig.6.29 Structure of flavones, flavonals, flavanones, flavanonols, and isoflavones

Fig.6.30 Structure of quercetin

Tannins
Tannins are polyphenolic compounds present in
many fruits. They are important as color com-
pounds and also for their effect on taste as a fac-
tor in astringency (see Chap. 7). Tannins can be
divided into two classes—hydrolyzable tannins
and nonhydrolyzable or condensed tannins. The
tannins are characterized by the presence of a
large number of hydroxyl groups, which provide
the ability to form reversible bonds with other
macromolecules, polysaccharides, and proteins,
as well as other substances such as alkaloids.
This bond formation may occur during the devel-
opment of the fruit or during the mechanical
damage that takes place during processing.
Hydrolyzable tannins are composed of phenolic
acids and sugars that can be broken down by acid,
alkaline, or enzymic hydrolysis. They are polyesters
based on gallic acid and/or hexahydroxydiphenic
acid (Fig. 6.31). The usual sugar is D-glucose and
molecular weights are in the range of 500-2800.

Gallotannins release gallic acid on hydrolysis,
and ellagitannins produce ellagic acid. Ellagic
acid is the lactone form of hexahydroxydiphenic
acid, which is the compound originally present in
the tannin (Fig. 6.31).

Nonhydrolyzable or condensed tannins are also
named proanthocyanidins. These are polymers of
flavan-3-ols, with the flavan bonds most commonly
between C4 and C8 or C6 (Fig. 6.24) (Macheix
et al. 1990). Many plants contain tannins that are
polymers of (+)-catechin or (—)-epicatechin. These
are hydrogenated forms of flavonoids or anthocy-
anidins. Other monomers occupying places in con-
densed fruit tannins have trihydroxylation in the
B-ring: (+)-gallocat-echin and (—)-epigallocate-
chin. Oligomeric and polymeric procyanidins are
formed by addition of more flavan-3-ol units and
result in the formation of helical structures. These
structures can form bonds with proteins.

Tannins are present in the skins of red grapes
and play an important part in the flavor profile of
red wine. Tannins in grapes are usually estimated
in terms of the content of gallic acid (Amerine
and Joslyn 1970).

Oxidation and polymerization of phenolic
compounds as a result of enzymic activity of phe-
noloxidases or peroxidases may result in the for-
mation of brown pigments. This can take place
during the growth of fruits (e.g., in dates) or dur-
ing mechanical damage in processing.
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OH

Gallic Acid

Fig.6.31 Structure of components of hydrolyzable tannins

Fig.6.32 Structure of
naturally occurring

HO
P 0

HO HO OH

HO o O OH
OH

Hexahydroxydiphenic Acid

o
Ellagic Acid

HO,
betalains in red beets. HO o OH
Source: From J.H. Von m HO™ (o)
N +

Elbe and 1.-Y. Maing,
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Betalains as Possible H >
Food Colorants of Meat HO N' O
Substitutes, Cereal Sci. \
Today, Vol. 18, | A\
Pp. 263-264, 316-317, HO OH \ 0
1973 N
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OH
Betanidin Betanin
OH OH
(o} o
OH OH
NI o) HN fo)
A
| X
HO OH HO pZ OH
N N
H
(o] o fo) o
Vulgaxanthin | Vulgaxanthin Il
Other Pigments red betacyanins and the yellow betaxanthins
(Von Elbe and Maing 1973). The structures of the
Betalains betacyanins are shown in Fig. 6.32. The major

Table beets are a good source of red pigments;
these have been increasingly used for food color-
ing. The red and yellow pigments obtained from
beets are known as betalains and consist of the

betacyanin is betanin, which accounts for
75-95% of the total pigments of beets. The
remaining pigments contain isobetanin, pre-
betanin, and isoprebetanin. The latter two are sul-
fate monoesters of betanin and isobetanin,
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respectively. The major yellow pigments are vul-
gaxanthin I and vulgaxanthin. II Betanin is the
glucoside of betanidin, and isobetanin is the C-15
epimer of betanin.

Betanidin has three carboxyl groups (pk,=3.4),
two phenol groups (pH, = 8.5), and asymmetric
carbons at positions 2 and 15. The 15-position is
easily isomerized under acid or basic conditions in
the absence of oxygen to yield isobetanidin. Under
alkaline conditions and in the presence of gluta-
mine or glutamic acid, betanin can be converted to
vulgaxanthin (Mabry 1970).

The color of betanin solutions is influenced by
pH. In the range of 3.5-7.0, the spectrum shows a
maximum of 537 nm (Fig. 6.33). Below pH 3, the
intensity of this maximum decreases and a slight
increase in the region of 570-640 nm occurs and
the color shifts toward violet. At pH values over
7, a shift of the maximum occurs to longer wave-
length. At pH 9, the maximum is about 544 nm
and the color shifts toward blue. Von Elbe et al.
(1974) found that the color of betanin is most
stable between pH 4.0 and 6.0. The thermostabil-
ity is greatest between pH 4.0 and 5.0. Light and

air have a degrading effect on betanin, and the
effect is cumulative.

Caramels and Melanoidins

Caramel color can be produced from a variety of
carbohydrate sources, but usually corn sugar
syrup is used. Corn starch is first hydrolyzed with
acid to a DE of 8-9, followed by hydrolysis with
bacterial a-amylase to a DE of 1214, then with
fungal amyloglucosidase up to a DE of 90-95.
Several types of caramel are produced. The larg-
est amount is electropositive or positive caramel,
which is made with ammonia. Electronegative or
negative caramel is made with ammonium salts.
A slightly electronegative caramel is soluble in
alcohol and is used for coloring beverages
(Greenshields 1973). The composition and color-
ing power of caramel depends on the type of raw
materials and the process used. The melanoidins
are formed from the reactions between reducing
sugars and basic nitrogenous compounds, often
called the Maillard reaction. Both Maillard-type
reactions and pure caramelizing reactions are
thought to be involved commonly in most of heat

Fig. 6.33 Visible spectra of betanin at pH values of 2.0,
5.0, and 9.0. Source: From J.H. Von Elbe, I.-Y. Maing, and
C.H. Amundson, Color Stability of Betanin, Journal of

Food Science, Vol. 39, pp. 334-337, 1974, Institute of
Food Technologists
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(at high temperatures) processed food products.
The reaction products are extremely complex in
composition with high and low molecular weight
colored compounds, as well as a variety of vola-
tile components.
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Flavor

Han-Seok Seo, John W. Finley,

and John M. deMan

Our response to the food when we consume is a
combination of visual, tactile, thermal, taste and
aroma. Frequently our first interaction with a
food is visual or to the aroma of the food. When
we put it in our mouth we respond to the tempera-
ture, texture (tactile) and taste response. In this
chapter we will consider the taste and aroma
responses. In recent years, the understanding of
taste and smell has increased exponentially.

Hall (1968) defined flavor as follows: “Flavor
is the sensation produced by a material taken in
the mouth, perceived principally by the senses of
taste and smell, and also by the general pain, tac-
tile and temperature receptors in the mouth.
Flavor denotes the sum of the characteristics of
the material which produce that sensation.” More
recently, the International Organization for
Standardization ( 2008) characterized flavor as a
“complex combination of the olfactory, gustatory
and trigeminal sensations perceived during tast-
ing. The flavor may be influenced by tactile, ther-
mal, painful and/or kinaesthetic effects.”
Although the senses of taste and smell are the
principal systems for distinguishing flavor in
foods, other sensory cues contribute to the overall
sensation of flavor. For example, texture has a
very definite effect on our perception of taste.
Smoothness, roughness, granularity, and viscos-
ity can all influence flavor, as can hotness of
spices, coolness of menthol, brothiness or full-
ness of certain amino acids, and the tastes
described as metallic and alkaline. In addition,

© Springer International Publishing AG 2018

flavor perception is affected by visual cues (col-
ors and images) as well as auditory cues (back-
ground sound and biting/drinking-induced
sound) (DuBose et al. 1980; Spence 2012).

The senses of taste and smell give animals or
humans the ability to evaluate what they eat and
drink. This evaluation helps animals and humans
to promote ingestion of nutritious substances and
prevent consumption of potential poisons or tox-
ins. Animals, including humans, develop taste and
smell preferences, which is the ability to choose
certain types of food in preference to others. Taste
and smell preferences can change with differing
body needs and dietary interactions. The senses of
taste and smell also motivate us to eat by seeking
the nutrients and energy such as fat and sugar.
However, likings of sugar and fat vary with geno-
type, as well as individual experiences and envi-
ronmental factors. Animals often develop food
aversions, particularly if they become ill soon
after eating a certain food, even though that food
was not the cause of the illness. Food preferences
and aversions involve the senses of taste and
smell, and these phenomena are almost certainly
mediated through the central nervous system. In
addition, by sniffing off-odors or tasting bitterness
or sourness, the senses of taste and smell help us
to avoid ingesting harmful foods containing toxic,
microbes, microbial by products, or chemical
contamination (Reed and Knaapila 2010).

Traditionally we are taught that there are five
basic taste responses on the tongue; salt, acid,
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sweet, bitter, and umami. Each taste quality has a
specific role in the detection of nutritious as well
as poisonous substances; sweet taste for carbohy-
drate sources of calories, umami for protein and
amino acid contents, salty for mineral contents,
and sour for fruits ripeness and spoiled foods,
and bitter for harmful compounds (Iwata et al.
2014). Many earlier textbooks and journal arti-
cles cite the “tongue map” suggesting that differ-
ent areas of the tongue are sensitive to specific
tastes as show in Fig. 7.1. However, all taste qual-
ities are sensitive across the area of tounge.

