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CUMMISSIUN OF TiE LURCPEAN COMMUNITILGU
Directorate General fcr Sccial Affairs
health IF'rotection Directorate

V/F/1

(ualitative and (uantitative Changes in the Components cf
Irradiated Foodstuffs. Sugpestions for Further Analvtical

Studies as a Contribution to the Lvaluation of Wholescreness.

J.F. DIELL
bundesforschungsanstalt fir Emdhrung

Karlsruhe

Between 1967 and 1Y75 the Commission of the Eurcpean Corrunities was
engaged in research in collaboration with five labcratories in Conzunity
cocuntries, into the physical, chemical, biclogical and anatomical changes
which cccur in irradiated foodstuffs. The purpose cf this research was to
develop practical analytical control methods which could be ugzd to iden-

tify irradiated foodstuffs.

As the scope of the above-nentioned research did not extenc to the evaluation
of the results frem the point of view of health, the Commission requested the
author of this report to study the specific changes observed, and the ways

they affect wholesoneness, under a study contract.

(The Editor)
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Qualitutive and quantitative changes in the components of irradiated food-
stuffs. Suggestions for further anmalytical studies as a contribution to

the evaluation of wholescmeness

by J.F. Diehl

Sunma ry:

The effects of ionizing radiation on the cherical compcsition of food=
stuffs are reviewed, and the available information is exarinec for its
suitability as a basis for juaging the wholesomeness of irraciated food-
stuffs. Suggestions are made for further chemical studies, with the aim
of supplementing the information available from animal feeding tests, so
as to pemmit a satisfactory evaluation of the wholesomeness of all
irradiated foodstuffs, without continuing ad infinitur the feeding tests,

which have been going on for some 25 years.
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1. Prupose of stucv

The purpcse ¢f this stucy is tc surrerize the results of resecrcn dona sc
far on the effects of ionizing racdiatien (M-ravs, gerra ravs ang electren
bear s) en the chenicel conpositicn of feodstuffs, ana te sec hovw fer these
results wre of use in evelusting tiie violescoreness ¢f irracicted fooo-
stuffs, Where sufficient wata are nct vet aveilalble fer the texicelogrical
anc nutriticnal evalustion of irraciated foodstuffs, suggestions ere roce

fcr further cuerical anc enalytical stucies.

<. Intrccuction

The laws cn foodstuffs in all the lierber States <f tie rcurcrean (onrunities
contain clauses prchibiting the irradiation ¢f focdstufis. Lyenption perrits
ray be granted vhen it has been shcwn that the precess is not haiwn ful te
health. The procedure for previding evidence of this is cescribec in tie
recorrendations of a Joint FAU/IAEA/WHO Lxpert Corrittee (Whi, 1965). 1he
rain recuirenents are aninal feecding tests cver a leng pericd, using
several cifferent types of anircl, sirilar to the tests requirec fer
acceptance of focd additives. Lut ecuating irradiated fcodstuffs with food
additives, which has beccrre stancard practice as ¢ result of U,.S. legis—

lation, is ncot satisfactory.

The toxicological significance of an additive is assessea Ly giving groups
cf experimental anirals different amounts of the substance in their food.
Usually, harnful effects are observed when the ancunt given is abcve a
certain level. The particular level (per kg cf bedy weight and per day)
just below that at which harmful effects are ncted is called the "no
effect level". To make allowance for the uncertainty of transferring fin-
dings on animals to hunan beings, and the possibility of increased sensi-
tivity in sick persons, a safety factor of 100 is incorporatecd, and one

hundredth of the no effect level is taken as the acceptable daily intake
(AD1) .

liow can this principle be applied toc irradiated foodstuffs? So far, when-—
ever harrful effects have heen observed in arinals fed with irradiated

fooustuffs, these were not due to toxic effects of radiation-induced
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substances but to ceficiencies, usually an insufficient vitarnin ccntent im
the experinental diet, In an effort to give the anirzls as nuch of the
irraciated food 2s possible, they were often bLeing fed a ciet which did nct
suit their physiclogical requirements (e.g. 35 % onicns c¢r raisins vhen
irradiated cnions cr raisins were being tested!). Legardless cf whether the
foou was irradiated cr not, the groups of animels cornparecd in these experi=-
rents were cften all unhealthy because they had been given the wrong kind
cf food. In the dose range used for irradiation in rractice (nax. 5 lMracd)
no toxic effects which are uncuestionckly due to irradiaticn have been cb-
serveu — even when 100 % of the fcod was irradiatec. As we Co not kncw the
"effect level” we cannct tell what level shouléd be taken as the "no effect
level". Besices, the safety factor of 10U cannot Le appliec in rost cases,
since it is usually not possible, as with adcitives, to give an aniral 100
times the anount (related tc body weight) to be consuned by hurcns. Lven
when toxicologists have not observed any harmful effects fror feecding
irradiated food to animals, they still hesitate to classify such foodstuffs
as "acceptable" as they do not know the relevant safety factor. Attenpts to
raise the safety factor by applying a higher radiation dose are only valid
up to a point, as in many cases the reaction products formed at high racia-
tion doses are completely different from those at low doses. In this res-
pect irradiation can be compared with heating. In assessing the wholesore-
ness of a type of fat heated to 3000, it is not possible to arrive at a
higher safety factor by testing the same "fat" heatec to 1000° on experi-

mental animals.

