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ABSTRACT

Over the past few decades, the Dietary Guidelines for Americans has consistently recommended that consumers decrease consumption of

saturated fatty acids due to the correlation of saturated fatty acid intake with coronary artery disease. This recommendation has not been easy to

achieve because saturated fatty acids play an important role in the quality, shelf life, and acceptability of foods. This is because solid fats are critical

to producing desirable textures (e.g., creaminess, lubrication, and melt-away properties) and are important in the structure of foods such as

frozen desserts, baked goods, and confectionary products. In addition, replacement of saturated fats with unsaturated fats is limited by their

susceptibility to oxidative rancidity, which decreases product shelf life, causes destruction of vitamins, and forms potentially toxic compounds.

This article will discuss the fundamental chemical and physical properties in fats and how these properties affect food texture, structure, flavor,

and susceptibility to degradation. The current sources of solid fats will be reviewed and potential replacements for solid fats will be discussed.
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Introduction
Food lipids can be categorized into fats and oils, with fats be-
ing solid at room temperature. Fats are typically higher in
SFAs, which have higher melting points than do unsaturated
FAs. Over the past few decades, the Dietary Guidelines for
Americans (1) has consistently recommended that consumers
decrease their intake of SFAs because of the correlation of die-
tary SFAs with increased concentrations of LDL cholesterol and
increased risk of coronary artery disease. This recommendation
has more recently been focused on decreased consumption of
solid fats because this can be an easier way for consumers to
identify fats that are high in SFAs (1).

One might expect that with these consistent recommen-
dations to limit the consumption of solid fats, our diet
would have shifted more toward the use of highly unsatu-
rated oils. However, such a switch is not easily accomplished
in many types of foods because fats and oils play different

roles in the quality, shelf life, and acceptability of foods.
For example, naturally occurring solid fats are important
in the textural properties of dairy, meat, and some plant
foods (2, 3). Solid fats can play a role in creaminess (e.g., yo-
gurt and milk), lubrication (ice cream and meats), and the
feeling of solid fat converting to liquid oil in the mouth
(melt-away; e.g., chocolate and butter). Solid fats are also
important in prepared foods because they play a role in
forming solid crystal networks that are important to food
texture (frozen desserts, chocolate, and butter), allowing
the incorporation of air into baked products to produce
fluffy textures (cookies), minimizing oil migration out of
the foods (crackers and cookies), and producing flaky
textures by inhibiting gluten network formation (pastries)
(4–6). On the other hand, incorporation of unsaturated
fats into prepared foods can be challenging because they
are susceptible to oxidative deterioration (7, 8). Lipid oxida-
tion is problematic because it causes the formation of “off”
flavors that decrease shelf life, the destruction of vitamins,
and the formation of potentially toxic compounds (7–9).
Therefore, in many foods the use of highly unsaturated
oils is limited by their chemical liability.

Food lipids are also a nutritional concern due to their
high caloric density (9 kcal/g vs. 4 kcal/g for carbohydrates
and proteins) (2). Therefore, foods high in fats are typically
high in calories and thus could be linked to obesity (1). Several
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attempts have been made by the food industry to decrease cal-
ories for fats, such as the physical removal of fats, use of non-
caloric fat substitutes, and the addition of nonlipids that can
mimic the sensory properties of lipids (2).

Because solid fats are so important in both food quality
and nutrition, the food industry has tried for many years
to decrease the use of SFAs in foods. Originally, many foods
were produced with animal fats such as lard and tallow (the
original fat in McDonald’s French fries). However, concerns
about cholesterol consumption led to the elimination of an-
imal fats in many foods (10). The removal of a critical food
ingredient requires a replacement additive with similar
chemical and physical properties, which prompted the
food industry to respond to this challenge by increasing
the use of tropical oils (palm, coconut, and palm kernel)
to provide a solid and stable fat. Tropical fats can be
substituted for animal fats because of their high amounts
of unsaturated FAs. However, nutrition research has also
suggested for some years that dietary saturated fats cause
an increase in LDL cholesterol (1, 10). This led the food in-
dustry to switch to hydrogenated fats, which could be made
with high amounts of unsaturated FAs, were still solid at
room temperature, and had good oxidative stability due to
a small fraction of saturated fats and the elimination of
the most unsaturated FAs such as a-linolenic acid (2). How-
ever, the discovery that the trans FAs formed during hydro-
genation increased LDL cholesterol and also decreased the
“good" HDL cholesterol (11) prompted labeling require-
ments for trans FAs in foods in the United States and thus
eliminated the use of hydrogenated FAs in many foods.
These numerous changes in recommendations for dietary
fats over the past several decades have led to broad consumer
confusion over which fats are healthiest.