The interactions of foods with saliva can also
have a major influence on our perception of tast-
ing substances. Saliva acts as a solvent for taste
substances as well as a diffuser of the solutes to
the taste receptor sites. Salivar also acts as a buf-
fer for acidic foods and may bind with bitter taste
substances. In addition, some salivary consti-
tutents alter taste sensitivity by continuously
stimulating the taste receptors, and salivar also
protect the taste receptors from dryness, bacterial
infection, and disuse atrophy (Matsuo 2000).

Taste is the response to dissolved molecules
and ions called tastants. Taste is detected when
tastants interact with taste receptor cells. These
cells are clustered in taste buds on the tongue and
scattered in other areas of the body, for example
the nasal epithelium, the trachea, the stomach,
and the intestines (Finger and Kinnamon 2011).
Sweet taste receptors (T1Rs) are found in cells of
the duodenum. When sugars reach the duode-
num, the cells respond by releasing incretins,

Bitter

Sour

Salty

Sweet

Fig. 7.1 Misinterpreted tongue map suggesting four
basic tastes are sensitive on specific regions of the tongue.
The basic tastes are sensitive on every part of the tongue

causing the pancreas beta cells, located in the
islets of Langerhans, to increase the release of
insulin (Laffitte et al. 2014). Bitter taste receptors
(T2Rs) are found in the cilia of human bronchial
and sinonasal epithelial cells where they can
serve to cause a response to expel inhaled irri-
tants (Shah et al. 2009).

Traditionally various areas of the tongue were
considered to be responsible for the perception of
the basic tastes. More recent studies have demon-
strated that taste buds contain 50-120 taste cells
with multiple receptors for all five basic tastes.
Each taste cell has receptors on its apical surface
that are transmembrane proteins. These proteins
admit the ions that give rise to the sensations of
salty and sour tastes as well as bind to the mole-
cules that elicit the sensations of sweet, bitter,
and umami tastes (Engelen 2010).

The various types of taste cells are located
within taste buds. These structures are predomi-
nantly located on the tongue and soft palate. Most
of the taste buds on the tongue are located within
tiny projections on the tongue called papillae.
The predominant papillae on the tongue are the
filiform or threadlike structures that do not con-
tain taste buds. The filiform structures are
involved in somatosensory and mechanical func-
tions. The taste buds are found on the fungiform
papillae on the anterior two-thirds of the tongue.
The fungiform papillae are the most noticeable
and typically contain one or more taste buds. The
circumvallate papillae are located on the dorsal
side of the tounge and the foliate papillae are
found in small trenches located on the sides of
the rear of the tongue (Fig. 7.2).

Taste buds are onion-shaped structures com-
posed of between 50 and 100 taste cells. Each
taste cell has finger-like projection called a
microvilli. The microvilli protrude through an
opening at the top of the taste bud referred to as
the taste pore. Food chemicals called tastants
which are dissolved in the saliva contact the taste
cells through the taste pore. They then interact
with proteins on the surfaces of the cells known
as taste receptors or with pore like proteins called
ion channels. These interactions cause electrical
changes in the taste cells that send chemical sig-
nals to adjacent neurons ultimately resulting in
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Fig.7.2 Taste buds and the cranial nerves of the tongue.
(a) Distribution of taste papillae on the dorsal surface of
the tongue. Different responses to sweet, salty, sour, and
bitter tastants recorded in the three cranial nerves (VII, IX,
and X) that innervate the tongue and epiglottis are indi-
cated at left (a). The size of the circles representing
sucrose, NaCl, HCI, quinine, and water corresponds to the
relative response of the papillae to these stimuli. (b)

impulses to the brain. The electrical changes in
the taste cells that result in signals to the brain are
dependent on the concentrations of the ions. Like
neurons, taste cells have a net negative charge
internally and a net positive charge externally.
Tastants bind to the taste cells, the concentration
of positive ions inside cells increases, eliminating
the net charge differences internally and exter-
nally. This depolarization causes the taste cells to
release chemical signals called neurotransmit-
ters, which cause neurons connected to the taste
cells to transmit electrical messages to the brain.

Circumvallate
papillae

Fungiform
papillae

Taste pore Taste cells
Microvilli

Diagram of a circumvallate papilla showing location of
individual taste buds. (c¢) Light micrograph of a taste bud.
(d) Diagram of a taste bud, showing various types of taste
cells and the associated gustatory nerves. The apical sur-
faces of the receptor cells have microvilli that are oriented
toward the taste pore (reference source of Fig. 7.2 is miss-
ing:  http://www.uth.tmc.edu/courses/dental/smell-taste/
taste.html?)

The responses to bitter and sweet tastes by the
taste cells are not always closely correlated with
the chemical structure of the tastant molecule.
Manny carbohydrates, particularly simple sugars
are sweet, but others are not sweet at all. Many
non-carbohydrate molecules result in a sweet
taste response. For example, chloroform, steva-
side, saccharin and aspartame all cause sweet
responses. None of these molecules has any com-
mon structure with sweet sugars. Compounds
that result in salty or sour tastes are less diverse
because they are generally ions such as hydrogen
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ions for sour and sodium for salty taste. The
chemicals that produce salty and sour tastes act
directly through ion channels, whereas those
responsible for sweet and bitter tastes bind to sur-
face of the receptor. The receptors then signal the
cells which cause the opening and closing of ion
channels. Gustducin is a G-protein that converts
the electrical impulse to a signal. Gustducin is
referred to as a G-protein, which is found on the
underside of many different receptors. The term
G-protein is used because the activity of such
proteins is regulated by guanosine triphosphate,
GTP. When a tastant molecule binds to a taste
cell receptor, it prompts the subunits of gustducin
to split apart and carry out biochemical reactions
that ultimately open and close ion channels and
make the cell interior more positively charged.
Within a taste bud, there is a network of den-
drites of sensory nerves called “taste nerves.”
Taste cells are stimulated by the binding of chem-
icals to their receptors causing the taste cell to
become depoloraized, this depolarization is
transmitted to the taste nerve fibers resulting in a
potential that is ultimately transmitted to the
brain. The nerve transmission rapidly adapts after
the initial stimulus, and a strong discharge is
observed in the taste nerve fibers but within a few
seconds. That response diminishes to a steady-
state level of much lower amplitude. We know
that binding between stimulus and receptor is a
weak one because no irreversible effects have
been observed. A mechanism of taste stimulation

Fig.7.3 Mechanism of

taste stimulation as Hydrated
proposed by Beidler. lons P

Source: From

L.M. Beidler, Facts and
Theory on the
Mechanism of Taste and
Odor Perception, in
Chemistry of Natural
Food Flavors, 1957,
Quartermaster Food and
Container Institute for
the Armed Forces

with electrolytes has been proposed by Beidler
(1957); it is shown in Fig. 7.3. The time required
for taste response to take place is in the order of
25 ms. The taste molecule is weakly adsorbed,
thereby creating a disturbance in the molecular
geography of the surface and allowing an inter-
change of ions across the surface. This reaction is
followed by an electrical depolarization that initi-
ates a nerve impulse.

The taste receptor mechanism has been more
fully described by Kurihara (1987). The process
from chemical stimulation to transmitter release
is schematically presented in Fig. 7.4. The recep-
tor membranes contain voltage-dependent cal-
cium channels. Taste compounds contact the
taste cells and depolarize the receptor membrane;
this depolarization spreads to the synaptic area,
activating the voltage-dependent calcium chan-
nels. Influx of calcium triggers the release of the
transmitter norepinephrine.

The relationship between stimulus concentra-
tion and neural response is not simple. As the
stimulus concentration increases, the response
increases at a decreasing rate until a point is
reached where further increase in stimulus con-
centration does not produce a further increase in
response. Beidler (1954) proposed the following
equation relating magnitude of response and
stimulus concentration:
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where

C = stimulus concentration

R = response magnitude

R, = maximum response

K = equilibrium constant for the stimulus- recep-
tor reaction

K values reported by Beidler for many substances
are in the range of 5-15.

It appears that the initial step in the stimulus-
receptor reaction is the formation of a weak com-
plex, as evidenced by the small values of K. The
complex formation results in the initiation of the
nerve impulse. Because of the decreasing rate of
response, we know that the number of receptor
sites is finite. The taste response is a function of
the proportion of sites occupied by the stimulus
compound.

According to Beidler (1957), the threshold
value of a substance depends on the equilibrium
constant and the maximum response. Since K
and R, both vary from one substance to another
and from one species to another, the threshold
also varies between substances and species. The
concentration of the stimulus can be increased in
steps just large enough to elicit an increase in
response. This amount is called the just notice-
able difference (JND).

There appear to be significant age- or sex-
related differences in taste sensitivity, and espe-
cially heavy smoking (more than 20 cigarettes
per day) results in a deterioration in taste respon-
siveness with age.

Differences in taste perception between indi-
viduals seem to be common. Peryam (1963) found
that sweet and salt are usually well recognized.
However, with sour and bitter taste some difficulty
is experienced. Some tasters ascribe a bitter qual-
ity to citric acid and a sour quality to caffeine.

Recent studies have demonstrated that taste-
signalling molecules are distributed not only in the
gustatory epithelium, but also in other tissues,
including the gastrointestinal tract, airways, testes
and brain. Taste signalling mechanisms in the gas-
trointestinal tract have been found to participate in
detecting sweet, umami and bitter compounds. It
has been proposed that tastant/nutrient detection
by other systems contributes to the behavioural
responses to food intake (Iwatsuki and Torii 2012).

