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Gamma irradiation is well known to assure food innocuity. The use of this
treatment on fresh meat could extend shelf life and protect the host against
pathogenic bacteria. On the other hand, irradiation treatment brings about bio-
chemical changes that could a�ect the nutritional adequacy of food. The follow-
ing text is a review of the biochemical changes caused by irradiation related to
their nutritional signi®cance. The changes in lipids, proteins and vitamins are
discussed. # 1999 Canadian Institute of Food Science and Technology. Pub-
lished by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Di�erent treatments can be used in order to extend the
shelf-life of meat and eliminate pathogenic bacteria it
may contain. Common methods used are salting, can-
ning, freezing and modi®ed atmosphere packaging (Ste-
venson, 1994). In 1981, the use of irradiation treatment
for food preservation was approved by the FAO/IAEA/
WHO joint committee on the wholesomeness of irra-
diated food. The committee stated that irradiation of
food at doses up to 10 kGy introduced no special
nutritional problem. Currently, 26 countries are using
the process on a commercial scale (Stevenson, 1994).

Most of the work on meat irradiation as been done at
sterilization doses (20±40 kGy). On the other hand,
experiments done at radappertization doses (�10
kGy)Ðthe doses envisioned for commercial applica-
tionÐdemonstrate that the nutritional e�ects are not
that di�erent from those obtained with other preserva-
tion methods (Josephson et al., 1978). Although there is
high sensitivity when lipids, proteins or vitamins are
exposed to irradiation in solution, the inherent protec-
tive quality of food will render the e�ects of radiation
negligible in most cases.

CHANGES IN LIPIDS

Ground beef has a high lipid content. Regulation states
that regular type meat should contain a maximum of
30% fat, lean type 23% and extra-lean type 17%
(Lefevre, 1990). Animal fats predominantly contain
neutral lipids (triglycerides), phospholipids, sterols and
sterol esters, with other lipids in small quantities when
detectable. Typical composition of ground beef is about
18% lipids and its fatty acid content is divided into 46%
saturated, 51% mono-unsaturated and 3% poly-unsa-
turated (Johnson et al., 1994). Dugan (1987) showed
that the usual fatty acids found in beef, in order of
importance, are oleic acid (18:1), palmitic acid (16:0),
stearic acid (18:0), palmitoleic acid (16:1), linoleic acid
(18:2), linolenic acid (18:3) and arachidonic acid (20:4).
Saturated and mono-saturated fatty acids represent
the essential content of neutral lipids in meat. These
neutral lipids contain aproximately 14% linoleic acid
(18:2) which is an essential, polyunsaturated fatty-acid.
Phospholipids represent 0.5 to 1% of the total lipids
in meat. They contain a great amount of unsaturated
fatty acids and some of them are polyunsaturated.
Poly-unsaturated fatty acids of the phospholipid frac-
tion were the major contributors to the development
of rancidity during meat storage (Igene and Pearson,
1979). The only sterol found in meat is cholesterol
(Schweigert, 1987).
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Some of the fatty acids found in meat play important
roles in metabolism. Polyunsaturated fatty acids such as
linoleic and arachidonic acids are of great nutritional
importance being essential to the human diet as they
cannot be synthesized within the body. Phospholipids
and cholesterol also are of nutritional consideration
being critical components of cell walls. Unsaturated
fatty acids are also well known to carry fat-soluble
vitamins, e.g. vitamin A, D, E and K (Schweigert, 1987).

Since polyunsaturated fatty acids are oxidized
rapidly, precautions most be taken during the irradia-
tion treatment. Oxidative and non oxidative changes in
lipids can be observed. Ionizing radiation causes the
radiolysis of water which is present in a great extent in
meat. This generates free radicals such as .OHÿ, hydra-
ted electron and H+. Chemical reactions with food
constituents are then brought out by these free radicals.
Studies show that the amount of radiolysis products
vary as a function of fat content and fat composition as
well as a function of the temperature during irradiation
and the irradiation dose (Merritt et al., 1978). The most
susceptible site for free radical attack in a lipid molecule
is at a double bond. The most a�ected lipids during
irradiation are thus the polyunsaturated fatty acids that
bear two or more double bonds available for reaction.
Its been concluded that each additional double bond in
a fatty acid increases its rate of oxidation by a factor of
two (Singh et al., 1991). Love and Pearson (1971) along
with Hassan and Shams El-Din (1986) showed that
unsaturated fatty acids in the phospholipid fraction
oxidized more rapidly than the ones in the neutral lipid
fraction. Hassan et al. (1988) also observed a decrease in
unsaturated fatty acids with an increase in the irradia-
tion dose and prolongation of the storage period. Has-
san and Shams El-Din (1986) reported that the loss of
unsaturated fatty acids after an irradiation treatment
was mainly due to oxidative decay.

In the presence of oxygen, polyunsaturated fatty acids
undergo autoxidation. Autoxidation is a chain process
that can be initiated by various free radicals from dif-
ferent sources including ionizing radiation. This process
occurs in two steps with phospholipids being oxidized
®rst followed by the neutral lipids (Pearson et al., 1983).
The general reaction occurs in three phases which are
initiation or formation of free radicals, propagation or
free radical chain reaction and termination or formation
of non-radical products. The free radicals can react with
oxygen over an extended period causing the formation
of hydroperoxides which will yield a great variety of
compounds like alcohols, aldehydes, aldehyde esters,
hydrocarbons, hydroxy and keto acids, ketones, lactones,
oxoacids and dimeric compounds (Pearson et al., 1983).