This review provides an overview of how the chemical
structure of lipids affects their physical and chemical prop-
erties and thus their use in foods. The development of
new technologies to provide alternatives to solid fats will
be discussed. Selected technologies to decrease lipid concen-
trations in foods will also be covered both in this article as
well as in the subsequent article by McClements (57), which
is also included in this supplement issue.

Melting Properties of Fats and Oils
Lipids are defined as compounds that are soluble in organic
solvents. Food lipids consist of many compounds including
free and esterified FAs, sterols (e.g., cholesterol), carote-
noids, and fat-soluble vitamins (2). The large majority of
lipids in foods are in the form of TGs. TGs consist of glycerol
esterified to 3 FAs. FAs contain a carboxylic acid with an al-
iphatic chain. The chain length is most commonly <22
carbons, and the large majority of FAs have even carbon
numbers (12). FAs can be saturated, meaning that they are
fully hydrogenated, or unsaturated, meaning that they con-
tain double bonds. The double bonds on natural unsatu-
rated FAs are typically in the cis configuration. PUFAs
contain more than one double bond in a pentadiene struc-
ture (Figure 1) with the double bonds being 3 carbons
apart (12).

TG molecules are oriented so that the 2 FAs at the ends of
the glycerol molecule point in one direction, and the FA in
the middle point in the opposite direction (2, 12). As with
other nonpolar molecules, the most important types of mo-
lecular interaction between TGs are van der Waals attraction
and steric repulsion (2, 13). The van der Waals interactions
favor association of the molecules, whereas steric repulsion
determines how closely the molecules can pack together.

FIGURE 1 Examples of SFAs, MUFAs, and
PUFAs.
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The physical state (e.g., solid or liquid) of TG molecules is
primarily determined by calculating the change in energy (G)
due to the balance between enthalpy (H) temperature (T),
and entropy (S) (DG = DH – TDS). The enthalpy effects
are mainly governed by changes in the strength of the molec-
ular interactions (e.g., van der Waals attraction) associated
with the phase change, whereas the entropy effects aremainly de-
termined by the structural organization of the molecules. At low
temperatures, the enthalpy term dominates (DH), which favors
the crystalline state (stronger attractive interactions), whereas at
high temperatures, the entropy termdominates (TDS), which fa-
vors the liquid state (more disorder). The temperature at which
the free energy change is zero (DH = TDS) is the melting point
of the TG molecule. Typically, the melting point increases with
increasing molecular weight of the TG because the entropy
contribution that opposes crystallization becomes smaller
for bigger molecules (2, 14).

A major factor that affects the melting point of FAs is the
geometric shape of the molecules. SFAs are more linear than
unsaturated FAs with cis double bonds (12), allowing them
to pack together closely and thus have the potential for more
attractive molecular interactions. This means that a higher
amount of energy is needed to disrupt the attractive molec-
ular interactions and convert a solid fat to a liquid oil. Thus,
SFAs have higher melting points than unsaturated FAs with
the same carbon number. The trans double bonds cause the
shape of FAs to be intermediate between SFAs and unsatu-
rated FAs, thus producing intermediate melting points.
For example, stearic (18:0), eliadic (trans-18:1), and oleic
(cis-18:1) FAs have melting points of 708C, 458C, and 138C,
respectively (15).

Although the melting points of individual FAs are impor-
tant, it is the combination of FAs on a TG that defines the
melting properties of food lipids because almost all FAs in
foods are in the form of TGs (2). TGs can have their FAs ran-
domly distributed on the glycerol (e.g., tallow) or they can
have the FAs in specific locations (16). For example, cocoa
butter contains primarily oleic cis 18:1, stearic (18:0), and
palmitic (16:0) acids with oleic acid mainly at the middle
sn-2 position and stearic and palmitic at sn-1 and sn-3. A
fat with many different types of FAs in a random configura-
tion has many different TGs and a broad melting range. TGs
with only a few FAs in very specific locations has a narrow
melting range (2, 13). This is the case for cocoa butter, which
has a very narrow melting range, and because its combina-
tion of FAs produces a melting range near body temperature
(338C), it melts quickly in the mouth, producing a very de-
sirable melt-away texture. Tallow has a broad melting range,
with some TGs melting above body temperature. This pro-
duces a fat that would melt slowly and partially remain solid
in the mouth, creating a sandy texture.