This uncertainty about the margin of safety 1s presumably the main reason
why health authorities in mwost countries are very hesitant to grant perrits
for irradiated foodstuffs (or have not granted any, as in Eelgium). For
some 25 years more and more extensive animal feeding tests have been
carried out, with increasingly exacting techniques (including mutagenicity
and teratogenicity tests), to cover all remaining cases of coubt. In the
United States a project is under way to investigate the whclesomeness of
raciation-sterilized beef; it began in 1971 and will not be completed until
1976, This project alone will cost some 5 million dollars and will involve
tests on 1 500 dogs, 27 OUO rats and 20 000 mice (Josephson et al., 1974),
Such experiments are now beyond the means of small or developing countries,
and 2Z states have joined together under an international schere sponsored

by the OECD and IAEA to finance further research jointly. It is most



unsstisfactery that in spite of the vast sws srment on niial feeding tests
fo1 rcre than twe ceccces, there is ss vet nc presypect of o Tinel decisior
cn tiic vholescreness of tlhese foads. Althcueir irraciatec vheat laws been
testec in rany experivtents, irrediatec rice will net ce acceptec vntil it
lics Leen tested in anivel feewing experirents cver severel jyears. Vlen it
Las been satisficterily shovn that irracieted leef is nct iar ful, vet
ancther series cf feecding experirents will prcbibly Le recessary befcre

irraciateu pork is approved, &and so on.

The probler of evaluating varying irraciation cencdition las not yet Leen
solveu. For exanple, cnce aninal feeding tests have been ccncuctec with
beef iiruciated at room tenperature, will it still be necessary, if beef
for Lwran consunpticn is irradiatec at ninus SUO, tc carry cut leng—tern
tests on neat irradiatec at ninus 30°? If there have Leen aniral feedins
tests with whole, unpackagecu irrcuiatec fish tut irradiated fish is te he
rarketed for huran consurption as packaged fillets, will another 3-4 years
of tests be necessary? Unce fish irradiatec with 5 lirad has lieen adecuately
tested, will fish irradiatec with U.l lirad be apprcved for human consurp-

ticn? (Cf. Diehl, 1973a).

Ubviously it is inpossible to answer these and related cuestions on the
basis of aninal feeding tests alone. Toxicological evaluation of irradiated
foodstuffs must now make ruch greater use than hitherto ¢f the findings of
cherical research. It should te possitle to answer the cuestion cf whether
the results of tests on fish irradiatec with 5 hrad can he extrapclatec to
fish irradiated with u.l Mrad by accucing facts known from radiaticn che-
nistry. Chermical analysis shoulc show us whether there are any basic dif-
ferences between radiation-induced changes in pork and those in beef, ana
agpain, the role of temperature during irradiation anc of packaging could

be nore cuickly anu cheaply establishec by analysis than by animal feeding

tests.

Finelly, the cuestion cf the safety factor can only be answered on the
basis of chemical research. An irradiated fooc could conceivably contain
certain raciation-inducec cerpounds at a concentration just low enough not
to produce harnful effects in the tests on animals, This wculd be just on
the "no effect level" and the particular food should not be accepted for

consunption (even though thiere were no harmful effects in the feeding
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tests!), as the safety margin woculd be toc srall, Un the other hand, it is
just as likely that the concentration of radiation—induced substances pre-
sent in certain irradiated foodstuffs is not just 10Uth but possibtly as

low as 1000th cf the level necessary tc cause harmful effects in the tests,
In this case it would be quite absurd to speak of an insufficient safety

margin.

These examples will have shown how important considerations ¢f raaiation
chemistry are for evaluating the wholesoreness of irradiatec foccstuffs,
The following will investigate whether available fincings are sufficient
to form a basis for assessing health risks. liere it will of course be irn-
possible to take account of all the literature which has Leen prcduced in
sone 25 years of intensive research on foocd irradiation. References have
been selected primarily to give the reacer easier access tc further pulli-

cations on this topic.

Although the title also mentions qualitative clianpes, this study will deal
rainly with quantitative changes. The literature or qualitative tests on
irradiatec¢ foodstuffs is far more extensive than the quantitative oatz,.
But only the latter will enable us to draw reliable ccuclusions fer the

assesstnent of health risks.