Lipid peroxidation in muscle foods is one of the
major degradative processes responsible for loss of meat
quality. It leads to the formation of warmed over ¯a-
vors, destruction of essential fatty acids and some of the
fat soluble vitamins (Singh et al., 1991). It would be

good to note that the path of by-product formation
from lipids followed by ionizing radiation induced
autoxidation is the same that as natural autoxidation
(Francis and Wood, 1982). Normally, lipid oxidation
should be greater in air. Experiments on chicken pack-
aged under air or vacuum showed little di�erence upon
irradiation of samples (Singh et al., 1991). This suggests
that at low radiation dose, the lipids in presence of their
natural protectors are not particularly sensitive to
radiation induced peroxidation (Singh et al., 1991). The
literature also shows that the nature of radiolysis of
lipids is basically the same and the products formed are
similar regardless of the dose or the source of energy
(Hammer and Wills, 1979).

Changes in lipids caused by irradiation in the absence
of oxygen are decarboxylation, dehydration and poly-
merization. Radiolytic products in that case include
CO2, CO, H2, hydrocarbons and aldehydes. Hydro-
genation of unsaturated fat is the process which leads to
dimer formation. The general mechanism for the non-
oxidative radiolysis of triglycerides involves cleavage at
preferential locations in the lipid molecule and ran-
domly at the remaining carbon to carbon bonds. This
scission of the fatty acid molecules gives rise to free
radicals which mainly add hydrogen to other molecules
or to a lesser extent loose an hydrogen or combine with
other free radicals. Stable radiolytic products are thus
formed with their composition being related to the
composition of the initial lipid molecule. The possible
radiolytic products of triglycerides included Cn fatty
acid, propanediol diesters, propenediol diesters, Cn

aldehyde, diglycerides, oxo-propanediol diesters, 2-
alkylcyclobutanones, C(n-1, n-2) alkane, C(n-1, n-2) 1-
alkene, formyl diglycerides, acetyl diglycerides, Cn fatty
acid methyl ester, ethanediol diester, Cn-x(x�3) hydro-
carbons (DelinceÂ e, 1983, p.89). The amount of product
generated depends on the irradiation dose and is gen-
erally small (Singh et al., 1991). The volatile compounds
isolated from the radiolysis of beef fat are alkenes and
alkanes with acetone and methyl acetate as carbonyl
compounds (Merritt et al., 1978). Alkanes and alkenes
are the most abundant representing 95% of the volatile
substances formed by lipid radiolysis. Carbonyl com-
pounds will also be recovered after irradiation. It is
generally recognized that free fatty acids result from the
cleavage of neutral lipids or phospholipids. Free fatty
acids are not harmful to animals and do not lower the
quality of fats except for a slight reduction in absorb-
ability of long-chain free fatty acids like palmitic and
stearic acids (Fuller, 1982). It would be good to note
that the hydrocarbons are formed by the cleavage of
neutral lipids (Merritt, 1972). However, low dose irra-
diation (3 kGy) generates relatively low quantities of
hydrocarbons (Lacroix et al., 1997).

Di�erent studies on meat irradiation and its e�ect on
lipids have been done in the past years. Studies done on
chicken by Rady et al. (1987) showed no signi®cant dif-
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ference in total saturated and unsaturated fatty acids
between irradiated (1, 3, 6 kGy) and unirradiated frozen
(ÿ20�C) chicken muscle. Therefore, within the levels of
detectability by ¯ame ionization-gas chromatography,
no fatty acids formed by radiolysis could be detected at
the doses used, and the radiolytic alteration to the
composition of the natural fatty acids was virtually
undetectable. A feeding experiment conducted on
humans by Plough et al. in 1957 showed that overall
digestibility of pork fat, whether it was irradiated or
not, was una�ected. This indicates that lipolysis and
absorption of end products is not seriously disrupted
(Josephson et al., 1978). Rady and Schwartz (unpubl.
report) showed that the free unsaturated fatty acid and
saturated fatty acid content of meat was increased after
treatment with a dose of 1 kGy irrespective of the presence
or absence of air. Only minor changes were noted when
increasing the dose up to 10 kGy. Analysis of free fatty
acids in irradiated ground beef during storage indicated
that the irradiation treatment did not a�ect their produc-
tion (Lefevre et al., 1994). In fact, the lipolytic enzymes
involved in the endogenous hydrolysis of neutral lipids
and phospholipids are not fully inactivated by an irradia-
tion dose of 50 kGy (Urbain, 1986).Monty (1960), Moore
(1961) and Nassett (1957) reported that irradiated fatty
acids are digested and absorbed at a slower rate than
nonirradiated fatty acids, but there is no alteration in
their nutritive value. From the literature, we can conclude
that when lipids are irradiated under conditions antici-
pated for commercial food processing (�7 kGy), it does
not result in signi®cant loss of nutritional value (Thomas,
1988).