Role of Solid Fat in the Physical Properties of
Foods
There is probably no better example of the role of solid fat in
the quality of foods than is seen in chocolate. The lipids in
chocolate have a melting range at or below the temperature

of the mouth, allowing them to melt in the mouth to pro-
duce very desirable melt-away properties. The melting prop-
erties in fats such as cocoa butter are not just dependent on
their TG composition but also on their crystal structure
(17). TGs have a polymorphic crystal structure, meaning
that they have multiple crystal forms. These crystals have
different packing densities; therefore, the number of van
der Waals interactions can vary and thus melting points of
the different crystals will be different. Food processors use
techniques such as tempering or seeding to achieve the de-
sired crystal type and thus melting properties (18).

Solid fats are also used to form structures in products
such as margarines, spreads, and butter. In this case, solid-
fat crystals form networks of gel-like structures that can en-
trap liquid oil (2). These networks allow products such as
margarine to be made with small amounts of high-melting
SFAs that entrap large amounts of unsaturated FAs to pro-
duce a solid fat that contains >60% unsaturated FAs (19).

Solid fats also form structures in products such as ice
cream, whipped cream, and baked goods by aiding in the in-
corporation of air (2, 4, 13). This occurs during the mixing
of these products; the air produces a light texture that gives a
desirable mouthfeel and changes the appearance of the pro-
duct. In the case of ice cream, the product is both mixed and
cooled simultaneously allowing air to be mixed in the pro-
duct. The fat, sugar, and water crystallize, entrapping air
in a gel-like network (4). In the case of whipped cream, a
similar process occurs, but because there is no cooling and
thus no ice crystal formation, higher amounts of fats are re-
quired to form the fat crystal network. Solid fats are critical
in the formation of the gel network in whipped cream,
which is why many recipes have instructions to keep the
cream as cold as possible, including cooling the bowl used
to whip the cream (5).

In baked goods, solid fat is mixed with sugar in a process
known as creaming. Creaming imparts air into the product,
helps entrap gases from leavening agents, and produces a
fluffy texture (6). Preparing baked goods, such as cookies,
with liquid oil produces a flat product, and because the fat
is liquid, it can migrate to the surface of the cookie to pro-
duce a greasy texture (Figure 2). Pastry is a baked good that
also has a large amount of fat (25–30%; 19) mixed into the
flour. Bread typically contains much lower amounts of fat,
which allows the gluten in flour to form strong disulfide
crosslinks, producing very elastic dough that can entrap
large amounts of carbon dioxide (from either yeast or chem-
ical leavening agents) and results in an airy, yet chewy pro-
duct. Pastry, cookies, and crackers compared with bread
have higher amounts of fats, resulting in lipid-gluten inter-
actions that inhibit gluten disulfide crosslinking, which
results in a flaky and/or soft texture (5). In these products,
kneading and rolling of the dough are critical to ensure
the gluten is coated with solid fat during product formation.
Solid fats can also play a similar role in products such as
cookies and biscuits to produce soft and crumbly textures
vs. the elastic properties of bread. If fat content is high
enough, little to no water is required and an extremely
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soft texture is produced, which melts in the mouth (5).
Combinations of fat and sugar will result in a syrupy mix-
ture that does not harden upon cooling, thus making soft
cookie textures (5).