In describing tlie effect of radiation on the ccrnposition cf fooustuffs, a

basic distinction rust be drawn between two phencrena:

a) radiation=-chemicul changes in cornposition, which take rlace curing and
shortly after irradiation anc whose effect can only be reasured¢ at

relatively high raciation doses (fron about 10U krad up), and

b) raaiobiological changes in conposition, not usually cccurring until
several hours cr days after irradiation, which can be produced even
by low radiation doses (approx. 10 krad). Lffects of this kind are of
course conly observed in living tissue, in this case actively netaboli-

zing plant naterial (e.p. fresih fruit ancd vegetables).,

The effects cescriled in a) are ciscussed in chepter 3 of this report and

those in b) in chapter 4.
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3. Raciation-chemical changes in the composition of foodstuffs

The main components of most foodstuffs are water, carbohydrates, proteins
and fats, with smaller amounts of pigments, vitarins, mineral salts,
flavourings, etc, The next section (3.1) shows how these individual com-
ponents react to irradiation. An attenpt will also be rade to predict, from
the changes observed in individual corponents, what changes would take
place in complex foods, and the extent of such changes. A subsequent sec-
tion (3.2) aescribes the results of quantitative analysis of irradiated
foodstuffs and correlates them with the theoretical precdictions in section
3.1,

For ease of comparison, the values will be recorded for a radiation dose
of 500 krad and a mocdel focd consisting of 80 % water and 6.6 7 each of

carbohydrates, proteins and fats.

3.1 The components of foodstuffs anc the chemical effects of irradiation

In the energy transfer which cccurs when matter is irradiated with ionizing
radiation, electronically excited or ionized nolecules are prcduced which
immeciately begin to react further, forming new preducts, especially {ree
racicals, which can in turn take part in further reactions. The activatecd
rolecules continue tc react with each cther or with the surrounding ratter.
Dissociaticn, fragrmentation, exchanpe ana isomerization reactions take
place anc racical reactions such &s polyrerization, abstraction and dis-
proporticnation lead te role steble end products (Gisten, 1972). Wher the
rauiation energy is directly abscrbed by the individual rolecule and prc-
wuces a change in it, this is referrec to zs a "direct effect". But if the
racigtion is absorbed by the surrounding natter end transferrecd to ancther
rolecule Ly interrclecular energy trensfer or the ciffusion of radicals
vhich Lave been forred, this is an "incirect effect". In foodstuffs, most
of which contain a relatively large amount of water, the radiation energy
is to & great extent abscrbecd by the water end ncst of the chenges which

cceur in tie cther corponents of the fecod are indirect effects,



3.1.1 Water

When water absorbs radiation the reactive OH®°- and L°~-radicals and the

solvated electron e;q are formed.

h-v
HO —> H°, OH', e

aq

H30+ and O are alsc formed and Hz, hZO and H202 are forned by recorbina-
tion of the radicals. The CH'-radicals have oxidizing preoperties, whereas
the solvated electrons and the H atoms have a reduction effect. Typical
primary reactions of water radicals with the other substances invclve the

renoval of hydrogen and addition of radicals, e.g.

RH + O* —> 1R' + HZO
RH + H® —> R° + K,
RH + OH* ——» °RHOH
RH + e;q _— *Rii
RH + R°® —_— 'RH2

KH = component substance

In media as complex as rost foodstuffs, the mdicals R®, °RLCH, ‘RH  and

‘RH2 formed in these reactions can cause many different reactions,

The primary radiolysis products of water disappear in fractions of a
second as they reaét with each other and with other food components (where
these are present). In pure water, only H202 can still be detected some
tire after irradiation. The presence of this substance should be taken
into account when assessing the cytotoxic effects of irradiated foods on
bacteria (Molin and Ehrenberg, 1964; Pollard et al., 1965)., Fig. 1 shows
the dependence of H202 formation in pure water on the presence of atmos-

pheric oxygen.

In the absence of oxygen the H202 formation is so low that the amount de-

tected is still within the margin of error of the measurement method.

The shape of the curve for water containing air is typical of the majority
of radiochenical reactions: there i1s a linear increase in the concentration

of the product in the low dose range, followed by a less marked increase _
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Fig. | Hydrogen peroxide formation vs gamma-dose in water containing
air and water not containing air.
(from A, Henglein, W. Schnabel, J. Wendenburg: Einfiihrung in die
Strahlenchemie, Verlag Chemie, Weinheim 1969, p. 378).

and, finally, by flattening-out at a higher dose level.

We will use this example to introduce a concept which will recur frequent-
ly in the follcowing - the G-value, which is used to express the number of

molecules formed or destroyed per 100 eV of absorbed energy.

¢ N, ¢+ 100 c
= - 3" . 9.66 « 108
D, + Q- 1000+ 6,24 .10 D .@

where ¢ is the concentration of the substance formed or consumed in
moles - 1_1,
N, = Loschmidt constant (Avogadro comstant),

L
Da = absorbed radiation dose in rad,

9 = density.