The bitter taste receptor (TAS2R)-family of
G-protein-coupled receptors has been identified
on the tongue as detectors of bitter taste. In the
last few years, they have been discovered in
extra-oral tissues, including the airways, the gut,
the brain and even the testis. In tissues that
contact the exterior, protective functions for


http://scienceinit.in/2016/03/31/how-do-we-taste
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TAS2Rs have been proposed, in analogy to their
function on the tongue as toxicity detector.
However, TAS2Rs have also been found in inter-
nal organs, suggesting other roles for these recep-
tors, perhaps involving as yet unidentified
endogenous ligands. The current review gives an
overview of the different proposed functions for
TAS2Rs in tissues other than the oral cavity;
from appetite regulation to the treatment of
asthma, regulation of gastrointestinal motility
and control of airway innate immunity (Avau and
Depoortere 2016).

Once taste signals are transmitted to the brain,
several neural pathways are activated that influ-
ence digestive function. Tasting food is followed
rapidly by increased salivation and by low level
secretory activity in the stomach.

Taste Sensations

The sense of taste is equivalent to excitation of

taste receptors. Taste receptors for a large number

of specific chemicals have been identified which

contribute to the reception of taste. Five basic

types of tastes are recognized by humans:

* Sweet—usually indicates rich
nutrients.

* Bitter—allows sensing of diverse natural
toxins.

e Salty—allows modulating diet for electrolyte
balance.

e Sour—typically the taste of acids.

e Umami—the taste of amino acids (e.g., meat
broth or aged cheese).

energy

None of these tastes are elicited by a single
chemical. There are thresholds for detection of
taste that differ among chemicals that deliver
similar taste. For example, sucrose, 1-propyl-2
amino-4-nitrobenzene and lactose all taste sweet
to humans, but the sweet taste is elicited by these
chemicals at concentrations of roughly 10 mM, 2
uM and 30 mM respectively—a range of potency
of roughly 15,000-fold. Substances sensed as bit-
ter typically have very low thresholds. Table 7.1
illustrates the relative threshold concentrations of
various types of tastants.

Table 7.1 Taste thresholds for basic taste sensations

Examples of human taste thresholds

Taste Substance Threshold for tasting
Salty NaCl 0.01 M

Sour HCl 0.0009 M

Sweet Sucrose 0.01 M

Bitter Quinine 0.000008 M

Umami Glutamate 0.0007 M

(Source: rbowen@colostate.edu

The taste cells transduce the stimuli from tas-
tants and provide the identity, concentration, and
pleasant or unpleasant quality of the tastant. This
information is translated to the gastrointestinal
system causing salivation and swallowing (or gag-
ging and regurgitation if the substance is noxious).
The temperature and texture of food is relayed
from the mouth via somatic sensory receptors from
the trigeminal and other sensory cranial nerves to
the thalamus and somatic sensory cortices. Food is
not simply eaten for nutritional value; taste percep-
tion also depends on cultural backgrounds and
psychological factors (Purves et al. 2001).

Chemical Structure and Taste

A first requirement for a substance to produce a
taste is that it be water soluble. The relationship
between the chemical structure of a compound
and its taste is more easily established than that
between structure and smell. In general, all acid
substances are sour. Sodium chloride and other
salts are salty, but as constituent atoms get bigger,
a bitter taste develops. Potassium bromide is both
salty and bitter, and potassium iodide is predomi-
nantly bitter. Sweetness is a property of sugars
and related compounds but also of lead acetate,
beryllium salts, and many other substances such
as the artificial sweeteners saccharin and
cyclamate. Bittemess is exhibited by alkaloids
such as quinine, picric acid, and heavy metal salts.

Minor changes in chemical structure may
change the taste of a compound from sweet to
bitter or tasteless. For example, Beidler (1966)
has examined saccharin and its substitution com-
pounds. Saccharin is 500 times sweeter than
sugar (Fig. 7.5). Introduction of a methyl group
or of chloride in the para position reduces the
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Fig. 7.5 The effect of substitutions in saccharin on sweetness. Source: From L.M. Beidler, Chemical Excitation of
Taste and Odor Receptors, in Flavor Chemistry, 1. Hornstein, ed., 1966, American Chemistry Society
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Fig.7.6 Taste of nitrotoluidine isomers

sweetness by half. Placing a nitro group in the
meta position makes the compound very bitter.
Introduction of an amino group in the para posi-
tion retains the sweetness. Substitutions at the
imino group by methyl, ethyl, or bromoethyl
groups all result in tasteless compounds.
However, introduction of sodium at this location
yields sodium saccharin, which is very sweet.

The compound 5-nitro-o-toluidine is sweet.
The positional isomers 3-nitro-o-toluidine and
3-nitro-p-toluidine are both tasteless (Fig. 7.6).
Teranishi et al. (1971) provided another example
of change in taste resulting from the position of
substituent group: 2-amino-4-nitro-propoxyben-
zene is 4000 times sweeter than sugar, 2-nitro-4-
amino-propoxybenzene is  tasteless, and
2,4-dinitro-propoxybenzene is bitter (Fig. 7.7).
Dulcin (p-ethoxyphenylurea) is extremely sweet,
the thiourea analog is bitter, and the o-
ethoxyphenylurea is tasteless (Fig. 7.8).

Just as positional isomers affect taste, so do
different stereoisomers. There are eight amino
acids that are practically tasteless. A group of
three has varying tastes; except for glutamic acid,

these are probably derived from sulfur-containing
decomposition products. Seven amino acids have
a bitter taste in the L form or a sweet taste in the
D form, except for L-alanine, which has a sweet
taste (Table 7.2). Solms et al. (1965) reported on
the taste intensity, especially of aromatic amino
acids. L-tryptophan is about half as bitter as caf-
feine; D-tryptophan is 35 times sweeter than
sucrose and 1.7 times sweeter than calcium
cyclamate. L-phenylalanine is about one-fourth
as bitter as caffeine; the D form is about seven
times sweeter than sucrose. L-tyrosine is about
one-twentieth as bitter as caffeine, but D-tyrosine
is still 5.5 times sweeter than sucrose.

Some researchers claim that differences exist
between the L and D forms of some sugars. They
propose that L-glucose is slightly salty and not
sweet, whereas D-glucose is sweet. There is even
a difference in taste between the two anomers of
D-mannose. The o form is sweet as sugar, and the
B form is bitter as quinine.

Optical isomers of carvone have totally dif-
ferent flavors. The D+ form is characteristic of
caraway; the L— form is characteristic of
spearmint.

The ability to taste certain substances is genet-
ically determined and has been studied with
phenylthiourea. At low concentrations, about
25% of subjects tested do not taste this com-
pound; for the other 75%, the taste is bitter. The
inability to taste phenylthiourea is probably due
to a recessive gene. The compounds by which
tasters and nontasters can be differentiated all
contain the following isothiocyanate group:
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Table 7.2 Difference in taste between the L-and D-forms S 9)
of amino acids )SJ\ )J\
Taste of D NH
Amino acid Taste of L isomer isomer HN N H2 H2N N H2 fl
Asparagine Insipid Sweet N S
Glutamic acid | Unique Almost tasteless H
Phenylalanine | Faintly bitter Sweet, bitter
aftertaste Phenylthiourea Thiourea
Leucine Flat, faintly bitter Strikingly sweet
Valine Slightly sweet, Strikingly sweet S
bitter Fig. 7.9 Compounds containing the || group by
Serine Faintly sweet, stale | Strikingly sweet -C-N-
after taste which tasters and nontasters can be differentiated
Histidine Tasteless to bitter Sweet
Isoleucine Bitter Sweet 0
Methionine Flat Sweet I
Tryptophan Bitter Very sweet -C-N-
phenylurea, urea, and uracil, do not show this
S phenomenon. Another compound containing the
l isothiocyanate group has been found in many spe-
-C—N-

These compounds—phenylthiourea, thiourea,
and thiouracil—are illustrated in Fig. 7.9. The
corresponding compounds that contain the group,

cies of the Cruciferae family; this family includes
cabbage, turnips, and rapeseed and is well known
for its goitrogenic effect. The compound is goi-
trin, 5-vinyloxazolidine-2-thione (Fig. 7.10).
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Sweet Taste

Many investigators have attempted to relate the
chemical structure of sweet tasting compounds to
the taste effect, and a series of theories have been
proposed (Shallenberger 1971). Shallenberger
and Acree (1967, 1969) proposed a theory that
can be considered a refinement of some of the
ideas incorporated in previous theories.
According to this theory, called the AH,B theory,
all compounds that bring about a sweet taste
response possess an electronegative atom A, such
as oxygen or nitrogen. This atom also possesses a
proton attached to it by a single covalent bond;
therefore, AH can represent a hydroxyl group, an
imine or amine group, or a methine group. Within
a distance of about 0.3 nm from the AH proton,
there must be a second electronegative atom B,
which again can be oxygen or nitrogen (Fig. 7.11).
Investigators have recognized that sugars that
occur in a favored chair conformation yield a gly-
col unit conformation with the proton of one
hydroxyl group at a distance of about 0.3 nm
from the oxygen of the next hydroxyl group; this
unit can be considered as an AH,B system. It was
also found that the © bonding cloud of the ben-
zene ring could serve as a B moiety. This explains

Fig.7.10 5-vinyloxazoli ine-2-thione

Fig.7.11 The AH,B
theory of sweet taste
perception

SWEET
COMPOUND

the sweetness of benzyl alcohol and the sweet-
ness of the anti isomer of anisaldehyde oxime, as
well as the lack of sweetness of the syn isomer.
The structure of these compounds is given in
Fig. 7.12. The AH,B system present in sweet
compounds is, according to Shallenberger, able
to react with a similar AH,B unit that exists at the
taste bud receptor site through the formation of
simultaneous hydrogen bonds. The relatively
strong nature of such bonds could explain why
the sense of sweetness is a lingering sensation.
According to the AH,B theory, there should not
be a difference in sweetness between the L and D
isomers of sugars. Experiments by Shallenberger
(1971) indicated that a panel could not distin-
guish among the sweet taste of the enantiomor-
phic forms of glucose, galactose, mannose,
arabinose, xylose, rthamnose, and glucoheptu-
lose. This suggests that the notion that L. sugars
are tasteless is a myth.