Solid Fats for Use in Foods
As mentioned earlier, the original solid fats in foods were an-
imal fats such as butter, lard, and tallow, but their use has
been curtailed in the food industry because of their choles-
terol content and price (butter). Hydrogenated fats were also
commonly used as a source of solid fat, but due to trans la-
beling requirements, this is now rarely the case (20). Current
sources of solid fats include fat blends in which manufac-
turers use fats high in SFAs such as palm oil and blend
with liquid oils such as canola, cottonseed, and soybean
(21, 22). These blended fats are useful in many foods, but
they sometimes produce uneven melting curves due to dis-
tinct differences in the melting of the solid and liquid fat

fractions. To overcome this problem, interesterification
can be used to produce a fat with a gradual melting profile.
In this process, a blend of lipids high in saturated (e.g., trop-
ical or 100% hydrogenated fats) and unsaturated FAs is
mixed with a catalyst such as sodium methoxide (23) or var-
ious lipase sources (24). This process initially produces a di-
acylglycerol anion (2). The diacylglycerol anion then accepts
an FA from another TG and produces a second diacylglyc-
erol anion (Figure 3). This process is called transesterifica-
tion, and when it is conducted with a chemical catalyst,
the result consists of randomized TGs containing a combi-
nation of the FAs from both the original highly saturated
and highly unsaturated FA lipid sources. Enzymes (lipases)
can be used to direct interesterification because of the spec-
ificity of the lipases for FAs at difference positions on the
glycerol (e.g., positions 1 and 3) (25). Interesterification is
quite expensive because of the processing cost and lower
yields of TGs (mono- and diacylglycerol byproducts are
formed, which must be removed from the final product).
Because of the increased cost, interesterified fats were ini-
tially used in higher-cost products such as margarines but
are now more commonly available for numerous food pro-
ducts (21, 22).

A new potential source of food ingredients that could
replace solid fats are oleogels or organogels (26). These pro-
ducts are formed by the addition of compounds (organoge-
lators) to liquid oils where they form crystalline networks
at low concentrations and entrap liquid oils. The organoge-
lators must have a balance between solubility in the oil (so
they can interact with the oil components) while maintain-
ing insolubility (so they can crystalize and self-assemble into
a gel network). The subsequent solid fats can contain liquid
oil fractions of up to 99%,meaning that they can be very high in
unsaturated FAs withminimal trans FA concentrations. Organo-
gelators that are suitable for foods include phytosterols, ceram-
ides, lecithin, plant waxes, and monoacylglycerols. Phytosterols
and ceramides have a higher cost compared with lecithin, plant

FIGURE 3 Chemical mechanisms and consequences in the
chemical interesterification of lipids. X and Y indicate different
FAs.

FIGURE 2 Short-bread cookies prepared with solid shortening
(left side of panels) and liquid vegetable oils (right side of
panels). Note the increased height of the cookie prepared with
shortening due to higher air incorporation (A) and less oil
migration in the cookie produced with solid fat as seen by less
oil absorbed into the paper below the cookie (B).
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waxes, and monoacylglycerols. One example of a food-approved
organogelator is candelilla wax, which comes from the Yerba
evergreen shrub. Candelilla wax contains several potential
organogelators including alkanes, sterols, FAs, fatty alcohols,
and waxy esters. Among these, the primary organogelator
seems to be n-alkanes that range from 29 to 33 carbons
and make up >40% of the candelilla wax. Co andMarangoni
(26) published an excellent review of the properties of oleo-
gels produced from ethylcellose. Oleogels have been success-
fully incorporated into products such as sausages (23);
however, their potential to be incorporated into other food pro-
ducts is largely unknown.

As mentioned above, partial hydrogenation using tradi-
tional technologies can produce high amounts of trans
FAs. Because trans FAs have negative health effects and their
appearance on Nutrition Facts panels is undesired, research
has been conducted to find alternate hydrogenation technol-
ogies that produce low amounts of trans FAs. Nickel is the
most extensively used metal catalyst due to its high activity,
low cost, and easy removal after hydrogenation (27). The
development of alloy nano-catalysts from platinum, palla-
dium, or nickel-boron was shown to reduce the concentra-
tion of trans FAs by half compared with the commercial
nickel catalyst (27). These technologies are mainly limited
by the high cost of these alternative catalysts.

Electrochemical hydrogenation is a novel method of re-
ducing the double bonds in unsaturated FAs. Electrochem-
ical hydrogenation has a high reaction rate, which leads to
a high degree of full hydrogenation of the unsaturated
FAs, resulting in lower reformation of double bonds into
trans-isomer configurations (28). The process involves a
cathode made of an electrically conducting metal catalyst
and an anode for oxidation reactions. The cathode adsorbs
hydrogen reduction products from water or H2 that react
with the double bonds on FAs, forming SFAs. The concen-
tration of atomic hydrogen on the cathode surface can be
controlled by the applied current, which allows the process
to occur at moderate temperature and pressure while minimiz-
ing the isomerization of double bonds into trans FAs (29).