The figure 6.24 -« lO13 is derived from the conversion of eV to rad

(I rad = 100 erg - g“l = 6.24 - ]0'3 ev g'l).
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Once the G-value of a reaction is known the concentration of the substance

formed or consumed, in rg/100 g, can be calculated by the following formula:

c= 1,04 * G « M Da . 10-4

where ¢ = concentration in mg/100 g
G = G-value
M = molecular weight
D = radiation dose in krad

9 1

From the initial gradient of the curve in Fig. 1 of 1.4 - 1077 moles « 1~
. rad—] we obtain the value of G = 1,35 for hydrogen peroxide formation in

water containing air.

Further data on the radiation chemistry of water are to be found in Hart
(1972).

3.1.2 Carbohydrates

3.1.2.1 Qualitative analysis

Many different reactions can occur in carbohydrates treated by irradiation.
19 radiolysis products were detected by thin-layer chromatography in irra-
-diated aqueous glucose solutions, including arabinose, xylose, erythrose,
gluconic acid and glucuronic acid (Scherz et al., 1968). The reactions are
mainly caused by OH' radicals and, to a lesser extent, H atoms and solvated

electrons.

The OH'-radicals react primarily with C-H compounds, removing the hydrogen
to form water (Phillips, 1972). The carbohydrate radicals which are formed

react further with disproportionation |

N

. \e ; \
/C-OH + /C—Oh -—)/C-O + =CHOH

combination reactions

\o '-C’OH
2 /c-ou —_ |

—C~0OH
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and splitting-off of water

1

1

.| .

- C-C- —» C=C- + 1,0
(. I
OH OH OH

forming a deoxycarbonyl radical which can take part in further reactions
involving dimerization, disproporticnation or saturation. Also, C-C and
C-0 conpounds can be split by beta-splitting (Normann and Pritchet, 1967;
Scherz, 1970; Hartmann et al., 1970; Dizdaroglu et al., 1972).

When polysaccharides such as starch, cellulose, pectin and glycogen are
irradiated, the main reaction is decomposition to lower fractions such as
dextrin, maltose and glucose (Kertesz et al., 1959; Glegg and Kertesz,
1957; Deschreider, 1970). Parts of these are further degraded forming for-
mic acid (Dauphin et al., 1974), malonic aldehyde (Berger and Saint~Leébe,
1969), hydroxymethyl furfural, arabinose, xylose (Reuschl and Guilbot,
1964), formaldehyde, dioxyacetone (Adamié et al., 1967) and other sub-
stances. In starch irradiated with 5 Mrad 16 low-molecular substances were
detected by thin-layer chromatography, and in some cases were identified

by gas chromatography and/or mass spectrometry (Scherz, 1971).

3.1.2.2 Cuantitative analysis

Phillips was the first to conduct systematic tests of the quantities of
reaction products produced by radiolysis of carbohydrates and the various
factors which play a part in this (Summary in Phillips, 1963). By way of an
example, Table 1 shows products of radiolysis of an aqueous glucose solu-
tion with the G-values for glucose deconposition and the main radiolysis
products produced in the presence and absence of oxygen. Other factors
which can affect G-values, especially the pli and the concentration of the
solution, have been researched in great detail but cannot be described
individually here. Remarkably high G-values were observed in irradiation
of dry crystalline mnonosaccharides (Phillips, 1972). The crystalline state
plays an important part in this; neasurements have shown G = 4.8 in amor-
phous lactose and C = 40 in crystalline lactose (Lofroth, 1967). The high

G-values are obviously attributable to chain reactions (von Sonntag and
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Dizdaroglu, 1974). These observations are not of immediate interest for

foodstuffs irradiation, as irradiation of crystalline monosaccharides would
hardly be of practical interest. But the problem would be of importance for
radiation sterilization of medicaments, for example, which often have lac-

tose as the carrier substance.

Table 1
G-values of radiolysis products of 0.05 M (I Z) aqueous glucose solution
and product concentrations calculated for 500 krad dose (in presence and

absence of oxygen)

Product
concentration
Compound G-values at 500 krad Reference
(mg/100 g)
+02 -02 +O2 -02
glucose (decomp.) =3.5 =3.5 -32.5 =32.5 Phillips, 1972
gluconic acid 0.35 0.4 3.5 4,1 Phillips, 1972
glucuronic acid 0.9 - 9.0 - Phillips, 1972
glucosone - 0.4 - 4.1 Phillips, 1972
erythrose 0.25 - 1.6 - Phillips, 1972
deoxycarbonyl and - 0.3 - 2.7 Scherz, 1870
other compounds
2-deoxygluconic acid - 1.0 - 9.4 Schubert, 1573
C,~fractions 0.85 0.8 2.6 2.4 Phillips, 1972
Cy-fractions 0.80 0.8 3.7 3.7 Phillips, 1972