Spillane (1996) has pointed out that the AH,B
theory appears to work quite well, although spatial,
hydrophobic/hydrophilic, and electronic effects
are also important. Shallenberger (1998) describes
the initiation of sweetness as being due to a con-
certed intermolecular, antiparallel hydrogen-
bonding interaction between the glycophore
(Greek glyks, sweet; phoros, to carry) and receptor
dipoles. The difficulty in explaining the sweetness
of compounds with different chemical structures is
also covered by Shallenberger (1998) and how this
has resulted in alternative taste theories. The appli-
cation of sweetness theory is shown to have impor-
tant applications in the food industry.

Extensive experiments with a large number of
sugars by Birch and Lee (1971) support
Shallenberger’s theory of sweetness and indicate
that the fourth hydroxyl group of glucopyrano-
sides is of unique importance in determining

RECEPTOR
A SITE
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OCH3 OCH4

SWEET TASTELESS

Fig. 7.12 Anti-anisaldehyde oxime, sweet; and syn-
anisaldehyde oxime, tasteless

sweetness, possibly by donating the proton as the
AH group. Apparently the primary alcohol group
is of little importance for sweetness. Substitution
of acetyl or azide groups confers intense bitter-
ness to sugars, whereas substitution of benzoyl
groups causes tastelessness.

As the molecular weight of saccharides
increases, their sweetness decreases. This is best
explained by the decrease in solubility and increase
in size of the molecule. Apparently, only one sugar
residue in each oligosaccharide is involved in the
interaction at the taste bud receptor site.

The relative sweetness of a number of sugars
and other sweeteners has been reported by Solms
(1971) and is given in Table 7.3. These figures
apply to compounds tasted singly and do not nec-
essarily apply to sugars in foods, except in a gen-
eral sense. The relative sweetness of mixtures of
sugars changes with the concentration of the
components. Synergistic effects may increase the
sweetness by as much as 20-30% in such mix-
tures (Stone and Oliver 1969).

Steroidal alkaloids (SAs) and their glycosyl-
ated forms (SGAs) found in the nightshade fam-
ily are toxic to humans and animals. These
compounds are produced by members of the
Solanaceae and Liliaceae plant families. In the
plants these metabolites serves as a chemical bar-
riers against a broad range of pests and patho-
gens. In humans and animals, SAs are considered
anti-nutritional factors because they affect the
digestion and absorption of nutrients from food
and in some cases they can cause poisoning
(Cardenas et al. 2015).

Table 7.3 Relative sweetness of sugars and other
sweeteners

Compound Relative sweetness
Sucrose 1

Lactose 0.27
Maltose 0.5
Sorbitol 0.5
Galactose 0.6
Glucose 0.5-0.7
Mannitol 0.7
Glycerol 0.8
Fructose 1.1-1.5
Cyclamate 30-80
Glycyrrhizin 50
Aspartyl-phenylalanine methylester | 100-200
Stevioside 300
Naringin dihydrochalcone 300
Saccharin 500-700
Neohesperidin dihydrochalcone 1000-1500

Source: From J. Solms, Nonvolatile Compounds and the
Flavor of Foods, in Gustation and Olfaction, G Ohloff and
A.F. Thomas, eds., 1971, Academic Press

Sour Taste

Although it is generally recognized that sour
taste is a property of the hydrogen ion, there is no
simple relationship between sourness and acid
concentration. Acids have different tastes; the
sourness as experienced in the mouth may depend
on the nature of the acid group, pH, titratable
acidity, buffering effects and the presence of
other compounds, especially sugars. Organic
acids have a greater taste effect than inorganic
acids (such as hydrochloric acid) at the same
pH. Information on a number of the most
common acids found in foods and phosphoric
acid (which is also used in soft drinks) has been
collected by Solms (1971) and compared with
hydrochloric acid. This information is presented
in Table 7.4.

According to Beatty and Cragg (1935), rela-
tive sourness in unbuffered solutions of acids is
not a function of molarity but is proportional to
the amount of phosphate buffer required to bring
the pH to 4.4. Ough (1963) determined relative
sourness of four organic acids added to wine and
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Table 7.4 Properties of some acids, arranged in order of decreasing acid taste and with tartaric acid as reference

Properties of 0.05 N solutions | Ionization Taste

Acid Taste | Total acid (g/L) |pH | constant sensation Found In

Hydrochloric | +1.43 | 1.85 1.70 |- - -

Tartaric 0 3.75 245 1.04x10-3 |Hard Grape

Malic -0.43 3.35 2.65 |39x10-4 | Green Apple, pear, prune, grape, cherry,
apricot

Phosphoric —1.14 | 1.65 2.25 7.52x10-3 |Intense Orange, grapefruit

Acetic —1.14 |3.00 295 | 1.75x10-5 | Vinegar -

Lactic —1.14 [ 4.50 2.60 |1.26x 10-4 | Sour, tart -

Citric —-1.28 |3.50 2.60 |8.4x10-4 | Fresh Berries, citrus, pineapple

Propionic —-1.85 13.70 290 | 1.34 x 10-5 |Sour, cheesy | —

Source: From J. Solms, Nonvolatile Compounds and the Flavor of Foods, in Gustation and Olfaction, G. Ohloff and

A.F. Thomas, eds., 1971, Academic Press

also preference for these acids. Citric acid was
judged the most sour, fumaric and tartaric about
equal, and adipic least sour. The tastes of citric
and tartaric acids were preferred over those of
fumaric and adipic acids.

Pangborn (1963) determined the relative
sourness of lactic, tartaric, acetic, and citric acid
and found no relation between pH, total acidity,
and relative sourness. It was also found that
there may be considerable differences in taste
effects between sugars and acids when they are
tested in aqueous solutions and in actual food
products.

Buffering action appears to help determine the
sourness of various acids; this may explain why
weak organic acids taste more sour than mineral
acids of the same pH. It is suggested that the buff-
ering capacity of saliva may play a role, and
foods contain many substances that could have a
buffering capacity.

Waucherpfennig (1969) examined the sour taste
in wine and found that alcohol may decrease the
sourness of organic acids. He examined the rela-
tive sourness of 17 organic acids and found that
the acids tasted at the same level of undissociated
acid have greatly different intensities of sourness.
Partially neutralized acids taste more sour than
pure acids containing the same amount of undis-
sociated acids. The change of malic into lactic
acid during the malolactic fermentation of wines
leads to a decrease in sourness, thus making the
flavor of the wine milder.

Salty Taste

The salty taste is best exhibited by sodium chlo-
ride. It is sometimes claimed that the taste of salt
by itself is unpleasant and that the main purpose
of salt as a food component is to act as a flavor
enhancer or flavor potentiator. The taste of salts
depends on the nature of both cation and anion.
As the molecular weight of either cation or
anion—or both—increases, salts are likely to
taste bitter. The lead and beryllium salts of acetic
acid have a sweet taste. The taste of a number of
salts is presented in Table 7.5.

The current trend of reducing sodium intake in
the diet has resulted in the formulation of low-
sodium or reduced-sodium foods. It has been
shown (Gillette 1985) that sodium chloride
enhances mouthfeel, sweetness, balance, and
saltiness, and also masks or decreases off-notes.
Salt substitutes based on potassium chloride do
not enhance mouthfeel or balance and increase
bitter or metallic off-notes.

Some individuals are sensitive are sensi-
tive and need to reduce the sodium content of
their diet. Salt sensitivity individuals experience
increases in blood pressure in response to salt
intake, Salt sensitive individuals are more likely
to have high blood pressure than those who are
resistant to salt. Salt-sensitive individuals are at
higher risk for high blood pressure, cardiovascu-
lar disease and lower survival rate later in life if
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Table 7.5 Taste sensations of salts

Taste Salts

Salty LiCl, LiBr, Lil, NaNO3, NaCl, NaBr,
Nal, KNO3, KC1

Salty and KBr, NH41, KC1

bitter

Bitter CsCl, CsBr, KI, MgS0O4

Sweet Lead acetate,* beryllium acetate®

Taste Salts

“Extremely toxic

Table 7.6 Percentage of salt-sensitive people in different
populations (data from Sullivan 1991)

Population
Blood pressure White (%) Black (%)
Normal 15 27
Hypertension 29 50

they continuously live an unhealthy lifestyle or
have a high-sodium diet (Weinberger et al. 2001).
A study by Sullivan 1991), salt-sensitive individ-
uals are more likely to have hypertension, as are
blacks more than whites (Table 7.6). Another
study reports that approximately 60% of Chinese
who have high blood pressure are salt-sensitive
(Li 2012).

Sodium homeostasis in the human body is
regulated mainly by the renin-angiotensin-
aldosterone system. This system operates mainly
in the kidney and in vascular smooth muscle
cells. Variations in this system, due to genetic
background, age, race, gender and medical his-
tory, cause the kidney of salt-sensitive individu-
als to handle excess sodium less efficiently. Asian
or African ancestry, older age, female gender,
high blood pressure, and kidney disease are all
associated with salt-sensitivity.

Salt sensitive individuals exhibit variations in
genes involved in the renin-angiotensin-
aldosterone system which predispose them to salt
sensitivity (Sanada et al. 2011). About 38% of the
general population carries an ACE gene variant
that causes increased activity of the system lead-
ing to blood pressure increase in response to
higher sodium levels in the blood. This part of the
population becomes salt-sensitive. Two other
genes associated with salt sensitivity are the NOS3

gene, and the AGT gene, Table 7.7 lists the fre-
quency of risk variants associated with increased
risk for salt sensitivity and hypertension.