CHANGES IN PROTEINS

Proteins are built with amino acids which are the essen-
tial nutrients although many think that the proteins are.
Of the 20 amino acids, nine are essential and must be
provided in the diet since they are not synthesized in
su�cient amount by the human body. The nutritional
quality of a protein directly refers to its ability to pro-
vide the nine essential amino acids in quantity required
to the health of man. The amount of essential amino
acids in the crude protein of beef is approximately as
follows: 8.4% leucine, 8.4% lysine, 5.7% valine, 5.1%
isoleucine, 4.0% phenylalanine, 4.0% threonine, 2.9%
histidine, 2.3% methionine and 1.1% tryptophan.
Nonessential amino acid content in order of importance
is glutamic acid, aspartic acid, glycine, arginine, alanine,
proline, serine, tyrosine and cystine (Schweigert and
Payne, 1956). It should also be pointed out that meat
containing a large amount of connective tissue is rich in
collagen. The amino acid content of collagen is princi-
pally proline, hydroxyproline, glycine, tryptophan, tyr-
osine and a small amount of sulfur-containing amino
acids (Bowes and Moss, 1962).

Because of the importance of proteins to human
health, the e�ect of irradiation on this food constituent
is of interest. Similar to lipids, protein damage due to
irradiation is catalyzed by free radicals formed by the
radiolysis of water. Damage caused to protein by ioniz-
ing radiation include deamination (resulting in a pro-
duction pyruvic and propionic acid), decarboxylation
(resulting in a production of ethylamine and acet-
aldehyde) (Diehl, 1990), reduction of disul®de linkages,
oxidation of sulfydryl groups, breakage of peptide
bonds and changes of valency states of the coordinated
metal ions in enzymes (DelinceÂ e, 1983, pp. 129±146).
The prevalence of ammonia and pyruvic acid produc-
tion indicates that deamination plays a greater role than
decarboxylation (Diehl, 1990). That range of possible
chemical and physical changes is similar to that seen
with other treatments of food material (Singh et al.,
1991). Major products formed by the interaction of
radiation with protein material are carbonyl groups,
ammonia, free amino acids, hydrogen peroxide, organic
peroxides and more. At high doses, some crosslinks can
occur leading to the formation of new proteins by the
bonding of free amino acids to proteins and protein to
protein aggregation (Singh et al., 1991; Brault et al.,
1997; Lacroix et al., 1998; Mezgheni et al., 1998;
Ressouany et al., 1998). Protein to lipid cross-linking
can also be seen (Singh et al., 1991). These chemical
changes are all a�ected by the structure and state of the
protein and by the conditions of irradiation such as the
dose, dose rate, temperature and presence of oxygen.
Changes stated here mostly a�ect the primary structure
of the protein but many studies indicate that irradiation
is a major process by which the secondary and tertiary
structures are a�ected. The folding pattern changes are
brought about by aggregation due to cross-linking
among peptide chains or denaturation through the
breaking of hydrogen bonds and other linkages
involved in the mentioned foldings. To some extent, the
particular e�ect of radiation is related to the protein
structure, composition, whether native or denatured,
whether dry or in solution, whether liquid or frozen,
and to the presence or absence of other substances
(Davies, 1987; Davies and Delsignore, 1987).

Oxidation of amino acids by irradiation

Amino acids inside a protein are less labile to irradia-
tion than free amino acids. The e�ect of irradiation on
aliphatic and aromatic amino acids di�ers. For aliphatic
amino acids, irradiation in the presence of oxygen will
lead to the formation of ammonia and alpha-ketoacids,
or to the formation of ammonia, carbon dioxide and an
aldehyde or a carboxylic acid. The yield of expected
oxidation products decreases linearly as a function of
the number of carbon atoms present in the aliphatic side
chains. This is explained by the fact that the more car-
bon atoms are present, the more sites for attack by a
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OHÿ radical are available. If oxygen is not present, this
may suppress the generation of peroxy radicals and thus
favor deamination or combination interactions forming
some amino dicarboxylic acid derivatives (Stadtman,
1993).

Sulfur containing amino acids along with aromatic
amino acids are the most susceptible to irradiation
damage. For aromatic amino acids, the indole ring of
the aromatic group is the primary target of oxygen
radicals. Oxidation of phenylalanine produces tyrosine
and hydroxy derivatives. Oxidation of tyrosine produces
3,4-dihydroxyphenylalanine (dopa). Tryptophan pro-
duces formylnurenine. Alpha-hydrogen abstraction and
deamiation are minor events (Stadtman, 1993). It has
been noted that further oxidation of dopa produces
cross-linking reactions wich provoke melanin type pig-
ment formation (Ley et al., 1969).

The products formed from sulfur-containing amino
acids in proteins include methyl or ethyl mercaptan,
dimethyl disul®de, carbonyl sul®de or hydrogen sul®de.
When sulfur compounds are submitted to radiation in
the absence of oxygen, hydrogen sul®de and sul®de are
formed in large amounts. In the presence of oxygen, the
amount of ammonia and sulfuric acid produced increa-
ses (DelinceÂ e, 1983, pp. 129±146). The typical odor of
irradiated meat is related to the formation of sulfuric
compounds. The most radiation sensitive amino acids are
in fact the ones bearing sulfur notably cystine, methionine
and tryptophan. Desulfuration must thus be considered
as one of the principal e�ect of ionizing radiation on
amino acids and proteins (Singh et al., 1991).

According to Rhodes (1966), when the amino acid
content of beef protein was tested before and after irra-
diation at 0±1�C, no signi®cant destruction of meat
amino acids was observed up to a dose of 200 kGy.
Partmann and Keskin (1979) showed that the majority
of amino acids in minced lean beef or pork and chicken
breast muscle are stable up to a dose of 5 kGy. Joseph-
son et al. (1978) indicated that there was no signi®cant
destruction of cystine, methionine and tryptophan up to
a dose of 71 kGy. It would be good to note that the loss
of lysine by irradiation at 70 kGy is nonexistant and
that an increase is even detected (Ley et al., 1969). In
comparison, cooking can generate up to 40% loss in
lysine which is an essential amino acid (Harris, 1987).