Supercritical fluid state hydrogenation is an additional
novel method used to reduce formation of trans FAs. The su-
percritical fluid state (e.g., supercritical carbon dioxide) has
a good homogeneous phase, which improves the transfer of
the hydrogen to the metal catalysts surface, thus increasing
the rate at which unsaturated FAs are fully hydrogenated
and decreasing the formation of trans FAs (28).

Utilization of Highly Unsaturated Oils in Foods
The Dietary Guidelines for Americans (1) not only recom-
mends decreased consumption of solid fats but also replace-
ment of solid fats with liquid oils. This recommendation can
be very helpful for fats used in cooking (e.g., butter vs. olive
oil), but as mentioned above, liquid oils will often not produce
the desirable textural properties of products such as cookies,
pastry, confectionaries, ice cream, and whipped cream. The Di-
etary Guidelines for Americans (1) also recommends increased

consumption of fish containing omega-3 (v-3) FAs due to
their benefits to heart health.

The challenge of incorporating polyunsaturated oils and
v-3 FAs into foods is their susceptibility to oxidative deteri-
oration (rancidity), resulting in changes in both negative
alteration in food quality and nutrition (7–9). This is espe-
cially true of v-3 FAs that not only oxidize quickly but also
have oxidation products which humans can detect at con-
centrations as low at 1 mg/L (8). Therefore, food manufac-
turers must not only be concerned about how the physical
properties of fats and oils affect foods but also the chemical
stability of these nutritionally beneficial lipids. If lipids are
not protected from oxidation, the resulting rancidity will
prevent their consumption, thus decreasing their health
benefits.

Chemical Deterioration of Lipids in Foods
Lipids can chemically degrade by numerous mechanisms to
negatively affect food quality, including thermal degrada-
tion, hydrolytic rancidity, and oxidative rancidity. Thermal
heating of oils causes TGs to hydrolyze into FFAs and glyc-
erol, which can volatilize and cause oil to smoke (30). Smoke
points decrease with increasing FFA concentrations (31).
This means that unrefined oils (e.g., olive oil), which have
not gone through the neutralization step of refining and
thus have high FFA concentrations, have lower smoke points
and may not be suitable for frying. In addition, the high
temperature of frying in combination with the addition of
water into the oil from the frying of the food will accelerate
hydrolysis of TGs, thus increasing FFA concentrations and
decreasing smoke points. This problem can be decreased
by occasionally filtering the oil with a filter aid that removes
FFAs and prolongs the shelf life of the oil (30).

Optimal frying temperatures are ~1808C. Unrefined oils
such as extra-virgin olive oil have a smoke point of 1918C
(31), which means that it could be used for frying. However,
if this oil is used for prolonged frying and FFAs increase, the
smoke point can decrease to the frying temperature. This
creates a problem because thermal degradation of frying
oils can produce acrolein, a potentially toxic compound
(9). In addition, the smoke point is followed by the flash
point, and if the oil is heated too long it could catch on
fire (31).

Oils can also chemically degrade by nonthermal hydro-
lytic rancidity. This occurs in the presence of water at high
temperatures and at extremes in pH (2). In addition,
many biological materials from which the oils are extracted
contain lipases that convert TGs to FFAs and glycerol. Lipases
can cause FFA accumulation during the extraction of oil be-
cause extraction can cause the release of lipase and/or oil
from subcellular organelles allowing the enzyme and lipid
to interact (32). Microbial lipases can also hydrolyze lipids
in dairy products such as cheeses that contain microbial
starter cultures (33). In most foods, FFAs negatively affect
quality because they can produce soapy flavors and decrease
smoke points (31). However, in some cases, small amounts
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of FFAs can be important positive flavor notes such as in
cheeses (34).