To help consumers reduce or control sodium
intake, many salt substitutes with low sodium
content have been designed to reduce the risk of
high blood pressure and cardiovascular disease
associated with a high intake of sodium chloride,
while delivering similar taste [Scientific Advisory
Committee on Nutrition Salt and Health (2003)].
The increase in sodium consumption is consid-
ered a potential health threat for some individu-
als. The Institute of Medicine of the National
Academy of Sciences has established adequate
daily intakes (Als) for sodium and potassium and
a tolerable upper intake level (UL) for sodium,
based on its effects on blood pressure (Table 7.8;
IOM 2004). Persons with a greater risk for hyper-
tension (adults who are Black, over 40 years old,
or already have hypertension or prehypertension)
have been urged to consume no more than the Al
level of sodium each day (CDCP 2009; Doyle
and Glass 2010). These products are predomi-
nantly potassium chloride (KCI). Potassium
Chloride’s toxicity is similar to Sodium Chloride
in healthy individuals; the LD50 is about 2.5 g/
kg. Potassium lactate is frequently used to reduce
sodium levels in meat and poultry products. The
recommended daily allowance of potassium is
higher than that for sodium (Caggiula et al. 1985).

Sodium is an essential micronutrient and, via
salt taste, appetitive. High consumption of
sodium is, however, related to negative health
effects such as hypertension, cardiovascular dis-
eases and stroke. In industrialized countries,
about 75% of sodium in the diet comes from pro-
cessed foods and foods eaten away from home.
Reducing sodium in processed foods will be,
however, challenging due to sodium’s specific
functionality in terms of flavor and associated
palatability of foods (i.e., increase of saltiness,
reduced bitterness, enhancement of sweetness
and other congruent flavors). Salt has many ben-
eficial properties for both preservation and mul-
tiple culinary benefits. Salt improves the sensory
properties of nearly all foods. The principle rea-
son for adding salt to food is that enhances the
positive sensory attributes of foods. Salt makes
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Table 7.7 Percentage gene variants associated with salt sensitivity in different populations

Gene symbol All (%) African (%) American (%) Asian (%) European (%)
ACE 38 17 40 31 56
ADDI1 27 17 19 50 20
ADRBI 30 40 21 21 34
AGT 66 88 64 83 41
AGTRI1 16 3 23 7 27
CYP11B2 36 17 43 31 49
GNB3 48 79 42 47 31
NOS3 26 50 50 20 50

(Source: http://www.gbhealthwatch.com/Trait-Salt-Sensitivity.php?)
ALL general population, AFR Africans, AMR Americans, ASN Asians, EUR Europeans. Data are from 1000 genome project

Table 7.8 Daily sodium and potassium intakes and recommended intakes in the U.S. (IOM 2004)

Sodium Sodium chloride (g) Potassium

Al (adequate intake): 19-50 years 1.5 g/d (65 mmol) 3.8 4.7 g/d (120 mmol)

Al: 51-70 years 1.3 g/d (55 mmol) 3.3 4.7 g/d (120 mmol)

Al: >71 years 1.2 g/d (50 mmol) 3 4.7 g/d (120 mmol)

UL.: tolerable upper intake level 2.3 g/d (95 mmol) 5.8 Not established

Median intake (males) 4.2 g (183 mmol) 10.6 2.9-3.2 g/d (74-82 mmol)
Median intake (females) 3.3 g (142 mmol) 8.3 2.1-2.3 g/d (54-59 mmol)
Al (adequate intake): 19-50 years 1.5 g/d (65 mmol) 3.8 4.7 g/d (120 mmol)

(Source: IOM 2004)

foods “taste” better. Consumers who are accus-
tomed to higher levels of salt in their foods find
foods without salt unpalatable. Reductions in lev-
els of salt in their food therefore must be gradual.
In order to lower salt consumption in the popula-
tion as a whole, it will be necessary to reduce salt
levels in the human food supply with careful
attention to their flavor-enhancing properties
(Liem et al. 2011).

Rama et al. (2013) demonstrated that salt
crystal size impacted upon the rate of initial
response and perceived saltiness. They studied
three different sizes of salt crystals on potato
crisps to measure the rate of solubilisation of the
salt crystals. A single sample of salt was ground
in a mortar and pestle and mechanically sieved to
produce three sizes of salt particles: S1
(<106 pm), S2 (106425 pm), S3 (425-710 pm).
The smallest crystal size salt dissolved and dif-
fused throughout the mouth to the tongue saliva
faster than the medium and the larger crystals
ones; the smallest crystal size delivered the high-
est maximum concentration and greatest total

sodium in the saliva. The results correlated 1 with
the sensory perceived saltiness, where the small-
est crystal size fraction resulted in the fastest
salty perception, highest maximum saltiness
intensity and maximum total saltiness. The dif-
ferent delivery rates can be explained by differen-
tial dissolution kinetics and enhanced mass
transfer of sodium into the saliva. The sodium
concentration in the saliva from the various crys-
tal sizes salt are shown in Fig. 7.13.

The results demonstrate that when salt is
placed on the surface of foods the total salt added
can be reduced by using smaller crystal size salt.
Salt substitutes offer alternatives to enhance fla-
vor while reducing sodium content of the food.
Frequently low-sodium products have been
formulated with a blend of sodium and potassium
chlorides, but potassium causes bitter and metal-
lic tastes. Many methods have been developed to
improve foods made with low or reduced sodium.

Some food manufacturers have reduced
sodium in foods like salty snacks. AkzoNobel
(www.akzonobel.com/saltspecialties) developed
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Fig. 7.13 Salivary sodium concentration after chewing
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its OneGrain technology to combine regular salt,
a salt replacer, and taste-enhancing flavors in sin-
gle salt grains to achieve up to 50% sodium reduc-
tion. Suprasel Loso OneGrain, produced using
the technology, can provide a one-for-one replace-
ment for regular salt, and the company says that
the ingredient is a genuine replacement for salt in
terms of taste and functionality (Nachay 2013).

Reducing sodium in baked goods is challeng-
ing because of the important roles that sodium
plays. Innophos (www.innophos.com) offers cal-
cium phosphates and sodium aluminum phos-
phates that can be used to reduce sodium in
chemically leavened bakery products. These
ingredients like Cal-Rise® calcium acid pyro-
phosphate, Regent 12XX® monocalcium phos-
phate, monohydrate, Levair® sodium aluminum
phosphate, and more replace some or all of the
traditional leavening agents in a variety of baked
goods applications. Each ingredient has its own
benefits, some of which are improved texture,
resilient crumb structure, and better stability
(Nachay 2013).

Morton Salt (www.mortonsalt.com) offers
Morton® LiteSalt™ Mixture, a blend of sodium
chloride and potassium chloride that contains
50% less sodium than regular salt, and Morton
Salt Balance® Salt Blend, a blend of sodium chlo-

Time (s)

and false chew (n = 8). Error bars indicate standard devia-
tion. (Adapted from: Rama et al. 2013)

ride and potassium chloride with 25% less
sodium than regular salt (Nachay 2013).

Tate & Lyle (www.tateandlyle.com) offers
SODA-LO™, which is manufactured using pro-
prietary technology that turns salt crystals into
free-flowing crystalline microspheres. The bene-
fit of this ingredient, according to the company, is
that the smaller crystals optimize saltiness per-
ception in foods by maximizing the surface area
relative to volume, allowing for an up to 50%
reduction in sodium in some applications. The
company also emphasizes that since the ingredi-
ent is made from salt, it does not impart any off-
tastes. It functions well in breads, breadings, and
coatings, and salty snacks (Nachay 2013).

Bitter Taste

Bitter taste is characteristic of many foods and
can be attributed to a great variety of inorganic
and organic compounds. Many substances of
plant origin are bitter. Although bitter taste by
itself is usually considered to be unpleasant, it is a
component of the taste of many foods, usually
those foods that are sweet or sour. Inorganic salts
can have a bitter taste (Table 7.5). Some amino
acids may be bitter (Table 7.2). Bitter peptides
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Table 7.9 Taste of some selected peptides

Taste Composition of peptides
Flat L-Lys-L-Glu, L-PhE-L-Phe, Gly-Gly-Gly-Gly
Sour L-Ala-L-Asp, y-L-Glu-L-Glu,

Gly- L-Asp-L-Ser-Gly
Bitter L-Leu-L-Leu,

L-Arg-L-Pro, L-Val- L-Val-L-Val
Sweet | L-Asp-L-Phe-OMe, L-Asp-L- Met-OMe
Biting | y-L-Glutamyl-S-(prop-1-enyl)-L-cysteln