Oxidation of proteins by irradiation

In the case of proteins, the presence or absence of oxy-
gen has a large e�ect on the products recovered. The
major player in irradiation damage to proteins is .OHÿ.
In the presence of oxygen, little or no aggregation
occurs but fragmentation of the polypeptide chain is
basically the rule. When gamma irradiation is con-
ducted under ambient conditions, proteins are seen to
fragment with increasing dose showing that even 20%
oxygen is enough to produce fragmentation reactions.

Exposure to .OHÿ in the presence of oxygen generally
produce a dispersed pattern of lower molecular
weight protein fragmentation products. Fragmentation
appears to occur predominantly at the alpha carbon
rather than at the peptide bond (Davies, 1987).
Fragmentation is again the result of the action of oxy-
gen free radicals and of secondary reactions leading to
the formation of alkyl peroxides or hydroxy derivatives.
Oxidation-mediated cleavage of the polypeptide is
believed to occur by alpha-amidation mechanism. This
reaction is catalyzed by decomposed peroxy inter-
mediates. The N-terminal amino acid of proteins
may be submitted to deamination releasing ammonia
(Stadtman, 1993).

When oxygen is absent during irradiation, there is
almost no fragmentation of the proteins but larger
amounts of high molecular weight aggregates are
formed. Exposure to .OHÿ without O2 induces aggre-
gation of proteins to higher molecular weight forms like
dimers, trimers and even tetramers. This aggregation
reaction seems to involve intermolecular bityrosine for-
mation. Analyses indicate that 90% of the protein
aggregates induced by .OHÿ can be attributed to new
intermolecular covalent bonds (not S±S bonds). Less
than 10% of the aggregation products can be con-
sidered as non covalent interactions or disul®de bonds
(Davies et al., 1987). Although fragmentation or aggre-
gation are routes well separated by the presence or
absence of oxygen, both processes are preceeded by the
denaturation of the protein. The .OHÿ induced altera-
tion of the primary structure lead to the modi®cation of
the secondary and tertiary structure and the protein
now unfolded in a random conformation is more sus-
ceptible to a secondary attack by the .OHÿ radical
leading to fragmentation or aggregation (Davies, 1987;
Davies and Delsignore, 1987).

Since proteins are not destroyed but only transformed
by radiolysis, the total amino acid content of meat is not
changed (Anon., 1973). A study done on the digest-
ibility of raw beef sterilized by irradiation (20±40 kGy)
shows that the true digestibility of proteins remains
100% and that the apparent digestibility is even
enhance by 0.5% (91.8±92.3%) (Johnson and Metta,
1956). Long-term feeding studies with rats have also
shown that the use of irradiation for the sterilization
and preservation of meat, does noy have a signi®cant
e�ect upon the nutritional quality of the meat protein
(Schweigert, 1987). Reviews by the De Groot et al.
(1972), Josephson et al. (1978), Murray (1983), Gallien
et al. (1985) and Thayer (1987) indicate that irradiation
of meat at typical commercial doses (2±7 kGy), has no
signi®cant e�ect on the nutritional value of proteins or
amino acids. No distinct decrease of the biological value
of proteins was observed (Anon., 1973). Frumkin et al.
(1973) also concluded that irradiation of raw and pre-
pared meat, to prolong shelf-life, does not lead to a
reduction of its protein nutritional value.
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Meat contains connective tissue and the e�ect of
gamma irradiation on collagen is thus of concern.
Properties of irradiated collagen were studied under low
and high moisture conditions. Irradiation at doses of 50
and 500 kGy resulted in loss of crystallinity, increase in
solubility and other changes in physical properties,
indicative of extensive loss of molecular structure and
breakdown to smaller units. Little hydrolytic scission of
peptide bonds occured, but increase in amide nitrogen
and carbonyl groups indicated that N±C bonds were
broken. At the 500 kGy dose, some loss in nitrogen, and
an overall loss of 10 to 20% amino acids was noted
(Bowes and Moss, 1962).

Myosin is one of the most important protein in mus-
cles. Taub (1981,1983) showed that at sterilization doses
and low temperature, there was only a minor e�ect on
myosin. Zabielsky et al. (1984) suggest that myosin
solubility goes down with increasing irradiation dose up
to 10 kGy, resulting in reduced water holding capacity.
Latreille et al. (1993) observed that a study of the elec-
trophoretic pattern of irradiated meat proteins indicated
a decrease of myosin band with dose and dose rate of
gamma irradiation done at 4�C. Lacroix et al. (1992)
demonstrated that meat irradiated at 6 kGy, under
vacuum and at low dose rate (2 kGy hÿ1), seemed less
a�ected by the treatment and remained more stable
during storage. The emulsifying capacity of the irra-
diated proteins was higher than the control product.
The hydrolysis of proteins in smaller fractions of lower
molecular weights could be at the origin of this emulsi-
fying capacity increase.

CHANGES IN VITAMINS

Meat is a great source of water-soluble B complex vita-
mins. The amount of these vitamins is largely in¯uenced
by the fatness of the meat, being principally found in
lean portions due to their lipid insolubility. Age of the
animal also as an e�ect on the water-soluble vitamin
content. The B vitamins include thiamin (B1), ribo¯avin
(B2), niacin (B5), pyridoxine (B6), biotin (B10), cobala-
min (B12), choline, folic acid and pantothenic acid.
There is little fat-soluble vitamins in meat. Beef contains
around 1 microgram of vitamin A per gram of fat, some
ascorbic acid and negligible amounts of vitamins D, E
and K (Schweigert, 1987).