Lipid oxidation is a free radical chain reaction between
unsaturated fats and oxygen (8). Free radicals are highly re-
active molecules that have unpaired electrons (2, 8). These
unpaired electrons seek an electron pair, thus promoting re-
actions such as addition, transfer, and scission. Lipid radicals
can react with the unpaired electrons in oxygen, resulting in
the addition of oxygen onto the FA to form peroxyl radicals.
The peroxyl radical can then abstract a hydrogen from one
unsaturated FA and transfer the radical to another FA,
thus resulting in the formation of lipid hydroperoxides
(2, 8). The hydroperoxides are susceptible to decomposition
by light and metals to form alkoxyl radicals. These alkoxyl
radicals are very high in energy, allowing them to promote
the scission of FAs into low-molecular-weight volatile com-
pounds that produce rancid off-flavors and aromas.

Rancidity in food occurs when the concentration of un-
saturated FA decomposition products exceed its sensory
threshold levels. Most FA decomposition products have nega-
tive aromas such as grassy and fishy, thus causing degradation
in food quality (8). However some, such as 2,4-decadienal,
have positive flavor notes and in this case produce the typical
flavor of fried foods (8). FA decomposition products and free
radicals can cause additional food quality problems. Free rad-
icals can react with other molecules, resulting in degradation
of vitamins, loss of color, and changes in protein functionality
(2, 35). FA decomposition products, especially unsaturated al-
dehydes, can react with proteins to alter their function and
have been postulated to alter protein function in vivo, promot-
ing diseases such as atherosclerosis (9).

The susceptibility of oils and foods to lipid oxidation is
influenced by numerous factors. Probably the most important
factor is the chemical structure of the FAs and in particular
the number, position, and geometry of double bonds (2, 8).
Saturated lipids are much more stable to oxidation than unsat-
urated lipids, which makes them desirable in foods very sus-
ceptible to oxidation such as frying oils (2, 8, 36). Double
bonds increase the susceptibility of FAs to oxidation, with an
increasing number of double bonds increasing oxidative sus-
ceptibility. For example, the oxidation rates of oleate (cis 18:1),
linoleate (cis 18:2), and linolenate (cis 18:3) have been reported
to be 1:40–50:100 on the basis of oxygen uptake and 1:12:25 on
the basis of hydroperoxide formation (8). The v-3 FAs EPA
(20:5) and DHA (22:6) are even more susceptible to oxidation,
meaning that they are extremely difficult to incorporate into
foods. Increasing susceptibility to oxidation in unsaturated FAs
is due to the ability of double bonds to attract electrons from
neighboring carbons. This makes the hydrogen on the carbon
more susceptible to abstraction and thus free radical formation.
Two double bonds make the FA even more susceptible to oxida-
tion because 2 double bonds attract the electrons from the
neighboring carbon and thus the ease of hydrogen abstraction
increases dramatically (Figure 4) (2, 8, 36). This is why MUFAs
are often preferable to PUFAs in processed foods.

The detrimental effect of lipid oxidation in foods and nu-
trition can be controlled by numerous strategies. Because

oxygen is one of the main components of the reaction, its
removal can decrease oxidation rates. Unfortunately, FA
radical-oxygen reactions are very fast because they are
both free radicals (2, 8, 36). This means that almost com-
plete oxygen removal, in processes such as vacuum packag-
ing, is needed to effectively control oxidation.

The rate of oxidation of lipids, similar to most chemical
reactions, approximately doubles for every 108C increase in
temperature (8). However, temperature also decreases oxy-
gen solubility and thus can alter oxidation rates (31). For ex-
ample, oxidation rates are slow in heated frying oils and only
increase dramatically when foods are added to the oil and
the subsequent steam generation increases oxygen incorpo-
ration into the oil (2, 8). Low temperature storage can in-
crease oxidation rates when SFAs crystalize out of the oil,
resulting in a more highly unsaturated oil that can be more
prone to oxidation (38).

Water is a key factor affecting lipid oxidation, with oxida-
tion rates being highest at both high (0.6–0.8) and low water
activities (0–0.2). Water affects lipid oxidation by hydrogen
bonding with hydroperoxides to increase hydroperoxide sta-
bility and by altering the hydration, solubility, and mobility
of pro-oxidants such as metal (8).

Lipid oxidation is often referred to as auto-oxidation be-
cause it can be a self-propagating reaction. However, the re-
ality is that most foods contain pro-oxidants that can be the
primary drivers of oxidation, thus increasing reaction rates
and changing kinetics such that auto-oxidation is often
only a minor component of the cause of rancidity (36, 38).