Source: From J. Solms, Nonvolatile Compounds and the
Flavor of Foods, in Gustation and Olfaction, G. Ohloff
and A. F. Thomas, eds., 1971, Academic Press

may be formed during the partial enzymic hydro-
lysis of proteins—for example, during the ripen-
ing of cheese. Solms (1969) has given a list of
peptides with different taste sensations (Table 7.9).
Bitter taste is an important evolutionary sys-
tem that helps prevents mammal from ingesting
food containing bitter-tasting toxins, which
include a wide range of structurally diverse mol-
ecules. Bitter taste mediated by a family of hepta-
helical G protein-coupled receptors, called taste 2
receptors or TAS2Rs or T2Rs. The ability of
TAS2Rs to recognize a broad range of bitter com-
pounds provides us with the ability to detect the
wide range of bitter substances in foods and bev-
erages. Individual TAS2Rs possess only one
binding site, in which they accommodate their
ligands by contacting different but overlapping
sets of amino acids on the protein in the trans-
membrane portion of the cell. There is a large
genetic variability in TAS2Rss in humans includ-
ing single nucleotide polymorphisms, variations
in copy numbers and receptor functionally which
cause variability in the sensitivity to the bitterness
of specific compounds (Meyerhof et al. 2011).
Food preferences are influenced by many
factors including personal experiences, cultural
adaptations and perceived health benefits. Taste is
the most important determinant effecting whether
a food is liked or disliked. Based on the response
to bitter-tasting compounds, such as phenylthio-
carbamide (PTC) or 6-n-propylthiouracil (PROP),
individuals can be classified as supertasters, tast-
ers, or nontasters. Genetic differences in bitter
taste perception may account for many individual
differences in food preferences. Other factors such
as age, sex and ethnicity may also modify the
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Fig.7.15 Caffeine and theobromine

response to bitter-tasting compounds (Bartoshuk
et al. 1994). There are several members of the
TAS2R receptor gene family that encode taste
receptors on the tongue, and genetic polymor-
phisms of TAS2R38 have been associated with
differences in the perception of PTC and PROP
(El-Sohemy et al. 2007; Hayes and Keast 2011).
Alkaloids and glycosides are the most common
bitter compounds in foods. Alkaloids are basic
nitrogen-containing organic compounds that are
derived from pyridine, pyrrolidine, quinoline, iso-
quinoline, or purine. Quinine is often used as a
standard for testing bitterness (Fig. 7.14). The bit-
terness of quinine hydrochloride is detectable in a
solution as dilute as 0.00004 M, or 0.0016%. If
5-mL of this solution is tasted, the amount of sub-
stance a person detects would be 0.08 mg
(Moncrieff 1951). Our sensitivity to bitterness is
more extreme than our sensitivity to other tastes;
the order of sensitivity is from bitter to sour to
salty and our least sensitivity is to sweet taste.
Threshold values reported by Moncrieff are as fol-
lows: sour—0.007% HCI1; salt—0.25% NacCl;
and sweet—0.5% sucrose. If the artificial sweet-
eners such as saccharine are considered, the sweet
sensitivity is second to bitter. Quinine is used as a
component of some soft drinks to produce bitter-
ness. Other alkaloids occurring as natural bitter
constituents of foods are caffeine and theobro-
mine (Fig. 7.15), which are derivatives of purine.
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Another naturally occurring bitter substance is the
glycoside naringin, which occurs in grapefruit and
some other citrus fruits. Naringin in pure form is
more bitter than quinine and can be detected in
concentrations of less than 0.002%. Naringin
(Fig. 7.16) contains the sugar moiety rutinose
(L-rhamnose-D-glucose), which can be removed
by hydrolysis with boiling mineral acid. The aglu-
cose is called naringenin, and it lacks the bitter-
ness of naringin. Since naringin is only slightly
soluble in water (0.05% at 20 °C), it may crystal-
lize out when grapefruit is subjected to below-
freezing temperatures. Hesperidin (Fig. 7.16)
occurs widely in citrus fruits and is also a rutinose
glycoside. It occurs in oranges and lemons. Dried
orange peel may contain as much as 8% hesperi-
din. The aglycone of hesperidin is called hespere-
tin. The sugar moiety is attached to carbon 7.
Horowitz and Gentili (1969) have studied the rela-
tionship between bitterness and the structure of
7-rhamnoglycosides of citrus fruits; they found
that the structure of the disaccharide moiety plays
an important role in bitterness. The point of attach-
ment of rhamnose to glucose determines whether
the substance will be bitter or tasteless. Thus, neo-
hesperidin contains the disaccharide neohespori-
dose, which contains rhamnose linked 1 — 2 to
glucose; therefore, the sugar moiety is 2-O-a-L-
rhamnopyranosyl-D-glucose. Glycosides contain-
ing this sugar, including neohesperidin, have a
bitter taste. When the linkage between rhamnose

and glucose is 1 — 6, the compound is tasteless as
in hesperidin, where the sugar part, rutinose, is
6-0-a-L-rhamnopyranosyl-D-glucose.

Bitterness occurs as a defect in dairy products
as a result of casein proteolysis by enzymes that
produce bitter peptides. Bitter peptides are pro-
duced in cheese because of an undesirable pattern
of hydrolysis of milk casein (Habibi-Najafi and
Lee 1996). According to Ney (1979), bitterness in
amino acids and peptides is related to hydropho-
bicity. Each amino acid has a hydrophobicity
value (Af), which is defined as the free energy of
transfer of the side chains and is based on solubil-
ity properties (Table 7.10). The average hydro-
phobicity of a peptide, Q, is obtained as the sum
of the Af of component amino acids divided by
the number of amino acid residues. Ney (1979)
reported that bittemess is found only in peptides
with molecular weights below 6000 Da when
their Q value is greater than 1400. These findings
indicate the importance of molecular weight and
hydrophobicity. In a more detailed study of the
composition of bitter peptides, Kanehisa (1984)
reported that at least six amino acids are required
for strong bitterness. A bitter peptide requires the
presence of a basic amino acid at the N-terminal
position and a hydrophobic one at the C-terminal
position. It appears that at least two hydrophobic
amino acids are required in the C-terminal area of
the peptide to produce intense bitterness. The
high hydrophobicity of leucine and the number of
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leucine and possibly proline residues in the pep-
tide probably play a role in the bitterness.

Flavan-3-ols and their condensation products
are the most common flavonoids consumed in the
American diet. The flavan-3-ols and their poly-
meric condensation products, the proanthocyani-
dins, are regarded as functional ingredients in
various beverages, whole and processed foods,
herbal remedies and supplements. They are pres-
ence in food influence several taste parameters
including astringency, bitterness, sourness,
sweetness, salivary viscosity, aroma, and color
formation. Some foods contain only monomeric
flavan-3-ols [(—)-epicatechin predominates] and
dimeric proanthocyanidins, most foods contain
oligomers of d.p. values ranging from 1 to 10 or
greater than 10. Flavan-3-ols have been reported
to exhibit several health beneficial effects by act-
ing as antioxidant, anticarcinogen, cardiopreven-
tive, antimicrobial, anti-viral,and neuro-protective
agents Aron and Kennedy (2008).

Beer flavonoids such as the flavan-3-ols and
their condensed products, the proanthocyanidins
are easily oxidized. As a result they are capable of
hindering or preventing the oxididation of other
components present in beer. Flavan-3-ols and pro-
anthocyanidin improve oxidative stability in food
systems, and thus theyalso can function as beer

Table 7.10 Hydrophobicity values (Af) of the side
chains of amino acids

Amino acid Abbreviation Af (cal/mol)
Glycine Gly 0
Serine Ser 40
Threonine Thr 440
Histidine His 500
Aspartic acid Asp 540
Glutamic acid Glu 550
Arginine Arg 730
Alanine Ala 730
Methionine Met 1300
Lysine Lys 1500
Valine Val 1690
Leucine Leu 2420
Proline Pro 2620
Phenylalanine Phe 2650
Tyrosine Tyr 2870
Isoleucine lle 2970
Tryptophan Trp 3000

flavor modifiers and/or stabilizers. The polyphe-
nols can also bind with protein contributing to
haze in beer (Aron and Shellhammer 2010).

The antioxidant capacity of polyphenols
from green tea, grape juice, and chocolate, as
well as a wide range of fresh fruits and vegeta-
bles is well established. Fresh produce is a good
source of polyphenols which influence the
sensory and nutritional qualities of produce.
The astringency and bitterness of foods and
beverages are largely due to their polyphenolic
content. Considerable variation is found in mea-
suring the polyphenolic content of produce. The
polyphenolic content of produce seems to be
primarily influenced by genetics, but numerous
other factors including degree of ripeness, cli-
mate, storage and processing can also influence
phenolic content (Hughes 2010).

Other Aspects of Taste

The basic sensations—sweet, sour, salty, and bit-
ter—account for the major part of the taste
response. However, it is generally agreed that
these basic tastes alone cannot completely
describe taste. In addition to the four individual
tastes, there are important interrelationships
among them. One of the most important in foods
is the interrelationship between sweet and sour.
The sugar-acid ratio plays an important part in
many foods, especially fruits. Kushman and
Ballinger (1968) have demonstrated the change
in sugar-acid ratio in ripening blueberries
(Table 7.11). Sugar-acid ratios play an important
role in the flavor quality of fruit juices and wines

Table7.11 Change in sugar-acid ratio during ripening of
blueberries?

Unripe Ripe Overripe
Total sugar (%) 5.8 7.9 12.4
pH 2.83 391 3.76
Titratable acidity 23.9 12.9 7.5
Sugar-acid ratio 3.8 9.5 25.8

Source: From L.J. Kushman and W.E. Ballinger, Acid and
Sugar Changes During Ripening in Wolcott Blueberries,
Proc. Amer. Soc. Hort. Soc., Vol. 92, pp. 290-295, 1968
*The sugars are mainly glucose and fructose, and the acid-
ity is expressed as citric acid
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Fig.7.17 Isomeric forms of menthol
(Ough 1963). Alkaline taste has been attributed
to the hydroxyl ion. Caustic compounds can be
detected in solutions containing only 0.01% of N
the alkali. Probably the major effect of alkali is
irritation of the general nerve endings in the 0O NS O
mouth. Another effect that is difficult to describe >
is astringency. Borax is known for its ability to 0

produce this effect, as are the tannins present in
foods, especially those that occur in tea. Even if
astringency is not considered a part of the taste
sense, it must still be considered a feature of food
flavor.