In the case of vitamin radiolysis, the types of possible
free radical reactions are determined by the medium in
which the vitamins are present. The fat-soluble vitamins
would thus be exposed to radicals produced by the
direct action of radiation on lipids and the water-soluble
vitamins to radicals formed by water irradiation. In the
case of fat-soluble vitamins, the free radical-mediated
reactions are negligible since they will mostly recombine
with positive lipid ions. For water-soluble vitamins,
some may react with hydrated electrons directly or

acquire an electron from the other radicals produced in
the aqueous medium. The fate of the reaction is deter-
mined by the electron reduction potential of the vitamin
and the weakness of its H bonds (Singh et al., 1991).
Since vitamins are in quite low amounts in most foods,
the .OHÿ radicals will mostly react with other major
food components like lipids, proteins and carbohy-
drates, before reacting with vitamins. The vitamins are
thus more a�ected by the secondary radicals formed by
the interactions with the major components which are
mostly hydroperoxides (Kilcast, 1994).

Irradiation and the fat-soluble vitamins

Since these vitamins are not readily present in meat but
more in dairy, fruit and vegetable products, they are of
minor concern. Vitamin E (a-tocopherol) is the most
irradiation sensitive fat-soluble vitamin. Vitamin A is
lost to some extent in liver (Janave and Thomas, 1979).
Vitamin D is mostly found in ®sh and has a general high
stability to irradiation. Finally, vitamin K being syn-
thesized by bacteria in the human gut is of no concern
although the vitamin K originating from meat is sensi-
tive to high irradiation doses (Kilcast, 1994).

The water soluble B vitamins

This group of vitamins is of greater importance in meat.
We should note that the sensitivity of many B vitamins
seems to vary between meat cuts and also from meat to
meat (Schweigert, 1987).

Thiamin
Meat can be a signi®cant source of thiamin. It has been
shown that thiamin is the most irradiation labile water-
soluble vitamin. However, this vitamin is even more
labile to heat (Stevenson, 1994). When a beef sample
containing 0.24 mg of thiamin per g was submitted to
irradiation doses of 28 and 56 kGy, the thiamin content
decreased, respectively, to 0.057 and 0.037 mg (Ziporin et
al., 1957). These results are consistent with those of Wil-
son (1959) who showed that the destruction of thiamin
by irradiation correlates with the dose of irradiation
received. It as also been shown that the temperature of
the beef sample during irradiation as a major e�ect on
the rate of thiamin loss. The colder the meat during the
treatment, the lower the thiamin destruction in the sam-
ple (Wilson, 1959). Similar results have been obtained by
Hanis et al. (1989). Gallien et al. (1985) found that thia-
min content was not signi®cantly a�ected by irradiation.

Oxidative damage to thiamin is responsible for its
loss. When thiamin is irradiated, a decrease in spectro-
photometric absorbency indicates the destruction of its
pyrimidine ring. Loss of the amino group is observed
and this reaction generates ammonia in function of
the irradiation dose. The source of ammonia is
believed to be the 6-amino group of the pyrimidine
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portion of thiamin and is less likely to be from the
thiazole and pyrimidine ring nitrogen (Groninger and
Tappel, 1957).

Ribo¯avin
This vitamin is relatively stable to irradiation. No loss
was found in pork chops and chicken breasts irradiated
at temperatures between ÿ20 and 20�C at doses up to
6.6 kGy. Some irradiated samples even showed an
increased in ribo¯avin concentration of up to 25% (Kil-
cast, 1994). Irradiation of a beef sample containing 1.86
mg of ribo¯avin per g at 28 and 56 kGy showed that the
amounts of ribo¯avin remaining after treatment were
1.76 and 1.79 mg, respectively (Ziporin et al., 1957). This
is a very small loss and an increase is even noted when the
dose is increased. Fox et al. (1989) demonstrated that
ribo¯avin content was stable during irradiation.

Niacin
Niacin is the the most abundant B complex vitamin in
beef. A sample of meat containing 30 micrograms of
niacin per gram irradiated at 28 and 56 kGy was ana-
lyzed for its content after treatment. Niacin contents
after irradiation were 28.90 and 29.29 mg, respectively
(Ziporin et al., 1957). These data shows that there is no
major di�erence in niacin content after beef irradiation.
Pork chops irradiated at di�erent temperatures with
doses up to 5 kGy showed no loss in niacin. A loss of
15% was observed with a dose of 7 kGy when irradia-
tion was done at 0�C (Fox et al., 1989). No signi®cant
e�ect was seen with chicken breasts under the same
conditions (Fox et al., 1989).

Pyridoxine, biotin and cobalamin

Sensitivity of pyridoxine to gamma irradiation is less
than that of thiamin. The sensitivity of pyridoxine is
closer to that of ribo¯avin at doses higher than 10 kGy
(Richardson et al., 1961). Kennedy (1965) stated that
losses appeared to be low at doses <10 kGy. Gallien et
al. (1985) found that it was not signi®cantly a�ected at
these doses (<10 kGy). Work at sterilization doses (20±
40 kGy), showed no signi®cant losses in biotin. No loss
in cobalamin was observed when pork was irradiated at
7 kGy, 0�C (Fox et al., 1989).