3.1.2,3 Extrapolation to cover foodstuffs

As stated in the preliminary remarks to this section, an attempt will now
be made to predict the amount of reaction products likely to be found in
the carbohydrate constituent of complex foodstuffs, basing this prediction
on observations on pure carbohydrate solutions. A model food containing
80 % water and 6.6 % each of protein, carbohydrates and lipids, and a
radiation dose of 500 krad will be considered for this., It is assumed that
the lipid portion is suspended in droplets in the aqueous phase and that
the radiation-chemical reactions in the fat droplets are the same as in a

homogeneous lipid phase, i.e. that boundary layer phenomena do not have
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any effect, and that the reactions in the carbohydrate plus protein solu-

tion are the same as in a pure water phase,

As mentioned in 3.1.2.1, it is mainly the Cli® radicals which are respon-
sible for raaiolysis of aqueous carbohydrate solutions. The velocity con-
stant k is approx. 109 h_l s—], whereas k 106 - lO7 M_] s-1 for reactions
with 1 atoms and solvated electrons (Anbar and Neta, 1967). In the model
food considered here, there will be equal quantities of carbohydrate and
protein, and the Oh°' radicals formed will, therefore, only partially be
available for reactions with the carbohycrate constituent. The velocity
constant for the reaction of OL' radicals with proteins is in fact

k 10]0 M—l s'-l (Anbar and Neta, 1967), i.e. an order of nagnitude greater
than for the reaction with carbohydrates. It can, therefore, be assumed
that only approximately 1/10 of the Oh® radicals formed can react with

carbohydrate molecules.,

Table 1 showed the concentrations of reaction products, calculated from

the G-values, to be expected in a pure glucose solution irradiated with

500 krad. Under aerobic conditions, glucuronic acid is the main product,

at 9 mg/100 g, and under anaerobic conditions it is 2-deoxygluconic acid

at 9.4 mg/100 g. With a protein concentration the same as the glucose
concentration, the maximum level of product formation from glucose should
only be 1/10, i.e. approx. 0.9 mg/100 g. Considering that the carbohydrate
component of food is never in the form of pure glucose, and that part of
the radiation energy is taken up in splitting starch molecules to form
dextrin and simpler units down to glucose - and, moreover, that the model
food contains fat and thus absorbs yet another part of the radiation energy
in reactions with lipids -~ it can be seen that the maximum concentration of

radiolysis products from the carbohydrate component would be 0.5 mg/100 g.

However, it should be borme in mind that we have made several assumptions
in arriving at this conclusion and that the assumptions need to be confir-

med experimentally. It was assumed that:

a) the radiolysis products formed by irradiation in the carbohydrate

component of the model food are the same as in a pure glucose solution;

b) the same G-values apply for the 6.6 % carbohydrate solution as for a
1 Z glucose solution (Table 1);



¢) the G—values for glucose in the starch polymer molecule are lower than

the values for the monosaccharide form;

d) the G-values for carbohydrate radiolysis are lowered rather than

ralsed in the presence of a lipid phase.

Of these assumptions, only (b) has a low probability, as it is quite con-
ceivable that the G-values are higher for the stronger concentration. For
the other three assumptions, experimental fincings suggest that the G-

values would be lower, and possibly much lower.

The assumptions we have made have already been experimentally confirmed to
a certain extent in the project bty Tajima et al. (1969), which studied the
reciprocal action of cysteine and glucose on irradiation of aqueous solu-
tions. While the presence of glucose did not affect the G-values of the
radiolysis products from cysteine, the presence of 10“3 M cysteine com-
pletely suppressed the fcrmation of radiolysis products from glucose. This
study is a good example of the type of radiation-chemical research which
will be necessary to assess changes in irradiated foodstuffs and eventually
to predict them, working up gradually and systematically from the simple
system of a pure solution of a substance, to a multi-component system, and

then to complex foodstuffs.

3.1.3 Amino acids, proteins

3.1.3.1 Qualitative analysis

The main reaction that occurs when amino acids are irradiated is deamina-
tion, with splitting off of ammonia. Also, a series of products such as
ketocarbonic acids, fatty acids, aldehydes, carbon dioxide and amines are
produced in smaller quantities. Reactions with the radicals formed by
radiolysis of the water are probably as follows (Garrison, 1969; Garrison,
1972)

e~ + NH,'CHRCOO™ —>NH, + "CHRCOO™

aq. 3
OH® + NH3+CHRCOO- — NH3+‘CRCOO- + H,0
B + NH3+CHRCOO- "‘)NH:;’CRCOO- +H,

and further reactions are:
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*CHRCOO + NH;CHRCOO— — cuZRcoo" + NH;'CRCOO'

*CHRCOO  + NH3+'CRCOO--——> NH2+=CRCOO- + Rc1-12coo'

2 Nh3*'CRcoo'——->N1i2+=CRcoo' + NH3+CHRCOO-

H,0 + NH," =CRCO0™ —3 Nil, " + KCOCO0™

Decarboxylation and dimerization reactions also cccur. Aminc acids con-
taining sulphur are oxidized; cysteine, for example, forms a disulphide
bridge and cystine is produced, and in other products vclatile sulphur
compounds are produced. In amino acids with a ring structure, there are
reactions with the side chains and the rings ray be split. Arcmatic aminc
acidgfﬁydroxylated at the benzene rings. The reactions of individual amino
acids can vary, however, depending on whether they are free or fixed in a

protein structure.