Transition metals are likely the most important lipid ox-
idation pro-oxidants in foods (38). Transition metals are
weak pro-oxidants on their own, but in the presence of lipid
and hydrogen peroxides, they become highly reactive be-
cause they can decompose peroxides into alkoxyl, hydroxyl,
and peroxyl radicals, which can attack unsaturated FAs.
Metals are active at mg/L levels and they are found in essen-
tially all foods at this concentration (38). Lipid hydroperox-
ides are also ubiquitous to all fats and oils because some
oxidation occurs during lipid isolation and refining (39).
The rate of hydroperoxide breakdown is dependent on the
concentration, chemical state, and type of metal. Iron is gen-
erally more important to control than copper due to its

FIGURE 4 Differences in the bond dissociation energies of the
hydrogen adjacent to double bonds in oleic (cis 18:1) and linoleic
(cis 18:2) acids. Decreased bond dissociation energies increase
susceptibility to oxidation due to easier hydrogen abstraction.
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higher prevalence. However, copper is 50-fold more reactive
than iron, so in some cases, it can be an important pro-oxidant.
The state of the metal is also important because reduced iron
(Fe2+) is much more efficient at decomposing hydroperoxides
and is much more soluble (40). Because of the high reactivity
of reduced metals, some antioxidants (e.g., ascorbic acid) can
sometime act as pro-oxidants because they increase the reactiv-
ity of metals (41).

Pro-oxidants such as lipoxygenases (42, 43) and singlet
oxygen (44) can promote the formation of lipid hydroperox-
ides. These hydroperoxides are the substrate of other pro-
oxidants such as iron and copper, which break down the
peroxide into free radicals that attack other unsaturated
FAs (40). The prevention of hydroperoxide decomposition
is probably the most important step in food quality because
this reaction leads to the cleavage of FAs to produce the low-
molecular-weight, volatile compounds that are responsible
for rancid aromas (36, 41).

Light and irradiation also promote lipid oxidation. UV
light can promote hydroperoxide decomposition to form
free radicals. Irradiation, on the other hand, can produce hy-
droxyl radicals (·OH) from water, leading to the initiation of
lipid oxidation. Light is also important in singlet oxygen for-
mation when it excites photosensitizers such as chlorophyll
and riboflavin (44).

Antioxidants
Improving the health and wellness of foods by increasing the
amount of unsaturated lipids can often be accomplished
through the addition of antioxidants. The most common
type of antioxidants are those that scavenge free radicals
(7, 41). This reaction results in the transfer of the free radical
from the FA to the antioxidant to form an antioxidant rad-
ical. This reaction inhibits lipid oxidation because the phe-
nolic structure of the antioxidant can delocalize the free
radical throughout the molecule, which lowers the energy
to the free radical. This decreases oxidation rates because
the antioxidant free radical no longer has enough energy
to abstract a hydrogen atom from unsaturated FAs, thus
stopping free radical propagation (41).

The effectiveness of free radical scavenging antioxidants
is dependent on both their chemical properties and their
physical location within a food (7, 8, 41). Many studies
have compared the effectiveness of various antioxidants
with differing solubility properties in different food systems
such as bulk oil and in oil-in-water emulsions (45–48).
These studies showed that hydrophilic antioxidants are
most effective in bulk oil, whereas hydrophobic antioxidants
are most effective in oil-in-water emulsions. This observa-
tion is known as the “antioxidant polar paradox”; polar an-
tioxidants are effective in oil, and nonpolar antioxidants are
effective in foods with high water contents (45–49). The rea-
son for this effect is that hydrophobic antioxidants are re-
tained in the lipid phase of high-moisture food where they
are able to interact with lipid phase free radicals. Conversely,
hydrophilic antioxidants are effective in bulk oils because

they can concentrate at the water-oil interface of association
colloids (50).

The most common commercially available free radical
scavenging hydrophobic antioxidants are the synthetics butyl-
ated hydroxytoluene (BHT) and butylated hydroxylanisole
(BHA), ascorbyl palmitate, the tocopherol homologs, and car-
nosol and carnosic acid, which are found in rosemary (41).
Commercially available hydrophilic antioxidants include the
synthetic propyl gallate and naturally occurring ascorbic acid,
catechins (green tea), and rosmarinic acid (rosemary). Tertiary
butyl hydroxyquinone (TBHQ) has intermediate polarity and
tends to be one of the most effective antioxidants (7, 41).