Choline, folic acid and pantothenic acid
No losses due to irradiation have been reported for cho-
line (Diehl et al., 1991). There are indications that some
components of folic acid are sensitive at a dose of 25 kGy
while others not (Kilcast, 1994). In the case of pantothenic
acid, studies showed that there is no loss in many foods
irradiated at doses of �10 kGy (Thayer et al., 1991).

A study done by the O�ce of the Army Surgeon
General shows the e�ect of di�erent processing treat-
ments upon the thiamin, ribo¯avin, niacin and pyr-
idoxine content of enzyme-inactivated beef (Josephson

et al., 1978). It can be concluded that heat sterilization
reduces the vitamin content of beef more than any other
method including gamma irradiation, electron treat-
ment and frozen storage. De Groot et al. (1972) con-
cluded that, with the possible exception of a slight
decrease in vitamin E and thiamin contents after irra-
diation at a dose �6 kGy, there was no indication that
irradiation caused any vitamin destruction. Fox et al.
(1989) demonstrated that only thiamin loss due to irra-
diation process is relevant.

CONCLUSION

The review discussed the e�ect of irradiation on meat
components. Most of the data included showed the
e�ect of gamma radiation on lipids, proteins or vitamins
when whole food was irradiated. Studies on meat irra-
diation showed much less signi®cant alteration in its
nutrients than when the di�erent nutrients were irra-
diated individually.

The data also indicated that no essential fatty acids or
amino acids are lost in an extent great enough to be of
nutritional concern. The only signi®cant loss due to
irradiation of beef is the reduction of thiamin content.
However, cooking the meat will result in a greater loss
of thiamin as compared to irradiation. Combination
treatments, like refrigeration, are currently being stu-
died as they seem to reduce the losses during irradiation
treatment.

REFERENCES

Anon. (1973) New wholesomeness data on radiation-pasteur-
ized chicken. Food Irradiation Information 2, 71±72.

Bowes, J. H. and Moss, J. A. (1962) The e�ect of gamma
radiation on collagen. Radiation Research 16, 211±223.

Brault, D., D`Aprano, G. and Lacroix, M. (1997) Formation
of free-standing edible ®lms from irradiated caseinates.
Journal of Agricultural and Food Chemistry 45, 2964±2969.

Davies, K. J. A. (1987) Protein damage and degradation by
oxygen radicals. 1. General aspects. The Journal of Biologi-
cal Chemistry 262, 9895±9901.

Davies, K. J. A., Delsignore, M. E. and Lin, S. W. (1987)
Protein damage and degradation by oxygen radicals. 2.
Modi®cation of amino acids. The Journal of Biological
Chemistry 262, 9902±9907.

Davies, K. J. A. and Delsignore, M. E. (1987) Protein damage
and degradation by oxygen radicals. 3. Modi®cation of sec-
ondary and tertiary structure. The Journal of Biological
Chemistry 262, 9908±9913.

De Groot, A. P., van der Mijll, Dekker, Slump, P., Vos, H. J.
and Willems, J. J. L. (1972) Composition and nutritive value
of radiation-pasteurized chicken. Research report no. R-
3787. Central Instituut voor Voedingsonderzoek.

DelinceÂ e, H. (1983) Recent advances in radiation chemistry of
proteins. In Recent Advances in Food Irradiation, eds. P. S.
Elias and A. J. Cohen, p. 89; p. 129±146 Elsevier Biomedi-
cal, Amsterdam, The Netherlands.

262 M. Giroux, M. Lacroix



Diehl, J. F. (1990) Chemical e�ects of ionizing radiation. In
Safety of Irradiated Foods, eds. O. R. Fennema, G. W.
Sanderson, P. Walstra, M. Karel, S. R. Tannenbaum and J.
Whitaker, p.66±67. Marcel Dekker, New York and Basel.

Diehl, J. F., Hasselmann, C. and Kilcast, D. (1991) Regula-
tion of food irradiation, in the European Community: is
nutrition an issue. Food Control 2, 212±219.

Dugan, L. R. Jr (1987) Chemistry of animal tissue part 2-fats.
In The Science of Meat and Meat Products 3rd ed. eds.,
J.F.Price and B.S.Schweigert, p.103±113 Food and Nutri-
tion Press Westport, CT.

Fox, J. B., Lakritz, L., Hampson, J., Richardson, R., Ward,
K. and Thayer, D. W. (1995) Gamma irradiation e�ects on
thiamin and ribo¯avin in beef, lamb, pork and turkey.
Journal of Food Science 60, 596±603.

Fox, J. B., Thayer, D. W., Jenkins, R. K., Phillips, J. G.,
Ackerman, S. A., Beecher, G. R., Holden, J. M., Morrow,
F. D. and Quirbach, D .M. (1989) E�ect of gamma irradia-
tion on the B vitamins of pork chops and chicken breasts.
International Journal of Radiation Biology 55, 689±703.

Francis, B. J. and Wood, J. F. (1982) Changes in the nutritive
content and value of feed concentrates during storage. In
Handbook of Nutritive Value of Processed Foods, Vol. 2, ed.
M. Recheigl, Jr. p. 161±189. CRC Press, Boca Raton, FL.

Frumkin, M. L., Koval'Skaya, L. P., and Gel'fand, S. Y. (1973)
Technological principles in the radiation treatment of food
products. Pischevaya Promyshlennost (Russian) 506±512.