Deamination and the production of carbonyl compounds and substances con-
taining sulphur are also found in proteins. It is likely that further car-
bonyl compounds, fatty acids and amide products are formed by splitting of
peptide chains at the carbon atom, which is in the alpha-position to the
NH group in a peptide bond (Garrison, 1972):
|
H Hi
| I!
-N-c-C-N-c—C-
I il i

RO RO
I

3.1.3.2 Quantitative analysis

For reactions of Oh' radicals with the various aliphatic amino acids,
reaction constants of between k ﬂle7 M-] s-] and kr\/lo9 M—] s“l wvere
observed; for the aromatic aminc acids, which are rmore sensitive to

Iut s andk~7 x 100 Mt 7L,

radiation, this was between k~~ 10
Solvated electrcns react especially readily with amino acids containing

sulphur and in the reaction with cysteine, for example, the constant is

k/\/lolo M-l s-l (Anbar and Neta, 1967).

The G-values for radiolytic decomposition of amino acids in pure aqueous

solution are between | and 10 (Table 2)., The nain radiolysis products of
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Table <
C-values for radiolysis of arino aci

loss on irradiation with 500 krad

-l?—

¢s in aqueous solution and calculated

Concen-  Atro- G~ Loss at
Anino acids tration sphere values 500 krad Reference
role/1 (rg/100 g)
glycine 1.0 Nz 4.4 -17.2 Weeks anc (arrison, 1959
alanine 1.0 N2 -5.0 -23.1 Sharpless et al., 1555
serine 0.1 O2 =5.5 -30.0 Pageau and hehran, 1966
0.1 N2 -2.4 =13.1 Pageau and Mehran, 1966
threonine J.l 0, =9.0 ~55,6  Pageau and Mehran, 1%66
G.1 Nz ~b.b -42.,0 Pageau and lehran, 1966
nethionine 0.01 O2 -6.5 -50.1 Kopoldova et al., 1967
0.01 N2 -3.8 -29.5 Lkopoldova et al., 1967
cysteine 0.0l vacuum =9,.3 -5¢8.5 Wilkening et al.,, 190§
phenylalanine 0.015 O2 =2.9 =24.8& VWheeler anau Montalvo, 1969
tyrosine 0.003 02 -0.62 - 5.8 Wheeler and Montalvo, 1969
tryptophan 0.02 argon -0.7 - 7.4 Armstrcng and Swallow, 1969
all amino acids are known. These will not be listec¢ in full here, but can

be found in the summary by Liebster
(1972). By way of an example, Taltle

of alanine, cysteine and nethionine

A great deal has been written about

and Kopclcova (1964) and in Garrison
3 shows the main radiolysis prcducts

and their G-values,

the sensitivity of prcteins, especially

enzyrnes, to radiation. But apart from some neasurenents of hE3 fornation,

radiolysis products have generally n
- as research projects have been nor
changes in typical nacromolecular pr
enzyme activity, imnune specificity

sions about the type and extent of p
studies of this kind. As regards the
example, it is known that a whole se
molecules can be destroyed without 1
the destruction of a single amino ac
nolecule can result in complete loss

activation of cifferent enzrmes can

ot been identified, let alone measured
e concemed with radiation-induced
operties such as viscosity, solubility,
etc. In mwost cases no direct conclu-
rocuct forrwation can be drawn from
activity of certain enzymes, for

t of arino acics in certain enzyme

oss of enzyme activity. In cther cases
id at the active centre of the enzyme
of activity, The G-values for in-

therefore differ widely (Tatle 4).
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Table 3

Radiolysis products of alanine (1.0 M aquecus sclution, absence cf cxygen)
(Sharpless et al., 1955), cysteine (0.0l M aquecus solution, absence of
oxygen) (wilkening et al., 1568), and methionine (0.0l M aqueous solution,

absence of oxygen) (Tajina et al., 1972),.