Another important taste sensation is coolness,
which is a characteristic of menthol. The cooling
effect of menthol is part of the mint flavor com-
plex and is exhibited by only some of the possible
isomeric forms. Only (—) and (+) menthol show
the cooling effect, the former to a higher degree
than the latter, but the isomers isomenthol, neom-
enthol, and neoisomenthol do not give a cooling
effect (Fig. 7.17) (Kulka 1967). Hotness is a
property associated with spices and is also
referred to as pungency. The compound primarily
responsible for the hotness of black pepper is pip-
erine (Fig. 7.18). In red pepper or capsicum, non-
volatile amides are responsible for the heat effect.
The heat effect of spices and their constituents

Fig.7.18 Pipeline, responsible for the hotness of pepper

(0]

Fig.7.19 Capsaicin, the pungent principle of red pepper

can be measured by an organoleptic threshold
method (Rogers 1966) and expressed in heat
units. The pungent principle of capsicum is cap-
saicin. The structure of capsaicin is given in
Fig. 7.19. Capsaicin shows similarity to the com-
pound zingerone, the pungent principle of ginger
(Fig. 7.20).

Govindarajan (1979) has described the rela-
tionship between pungency and chemical struc-
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ture of pungent compounds. There are three
groups of natural pungent compounds—the capsa-
icinoids, piperine, and the gingerols. These have
some common structural aspects, including an
aromatic ring and an alkyl side chain with a car-
bonyl function (Figs. 7.19 and 7.20). Structural
variations in these compounds affect the intensity
of the pungent response. These structural variations
include the length of the alkyl side chain, the posi-
tion of the amide group near the polar aromatic
end, the nature of the groupings at the alkyl end,
and the unsaturation of the alkyl chain.

The metallic taste has been described by
Moncrieff (1964). There are no receptor sites for
this taste or for the alkaline and meaty tastes.
However, according to Moncrieff, there is no
doubt that the metallic taste is a real one. It is
observable over a wide area of the surface of the
tongue and mouth and, like irritation and pain,
appears to be a modality of the common chemical
sense. The metallic taste can be generated by salts
of metals such as mercury and silver (which are
most potent) but normally by salts of iron, cop-
per, and tin. The threshold concentration is in the
order of 20-30 ppm of the metal ion. In canned
foods, considerable metal uptake may occur and
the threshold could be exceeded in such cases.
Moncrieff (1964) also mentions the possibility of
metallic ion exchange between the food and the
container. The threshold concentration of copper
is increased by salt, sugar, citric acid, and alco-
hol. Tannin, on the other hand, lowers the thresh-
old value and makes the copper taste more
noticeable. The metallic taste is frequently
observed as an aftertaste. The lead salt of saccha-
rin gives an impression of intense sweetness, fol-
lowed by a metallic aftertaste. Interestingly, the
metallic taste is frequently associated with oxi-
dized products. Tressler and Joslyn (1954) indi-
cate that 20 ppm of copper is detectable by taste

HO
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Fig.7.20 Zingerone, the pungent principle of ginger

in orange juice. Copper is well known for its abil-
ity to catalyze oxidation reactions. Stark and
Forss (1962) have isolated and identified oct-1-
en-3-one as the compound responsible for the
metallic flavor in dairy products.

Taste Inhibition and Modification

Some substances have the ability to modify our
perception of taste qualities. Two such com-
pounds are gymnemagenin, which is able to sup-
press the ability to taste sweetness, and the
protein from miracle fruit, which changes the
perception of sour to sweet. Both compounds are
obtained from tropical plants.

The leaves of the tropical plant Gymnema syl-
vestre, when chewed, suppress the ability to taste
sweetness. The effect lasts for hours, and sugar
seems like sand in the mouth. The ability to taste
other sweeteners such as saccharin is equally
suppressed. There is also a decrease in the ability
to taste bitterness. The active principle of leaves
has been named gymnemic acid and has been
found (Stocklin et al. 1967) to consist of four
components, designated as gymnemic acids, A,
A,, As, and A,. These are D-glucuronides of acet-
ylated gymnemagenins. The unacetylated
gymnemagenin is a hexahydroxy pentacyclic tri-
terpene; its structure is given in Fig. 7.21.

The berries of a West African shrub (Syn-
sepalum dulcificum) contain a substance that has
the ability to make sour substances taste sweet. The
berry, also known as miracle fruit, has been shown

CH,y
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Fig.7.21 Structure of gymnemagenin
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to contain a taste-modifying protein (Kurihara and
Beidler 1968, 1969). The protein is a basic glyco-
protein with a molecular weight of 44,000. It is
suggested that the protein binds to the receptor
membrane near the sweet receptor site. The low
pH changes the conformation of the membrane so
that the sugar part of the protein fits into the sweet
receptor site. The taste-modifying protein was
found to contain 6.7% of arabinose and xylose.

These taste-modifying substances provide an
insight into the mechanism of the production of
taste sensations and, therefore, are a valuable tool
in the study of the interrelationship between taste
and chemical structure.

Flavor Enhancement—Umami

A number of compounds have the ability to
enhance or improve the flavor of foods. It has
often been suggested that these compounds do
not have a particular taste of their own. Evidence
now suggests that there is a basic taste response
to amino acids, especially glutamic acid. This
taste is sometimes described by the word umami,
derived from the Japanese for deliciousness
(Kawamura and Kare 1987). It is suggested that a
primary taste has the following characteristics:

e The receptor site for a primary taste chemical
is different from those of other primary tastes.

e The taste quality is different from others.

e The taste cannot be reproduced by a mixture
of chemicals of different primary tastes.

From these criteria, we can deduce that the
glutamic acid taste is a primary taste for the fol-
lowing reasons:

e The receptor for glutamic acid is different
from the receptors for sweet, sour, salty, and
bitter.

e Glutamic acid does not affect the taste of the
four primary tastes.

e The taste quality of glutamic acid is different
from that of the four primary tastes.

e Umami cannot be reproduced by mixing any
of the four primary tastes.

Monosodium glutamate has long been recog-
nized as a flavor enhancer and is now being con-
sidered a primary taste, umami. The flavor
potentiation capacity of monosodium glutamate
in foods is not the result of an intensifying effect
of the four primary tastes. Glutamate may exist in
the L and D forms and as a racemic mixture. The
L form is the naturally occurring isomer that has
a flavor-enhancing property. The D form is inert.
Although glutamic acid was first isolated in 1866,
the flavor-enhancing properties of the sodium salt
were not discovered until 1909 by the Japanese
chemist Kikunae Ikeda. Almost immediately,
commercial production of the compound started
and total production for the year 1954 was esti-
mated at 13000,000 pounds. The product as first
described by Ikeda was made by neutralizing a
hydrolysate of the seaweed Laminaria japonica
with soda. Monosodium glutamate is now pro-
duced from wheat gluten, beet sugar waste, and
soy protein and is used in the form of the pure
crystallized compound. It can also be used in the
form of protein hydrolysates derived from pro-
teins that contain 16% or more of glutamic acid.
Wheat gluten, casein, and soy flour are good
sources of glutamic acid and are used to produce
protein hydrolysates. The glutamic acid content
of some proteins is listed in Table 7.12 (Hall
1948). The protein is hydrolyzed with hydrochlo-
ric acid, and the neutralized hydrolysate is used
in liquid form or as a dry powder. Soy sauce,

Table 7.12 Glutamic acid content of some proteins

Protein source Glutamic acid (%)
Wheat gluten 36.0
Corn gluten 24.5
Zein 36.0
Peanut flour 19.5
Cottonseed flour 17.6
Soybean flour 21.0
Casein 22.0
Rice 24.1
Egg albumin 16.0
Yeast 18.5

Source: From L.A. Hall, Protein Hydrolysates as a Source
of Glutamate Flavors, in Monosodium Glutamate—A
Symposium, 1948, Quartermaster Food and Container
Institute for the Armed Forces
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which is similar to these hydrolysates, is pro-
duced wholly or partially by enzymic hydrolysis.
This results in the formation of ammonia from
acid amides; soy sauce contains ammonium com-
plexes of amino acids, including ammonium
glutamate.

The flavor of glutamate is difficult to describe.
It has sometimes been suggested that glutamate
has a meaty or chickeny taste, but it is now gener-
ally agreed that glutamate flavor is unique and
has no similarity to meat. Pure sodium glutamate
is detectable in concentrations as low as 0.03%;
at 0.05% the taste is very strong and does not
increase at higher concentrations. The taste has
been described as a mixture of the four tastes
(Crocker 1948). At about 2 threshold values of
glutamate concentration, it could be well matched
by a solution containing 0.6 threshold of sweet,
0.7 of salty, 0.3 of sour, and 0.9 of bitter. In addi-
tion, glutamate is said to cause a tingling feeling
and a marked persistency of taste sensation. This
feeling is present in the whole of the mouth and
provides a feeling of satisfaction or fullness.
Apparently glutamate stimulates our tactile sense
as well as our taste receptors. The presence of salt
is required to produce the glutamate effect.
Glutamate taste is most effective in the pH range
of 6-8 and decreases at lower pH values. Sugar
content also affects glutamate taste. The taste in a
complex food, therefore, depends on a complex
interaction of sweet, sour, and salty, as well as the
added glutamate.

Monosodium glutamate improves the flavor of
many food products and is therefore widely used
in processed foods. Products benefiting from the
addition of glutamate include meat and poultry,
soups, vegetables, and seafood.