Fuller, H. L. (1982) E�ects of processing on nutritive value of
feeds, lipids. In Handbook of Nutritive Value of Processed
Food, Vol. 2, ed. M. Rechcigl Jr., p.311±341 CRC Press,
Boca Raton, FL.

Gallien, C. L., Paquin, J., Ffrradini, C. and Sadat, T. (1985)
Electron beam processing in food industry-technology and
costs. Radiation Physics and Chemistry 25, 81±96.

Groninger, H. S. and Tappel, A. L. (1957) The destruction of
thiamin in meats and in aqueous solution by gamma radia-
tion. Food Research 22, 519±523.

Hammer, C. T. and Wills, E. D. (1979) E�ect of ionizing
radiation on the fatty acid composition of natural fats and
on lipid peroxide formation. International Journal of Radia-
tion Biology 35, 323±332.

Hanis, T., Jelen, P., Klir, P., Mnukova, J., Perez, B. and
Pesek, M. (1989) Poultry meat irradiation. E�ect of tem-
perature on chemical changes and inactivation of micro-
organisms. Journal of Food Protection 52, 26±29.

Harris, R. S. (1987) General discussion on the stability of
nutrients In Nutritional Evaluation of Food Processing, 3rd
edn, eds. Endel Karmas and R. S. Harris, p. 3±5. AVI Pub-
lications, New York.

Hassan, I. M. and Shams El-Din, N. M. (1986) E�ect of irradia-
tion and cold storage on fatty acid composition of meat
phospholipids. 11th International Congress for Statistics,
Computer Science and Demographic Research, Caire, Egypt,
pp.47±60.

Hassan, I. M., Mahmound, A. A. and Hegazy, R. A. (1988)
Changes in fatty acids composition accompanying cold and
freezing storage of irradiated chicken. Annals Agricultural
Science, (Faculty of Agriculture, Ain Shams University,
Cairo, Egypt) 33(2), 1179±1199.

Igene, J. O. and Pearson, A. M. (1979) Role of phospholipids
and triglycerides in warmed-over ¯avor development in
meat model systems. Journal of Food Science 44, 1285±1290.

Janave, M. T. and Thomas, P. (1979) In¯uence of post-harvest
storage temperature and gamma irradiation on potato car-
otenoids. Potato Research 22, 365.

Johnson, B. C. and Metta, V. C. (1956) E�ect of irradiation
sterilization on nutritive value and energy of food. Federa-
tion Proceedings 15, 907±909.

Johnson, L. P., Williams, S. E., Neel, S. W. and Reagan, J. O.
(1994) Foodservice industry market pro®le study: Nutri-
tional and objective textural pro®le of foodservice ground
beef. Journal of Animal Science 72, 1487±1491.

Josephson, E. S., Thomas, M. H. and Calhoun, W. K. (1978)
Nutritional aspects of food irradiation: an overview. Journal
of Food Processing and Preservation 2, 299±313.

Kennedy, T. S. (1965) Studies on the nutritional value of foods
treated with gamma irradiation. 1. E�ects on some B-com-
plex vitamins in eggs and wheat. Journal of Food Science
and Agriculture 16, 81±84.

Kilcast, D. (1994) E�ect of irradiation on vitamins. Food
Chemistry 49, 157±164.

Lacroix, M., Gagnon, M., Latreille, B., Probst, C., Simard, C.
and Boileau, S. (1992) E�ects of the dose rate of irradiation,
vacuum packaging and cold storage on porcine proteins.
Microbiologie, Aliment et Nutrition 10, 253±260.

Lacroix, M., Smoraguiewicz, W., Padernik, L., KoneÂ , M. I.
and Krzystyniak, K. (1997) Prevention of lipid radiolysis by
natural antioxidants from rosemary (Rosmarinus o�cinalis
L.) and thyme (Thymus vulgaris L.). Food Research Interna-
tional 30 6, 457±462.

Lacroix, M., Jobin, M., Mezgheni, E., Srour, M. and Boileau,
S. (1998) Polymerization of calcium caseinates solutions
induced by gamma irradiation. Radiat. Phys. Chem. 52 1±6,
223±227.

Latreille, B., Lacroix, M., Icart, L., Simard, C. and Gagnon,
M. (1993) E�ect of dose and dose rate of irradiation on
emulsifying capacity chicken proteins. Science des Aliments
13, 97±107.

Lefevre, N., Thibault, C., Charbonneau, R. and Piette, J. P. G.
(1994) Improvement of shelf-life and wholesomeness of
ground beef by irradiation. Ð2. Chemical analysis and sen-
sory evaluation. Meat Science 36, 371±380.

Ley, F. J., Bleby, J., Coates, M. E. and Patterson, J. S. (1969)
Sterilization of laboratory animal diets using gamma radia-
tion. Lab. Animals 3, 221±254.

Love, J. D. and Pearson, A. M. (1971) Lipid oxidation in meat
and meat products, a review. Journal of the American Oil
and Chemistry Society 48, 547±549.

Merritt, C. Jr. (1972) Qualitative and quantitative aspects of
trace volatile components in irradiated foods and food sub-
stances. Radiation Research Reviews 3, 353±368.

Merritt, C. Jr, Angelini, P. and Graham, R. A. (1978) E�ect of
radiation parameters on the formation of radiolysis pro-
ducts in meat and meat substances. J. of Agricultural and
Food Chemistry 26, 29±35.

Mezgheni, E., D'Aprano, G. and Lacroix, M. (1998) Forma-
tion of sterilized edible-®lms based on caseinates. J. Agric.
Food Chem. 46, 318±324.