Alanine
Compound G-value
alanine (deccrp.) -5.C
anmonia 4,48
acetaldehyde 0.59
pyruvic acid 1.92
propionic acid 1.G4
ethyl anine 0.17
Cysteine
Compounda G-value
cysteine (decomp.) -9.3
alanine 2,6
cystine 3.4
hydrogen sulphide 2.5
hydrogen 1.1
Methicnine

Cormpouna ) C-value
methionine (decomp.) =3.0
methionine sulphoxide 0.3C
a~amino-butyric acid 0.46
3—rethylthiopropyl amine 0.59
rethional 0.0¢
carboxylic acid 0.24
nercaptan + disulphides 0.6l
amnonia 1.48

carbon dioxide 1.45




Table 4
G-values for enzyme inactivation by X-rays (Barron, 1954)

Enzyme G~value
alcohol dehydrogenase (yeast) 3.4
phosphoglyceraldehyde dehydrogenase 2.9
carboxypeptidase 0.55
D-amino acid oxidase 0.31
ribonuclease 0.09
trypsin 0.077
lysozyme 0.03
catalase 0.009

Nonetheless research on enzymes has provided a fund of information of

general interest for assessment of radiation effects on proteins:

a) The extent of radiation—induced damage of protein molecules is greater

in dilute solutions than in concentrated sclutions.

b) When dry enzyme preparations are irradiated, inactivation requires
doses in the Mrad range, while enzymes in aqueous solution are at

least partly inactivated by much lower doses (krad range).

c¢) Pure protein solutions are usually much more sensitive to radiation

damage than proteins in raw unpurified products or in situ,

Background to a):

The dose required for a 63 Z inactivation of pepsin is
42 krad at a concentration of 0.l mg/ml
340 krad at a concentration of 1.0 mg/ml
2600 krad at a concentration of 10 mg/ml
(Bellamy and Lawton, 1954; Northrop, 1934). Similar observations were made
with trypsin 50 years ago (Hussey and Thompson, 1923). This 'dilution
effect' has been described in detail by Dale (1943).

Background to b):

A dose of 30 Mrad is needed for 63 % inactivation of dry pepsin (Bellamy
and Lawton, 1953). For complete inactivation, dry pepsin requires a dose
170 times higher than that required for dissolved trypsin ( Bier and Nord,
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1952) . Nevertheless, G—values of dry enzyme preparations are usually higher
than those of enzymes in solution (for a detailed discussion see Sanner et

al., 1974).

Background to c):

A dose of 25 krad is required for inactivation of pure catalase solution,
but inactivation of catalase in chopped potatoes takes 5 Mrad (Bellamy and
Lawton, 1954). A dose capable of causing 90 % inactivation in purified
hyaluronidase has no inactivating effect on the raw substance from which

hyaluronidase is obtained (Byers et al., 1949).

A certain degree of protection from radiation effects can be achieved by
adding certain substances to pure enzyme solutions; for example, L—amino
acid oxidase can be protected from damage by addition of various carbo-
hydrates, leucyl-glycine and sodium nitrite (Lale, 1942), and catalase can
be similarly protected by addition of fumaric acid, cysteine, cystine and
glutathione (Dale and Russell, 1956; Focrssberg, 1947). In research on the
protective effects of D-isocascorbic acid on pepsin, Precter and Goldblith
(1952) found that a dose of 500 krad caused €0 % inactivation in a pure
pepsin solution, but that only 63 7 of pepsin activity was lost if G.l mg
ascorbic acid/ml was added, 42 % with 0.25 ng/ml ancd just 1€ % with 1 mg/ml.
A protective effect can alsc be obtained by absorption on insoluble carrier
material. For exanple, Fletcher and Okada (1955) founc that a radiation
doseé causing conplete inactivaticn in a pure solution of deoxyritonuclease

had no effect at all when the enzyme was adsorbed onto a sufficient quan-

tity of cellulose.

A great deal has also been written on the ways the pli value, the gas atmos-
phere, the temperature during irradiation and other factors can affect the
radiation resistance of enzymes, but these works cannot bte mentioned indi-

vidually here,

3.1.3.3 Extrapolation to cover foodstuffs

It weulu obvicusly be rather pointless to attempt to use the G-values for
pure undilutec amino acid solutions to calculate the levels of radiation-
induced reaction products from proteins in foodstuffs, As the previous

section has shown, although sore amino acids in undiluted solutions are



extrenely sensitive te raciation carage, preteins in cenplex plent eor

aninal tissues are very resistant.

What conclusions, then, can be crawn about the auantity (or to be nrore
precise, the concentration) of radiolysis products on the btasis of analyses

of amino acius in food preoteins (or their hyurclysates)?

The first study of tihe effects cf ruciation on the aninc aciu corpesition
of a food was carried out by Prector anc Lhatia (1950) vhe feund a 7 % crom
in tryptcephan ancd a € % <rop in phenvlalarine anc threcnine in haddeck
fillet irradiated with 5.3 Mrac. In cther ariro acics lesses were less than
5 %4, and in sone cases an increase was cbserved (for exanple, + & 7 in the
case of histicine). At that tire techniques for analysis cof arinc acids
werce still fairly unreliable and we should nct attach too much importance
to the results of this early rescarch. The sare applies tc the papers pub-
lished by E.C. Johnson's team in the fifties, rercrtiny consicerable amince
acid losses in the proteins of irradiated beef anc rill jowcer (especially
in serine, glycine, threonine, glutamine and aspartic acid) (Tsien anag
Johnson, 1959a). It was stated that 2.€ Mrad irradiation of pea proteins
resulted in a 14 % loss of arginine and a 17 Z loss of lysine, while other

anino acids remained unchanged (Tsien and Johnson, 1959t).