For many years glutamate was the only known
flavor enhancer, but recently a number of com-
pounds that act similarly have been discovered.
The 5’-nucleotides, especially 5’-inosinate and
5’-guanylate, have enhancement properties and
also show a synergistic effect in the presence of
glutamate. This synergistic effect has been dem-
onstrated by determining the threshold levels of
the compounds alone and in mixtures. The data
in Table 7.13 are quoted from Kuninaka (1966).
The 5’-nucleotides were discovered many years
ago in Japan as components of dried bonito (a

Table 7.13 Threshold levels of flavor enhancers alone
and in mixtures in aqueous solution

Threshold level (%)

Disodium Disodium Monosodium
Solvent 5'-inosinate | 5'-guanylate | L-glutamate
Water 0.012 0.0035 0.03
0.1% 0.0001 0.00003 -
glutamate
0.01% - - 0.002
inosinate
Source: From A. Kuninaka, Recent Studies of

5’-Nucleotides as New Flavor Enhancers, in Flavor
Chemistry, 1. Hornstein, ed., 1966, American Chemical
Society

kind of fish). However, they were not produced
commercially and used as flavor enhancers until
recently, when technical problems in their pro-
duction were solved. The general structure of the
nucleotides with flavor activity is presented in
Fig. 7.22. There are three types of inosinic acid,
2'-, 3’-, and 5’-isomers; only the 5’-isomer has
flavor activity. Both riboside and 5’-phospho-
monoester linkages are required for flavor activ-
ity, which is also the case for the OH group at the
6-position of the ring. Replacing the OH group
with other groups, such as an amino group,
sharply reduces flavor activity but this is not true
for the group at the 2-position. Hydrogen at the
2-position corresponds with inosinate and an
amino group with guanylate; both have compa-
rable flavor activity, and the effect of the two
compounds is additive.

The synergistic effect of umami substances is
exceptional. The subjective taste intensity of a
blend of monosodium glutamate and disodium
5’-inosinate was found to be 16 times stronger
than that of the glutamate by itself at the same
total concentration (Yamaguchi 1979).

5'-nucleotides can be produced by degradation
of ribonucleic acid. The problem is that most
enzymes split the molecule at the 3’-phosphodies-
ter linkages, resulting in nucleotides without flavor
activity. Suitable enzymes were found in strains of
Penicillium and Streptomyces. With the aid of
these enzymes, the 5’-nucleotides can be manufac-
tured industrially from yeast ribonucleic acid.
Another process produces the nucleoside inosine
by fermentation, followed by chemical phosphor-
ylation to 5’-inosinic acid (Kuninaka 1966).
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Fig.7.22 Structure of nucleotides with flavor activity
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Fig.7.23 Tricholomic and ibotenic acid

The search for other flavor enhancers has
brought to light two new amino acids, tricholo-
mic acid and ibotenic acid, obtained from fungi
(Fig. 7.23). These amino acids have flavor activi-
ties similar to that of monosodium glutamate.
Apparently, the flavor enhancers can be divided
into two groups; the first consists of 5’-inosinate
and 5’-guanylate with the same kind of activity
and an additive relationship. The other group
consists of glutamate, tricholomic, and ibotenic
acid, which are additive in action. Between the
members of the two groups, the activity is
synergistic.

A different type of flavor enhancer is maltol,
which has the ability to enhance sweetness pro-
duced by sugars. Maltol is formed during roasting
of malt, coffee, cacao, and grains. During the bak-
ing process, maltol is formed in the crust of bread.
It is also found in many dairy products that have
been heated, as a product of decomposition of the
casein-lactose system. Maltol (Fig. 7.24) is
formed from di-, tri-, and tetrasaccharides includ-
ing isomaltose, maltotretraose, and panose but not
from maltotriose. Formation of maltol is brought
about by high temperatures and is catalyzed by
metals such as iron, nickel, and calcium.

0
N\)I\N NH
o </N/||\ /)H 0 EN\ N/)\NHZ o Z \ N%o
g b

OHOH

guanosine monophosphate

OH OH

xanthosine monophosphate

Maltol has antioxidant properties. It has been
found to prolong storage life of coffee and roasted
cereal products. Maltol is used as a flavor
enhancer in chocolate and candies, ice cream,
baked products, instant coffee and tea, liqueurs,
and flavorings. It is used in concentrations of
50-250 ppm and is commercially produced by a
fermentation process.

Odor

The olfactory mechanism is both more complex
and more sensitive than the process of gustation.
Olfaction, the sense of smell is a primal sense for
all humans and animals. Olfaction helps both
vertebrates and other organisms with olfactory
receptors to identify food, mates, and predators.
It also can provide sensual pleasure (the odor of
flowers and perfume) or threats from spoiled
food or chemical dangers. Thus, olfaction is one
of our principal means to communicate with our
environment. There are thousands of odors, and
the sensitivity of the smell organ is about 10,000
times greater than that of the taste organ.
Odorants are volatile chemical compounds
that are carried by inhaled air to the Regio olfac-
toria (olfactory region) which are located in the
roof of the two nasal cavities of the human nose
(Fig. 7.25). The molecular properties of an
odorant determine the sensory properties of
the compound. The odorant must be at least par-
tially water solubility, have a sufficiently high
vapor pressure, low polarity, some ability to dis-
solve in fat (lipophilicity), and surface activity
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Fig.7.25 Structure of Olfactory Nerve Olfactory Bulb
olifactory cells and Mitral Cell

olifactory bulb Olfactory Tract
(Leffingwell 2001). The |

diagrams of the "
“Olfactory Region” and

the “Olfactory Bulb” are
adapted from a drawing Glomeruli
that appears at http;// Olfactory Nerve filaments
www.sciencenet.org.uk/
database/Social/Senses/
$00122b.html Axons

Cribriform (bone)

Olfactory
'\~ Epithelium
Mucosa

Olfactory Receptor Neurons

Cilia in Mucosa =—#

Odorant Molecules

(Leffingwell 2001; Greenman and Benkara soluble in the mucous can interact with the olfac-
Mostefa Saad 2009). tory receptors and produce the signals that our
The olfactory sense is able to distinguish brain interprets as odor. Each olfactory receptor
among numerous chemical compounds at very neuron has 8-20 cilia that are whip-like exten-
low concentrations (Ohloff 1994). The olfactory sions 30-200 p in length. The olfactory cilia are
region in the two nasal passages of humans is a the sites where molecular reception with the
small area (about 2.5 cm?) containing approxi- odorant occurs and sensory transduction (i.e.,
mately 50 million primary sensory receptor cells.  transmission) starts (Leffingwell 2001).
The olfactory region consists of cilia projecting The base olfactory epithelium consists
out of the olfactory epithelium into a layer of partially of basal cells located in the lowest cel-
mucous which is about 60 p thick. This mucous lular layer of the olfactory epithelium just above
layer is a lipid-rich secretion that bathes the sur- the mucous layer. These basal cells undergo
face of the receptors at the epithelium surface. mitotic cell division to form olfactory receptor
The mucous layer is produced by the Bowman’s neurons. Olfactory receptor neurons turnover
glands which reside in the olfactory epithelium. approximately every 40 days. The olfactory
The mucous lipids assist in transporting the odor-  receptor neurons extend through the epithelium
ant molecules as only volatile materials that are  to contact odorants in the atmosphere. Within the
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epithelium, the neuronal cells form axons that are
bundled in groups of 10-100 and these bundles
penetrate the bone, ending in the olfactory bulb
of the brain. In the olfactory bulb of the brain, the
neurons converge and terminate with post-
synaptic cells to form synaptic structures called
glomeruli. The glomeruli are connected in groups
that converge into mitral cells. In rabbits, there
are 26,000 receptor neurons that converge onto
200 glomeruli, which then converge at 25:1 onto
each mitral cell. The total convergence is esti-
mated to be about 1000:1. From the mitral cells,
the message is sent directly to the higher levels of
the central nervous system in the corticomedial
amygdala portion of the brain (via the olfactory
nerve tract) where the signaling process is
decoded and olfactory interpretation and response
occurs (Leffingwell 2001).

The olfactory epithelium contains another
sensory system in the form of “trigeminal nerve”
receptors. Some chemicals are trigeminal stimu-
lants that produce sensations described as hot,
cold, tingling or irritating. For example, leavo-
menthol or (—)-menthol produces the trigeminal
feeling of cold at moderate concentrations and
“hot” at high concentrations in the nasal cavity.
Similarly, camphor which possesses markedly
more aroma than menthol, also produces the
“cold” sensation via interaction with trigeminal
receptors. Other commonly encountered trigemi-
nal stimulants include the chemicals allyl
isothiocyanate (mustard, mustard oil), capsiacin
(hot chile powder, mace spray) and Diallyl sul-
fide (onion) (Leffingwell 2001). See Fig. 7.26.

Fig.7.26 Common
food compounds that are
trigeminal stimulants

Most odorous compounds are soluble in a
variety of solvents, but it appears that solubility is
less important than type of molecular arrange-
ment, which confers both solubility and chemical
reactivity (Moncrieff 1951). Some degree of
water solubility does appear to contribute.

There are two common ways to establish rela-
tionships between a sample odor and a chemical.
One is to find statistical associations between the
data obtained from sensory analysis and GC-MS
analysis for the specific sample or volatile com-
pounds. The other is to use trained panelists snift-
ing at GC-MS ports to detect and identify volatile
compounds that are also identified by sensors and
computer programs (GC-MS Olfactormetry).
Moreover, direct relationships to identify an odor
compound can be done by comparing the sample
odor to a number of volatile compounds that may
have a similar odor description, which may
require knowledges of odorous volatile com-
pounds. Instrumental measurements are useful
when detecting and identifying specific com-
pounds. GC-MS may be used in combination
with the sensory aromatic profile analysis to
identify the volatile compounds present in the
sample. More specifically, GC-MS sniff ports
may be used to identify volatile compounds that
have an odor detectable by the human nose. In
this way, compounds identified by GC-MS can
be related to the sensory aromatic results.
Drawing correlations is frequently complicated
since perceived intensity and aroma concentra-
tion are rarely linear. Frequently the detection or
recognition threasholds are rapidly reached and
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Fig.7.27 Schematic
diagram of potential
relationships between /
chemical concentration

R

and sensory intensity
(from Chambers and
Koppel 2013)
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at higher levels the perceived intensity levels off
reaching a terminal threshold as shown in
Fig. 7.27 (Chamber