Monty, K. J. (1960) Carbonyl compounds of irradiated meats.
Federation Proceedings 9, 55±58.

Moore, R. O. (1961) The in¯uence of irradiated foods on the
enzyme systems concerned with digestion. Final report,
Department of Army, contract no. DA49-007-MD-787.
Defense Documentation Center, Alexandria, VA.

Murray, T. K. (1983) Nutritional aspects of food irradiation.
In Recent Advances in Food Irradiation. Elsevier Biomedical
Press, Amsterdam, The Netherlands, pp. 203±216.

Nassett, W. W. (1957) E�ect of ionizing irradiation of fat and
protein on their digestion in vivo. Final report 1±20,
Defense Documentation Center, Alexandria, VA.

Partmann, W. and Keskin, S. (1979) Radiation-induced chan-
ges in the patterns of free ninhydrin-reactive substances of
meat. Z. Lebensm.-Untersuch.-Forsch. 168, 389±393.

Pearson, A. M., Gray, J.I., Wolzak, A. M. and Horenstein,
N.A. (1983) Safety implications of oxidized lipids in muscle
foods. Food Technology July, 121±129.

Nutritional adequacy of irradiated meatÐa review 263



Plough, I. C., Sellars, J. H., McGary, V. E., Nuss, J.,
Baker, E. M., Harding, R. S., Taylor, R. L. and Weiser,
O. L. (1957) An evaluation in human beings of the
acceptability, digestibility and toxicity of pork sterilized
by gamma irradiation and stored at room temperature.
Report 204, US Army Medical Nutrition Laboratory,
Denver, CO.

Rady, A. H., Maxwell, J., Wiebicki, E. and Phillips, J.G.
(1987) E�ect of gamma irradiation at various temperatures
and packaging conditions on chicken tissues. 1. Fatty acid
pro®les of neutral and polar lipids separated from muscle
irradiated at ÿ20�C. Radiation Physics and Chemistry 31,
195±202.

Ressouany, M., Vachon, C. and Lacroix, M. (1998) Irradia-
tion dose and calcium e�ect on the mechanical properties of
cross-linked caseinate ®lms. Journal of Agricultural and
Food Chemistry 46, 1618±1623.

Rhodes, D. N. (1966) The treatment of meats with ionizung
radiations. 12. E�ects of ionizing radiation on the amino
acids of meat protein. Journal of the Science of Food and
Agriculture 17, 180±182.

Richardson, L. R., Wilkesm, S. and Ritchey, S. J. (1961)
Comparative vitamin B6 activity of frozen, irradiated and
heat-processed foods. Journal of Nutrition 73, 363±368.

Schweigert, B. S. (1987) The nutritional content and value of
meat and meat products. In The Science of Meat and Meat
Products, 3rd edn., eds. J. F. Price and B.S. Schweigert, p.
275. Food and Nutrition Press, Westport, CT.

Schweigert, B. S. and Payne, B. J. (1956) A summary of the
nutrient content of meat. American Meat Institute Foun-
dation Bulletin 30.

Singh, H., Lacroix, M. and Gagnon, M. (1991) Post-irradia-
tion chemical analyses of poultry: a review. Literature
Review done for Health and Welfare Canada..

Stadtman, E. R. (1993) Oxidation of free amino acids and amino
acid residues in proteins by radiolysis and by metal-catalyzed
reactions. Annual Reviews of Biochemistry 62, 797±821.

Stevenson, M. H. (1994) Nutritional and other implications of
irradiating meat. Proceedings of the Nutrion Society 53, 317±
325.

Taub, I. A. (1981) Radiation chemistry and the radiation
preservation of food. Journal of Chemistry Ed. 58, 162±
167.

Taub, I. A. (1983) Reaction mechanisms, irradiation para-
meters, and product formation. In Preservation of Food by
Ionizing Radiation. Vol. 2. eds E. S. Josephson and M. S.
Peterson, p. 25. CRC Press, Boca Raton, FL.

Thayer, D. W. (1987) Assessment of the wholesomeness of
irradiated food. Proceedings of the 8th International Con-
gress of Radiation Research. Edinburgh. Radiation
Research, Vol. 2.

Thayer, D. W., Fox, J. B. and Lakritz, L. (1991) E�ects of
ionizing radiation on vitamins. In Food Irradiation, ed. S.
Thorne, p. 285±325. Elsevier Applied Science, London.

Thomas, M. H. (1988) Use of ionizing radiation to preserve
food. In Nutritional Evaluation of Food Processing, 3rd edn.,
eds. E. Karmas and R.S. Harris, p. 457±490. AVI Publica-
tions, New York.

Urbain, W. M. (1986) Food Irradiation, Food Science and
Technology Monograph. Academic Press, New York.

Wilson, G. M. (1959) The treatment of meats with ionizing
radiations. 2. Observations on the destruction of thiamin.
Journal of the Science of Food and Agriculture 10, 295±
300.

Zabielsky, J., Kizowski, J., Fiszer, W. and Niewiarowicz, A.
(1984) The e�ect of irradiation on technological properties
and protein solubility of broiler chicken meat. Journal of the
Science of Food Agriculture 35, 662±670.

Ziporin, Z. Z., Kraybill, H. F. and Thach, H. J. (1957) Vita-
min content of foods exposed to ionizing radiation. Journal
of Nutrition 63, 201±209.

(Received 19 July 1998; accepted 25 October 1998)

264 M. Giroux, M. Lacroix