Research on the antioxidant polar paradox has led to the
development of a new generation of antioxidants. These free
radical scavenging antioxidants are conjugates of phenolic
compounds with aliphatic chains of varying carbon number
(51). In “phenolipids,” the antioxidant components have
been phenolic, such as chlorogenic acid, rosmarinic acid,
and caffeic acid. These antioxidants are unique because
they can be made with varying hydrophobicity but similar
free radical scavenging activity. The phenolic antioxidant
portion of the molecule does not change, but the aliphatic
chain can range from 0 to 20 carbons. Although these anti-
oxidants are not currently approved for food use, they have
been instrumental in providing information on how the
physical location of antioxidants affects their ability to con-
trol lipid oxidation. Research by several groups has shown
that antioxidants with intermediate polarity (8- to12-carbon
aliphatic chains) are the most effective antioxidants in oil-
in-water emulsions, and polar antioxidants (no added
aliphatic chains) are most effective in bulk oils (51–53). In-
terestingly, in oil-in-water emulsions, the most hydrophobic
antioxidants were not the most effective, which is contrary
to the antioxidant polar paradox (51). Recent research has
shown that rosmarinic acid with a 20-carbon ester has very lit-
tle antioxidant activity in oil-in-water emulsions, even though
almost all of the antioxidant is in the emulsion droplet (51).
The addition of surfactant to the emulsions increased the
amount of the antioxidant at the emulsion droplet interface
and increased antioxidant activity. This suggested that the con-
centration of antioxidants at the oil-water interface increases
their activity, which is most likely due to the ability to locate
at the same location as lipid hydroperoxides and surface-active
free radicals (54).

The second most common antioxidant strategy is to con-
trol the reactivity of pro-oxidant metals with chelators. The
most common commercially available chelators are citric
acid, phosphates, and EDTA (2, 38). It is believed that car-
boxyl groups of citric acid bind with metals and form com-
plexes, thus retarding lipid oxidation. Not all compounds
capable of binding metals are antioxidative because chela-
tion can increase metal solubility and thus reactivity (41,
55). In addition, combinations of chelators and free radical
scavenging antioxidants are often more effective than the in-
dividual antioxidants (41) due to the ability of the chelator
to reduce metal-promoted generation of free radicals that
can decompose phenolic antioxidants.
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Antioxidants are sometimes multifunctional, acting as
both free radical scavengers andmetal chelators. A good example
of this phenomenon is proteins. Proteins contain amino acids
such as tyrosine, phenylalanine, histidine, cysteine, methio-
nine, and lysine that can scavenge free radicals (35). However,
at pH values above their isoelectric point, proteins are nega-
tively charged and thus can also chelate metals. In fact, in
emulsions, this chelating activity is often themajor antioxidant
mechanism. This is because many of the free radical scaveng-
ing amino acids are buried in the interior of the protein where
they cannot interact with free radicals. Exposing these amino
acids by denaturing or hydrolyzing the protein can often in-
crease antioxidant activity [for review see (35)].

Conclusions
Nutritional recommendations for dietary fats and oils con-
tinue to evolve as we learn more about the impact of FAs
on health. However, most nutritional organizations agree
that the consumption of saturated fats should be decreased
and polyunsaturated fats and v-3 FA consumption should
be increased. Making major alterations in the lipid compo-
sition of foods can be quite challenging because solid fats
have important physical properties that allow the formation
of foods such as baked goods, butter, and ice cream. In ad-
dition, polyunsaturated oils and v-3 FAs are very susceptible
to oxidation, leading to development of off-flavors, loss of
nutrients, and formation of potentially toxic compounds.
Therefore, the substitution of highly unsaturated fats for
solids fats could have negative nutritional consequences un-
less technologies are utilized to prevent their oxidation.
These challenges, along with the removal of hydrogenated
fats from the food supply, are driving food manufacturers
to utilize oils high in MUFAs because these FAs have higher
melting points and are more oxidatively stable. MUFAs tend
to be neutral with regard to heart health so this change in fat
source could lead to further unintended consequences in
consumer health.
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