In more recent research reported from the same laboratory these results
have, at least for beef, been extensively revised. The later results indi-
cate that losses of serine, glycine, threonine, glutamine and aspartic acid
(which had previcusly been statec to be the nost sensitive aminc acids)
were less than 5 Z (i.e. within the vargin of error of the method) even at
a ganma radiation cdose of 10 Mrad. Irradiation cf beef with electron beams
up to a dose of 50 Mrad produced losses of less than 10 % in these amino
acids. Cystine and cysteine were now considered to be nost sensitive to
radiation (44 % loss with ganma radiation at 4.5 Mrad; 15 = 42 % loss with
electron radiation at 4.5 Mrad). Next in order of sensitivity was trypto-
phan (15 % loss at 4.5 Mrad gamma radiation and 6 - 13 % at 4.5 Mrad elec-
tron radiation), followed by proline (9 % at 4.5 Mrad gamma radiation,

3-12 % at 4.5 Mrad electron radiation). (Johnson and Moser, 1967)

Kennedy (1965) reported a 6 % nethionine loss in wheat gluten irradiated
with 5 MNrad. Cod irradiated with 4.5 Mrad showed a 29 % loss of cysteine

(Underdal et al., 1973). Other authors found no significant change in the
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amino acid composition of protein hydrolysates from the following food-

stuffs and feedstuffs:

Irradiated item Radiation dose Reference

beef 20 Mrad Rhodes, 1966

Cod fillet 10 Mrad Maslennikova, 1969
Clams 4.5 DMrad Brooke et al., 1964
Haddock fillet 2.5 lrad Brooke et al., 1966
Wheat gliadin 20 Mraa Looth, 1970

(in a nitrogen atmosphere)

Wheat bran 5 Mrad Moran et al., 1968
Feed mix 3.5 Mrad Sickel et al., 1969
Feed mix 7.0 Mrad Lggun, 1569

Feed mix 10,0 HMrad Udes et al., 1971

We will now attempt to estimate the maximum concentration of radiolysis
products likely to be formed from protein when a food containing 6.6 %
protein is irradiated with 500 krad, as we did in section 3.1.2.3 for the
radiolysis products of carbohydrates. The level of the radiation-sensitive
arino acids such as cysteine, tryptophan and methionine in foou protein is
not more than 10 % each - that is, at nost 660 mg/1GO g in the hypothetical

model.

If it is assumed that 10 Z of these armino acids are destroyed on irradia-
tion with 5 Mrac (the maximum level which would be used for irradiation of
foodstuffs) this gives a maximum of 66 mg amino acids destroyed per 100 g
of food. As each amino acid is split into a whole range of products during
radiolysis it is unlikely that the concentration of any of these products
exceeds 20 mg/100 g. The maximum concentration is more likely to be 5 mg/
100 g on irradiation with 500 krad, and most of the radiolysis products
will be substances such as ammonia, carbon dioxide, hydrogen, pyruvic acid
and propionic acid which are harmless at these concentrations (Table 3). It
is most improbable that irradiation with a dose of 500 krad could form
toxicologically significant compounds from the protein component of the
mocel food in concentrations higher than 1 mg/100 g.

Even assuming 50 % destruction of cystine/cysteine at 5 Mrad, to tally with
the observations of Johnson and Moser (1967) rentioned above, the conclu-

sion would be the same. The beef protein analysed by these authors only
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contained 1.3 % cystine/cysteine. The cod prctein studied by Underdal et
al. (1973) contained 1.7 % cystine/cysteine. If the 6.6 g of protein in the
prototype food contains 1.7 % cystine/cysteine, this makes 11Z ng per 100 ¢
food. With 5 Mrad and 50 % destruction, 56 ng would be destroyed - which
again neans that a naximur of approx. 20 rg of indiviaual radiolysis pro-

ducts would be formec, and more like 5 mg/100 g with 50C krac.

3.1.4 Lipids

3.1.4.1 Qualitative analysis

In the dose range which would be used for irracdiation of focdstuffs, the
range below 5 Mrad, the usual indices for fat quality show only very slight
changes in fat. Distinct rises in the acid nunber, the trans-fatty acic
content, the carbonyl content and the peroxide nunber cof various fats were
found only with doses between 10 and 100 ¥rad (Lick and Kithn, 1959). Also,
radiation-induced polymerization (Liick et al., 1964) and changes in physi-
cal properties such as melting point, refractometric and dielectric con-
stants, density and viscosity occur only in this high cose range (Partmann,

1962).

Oxidative decomposition of fat auring irradiation is heavily dependent on
the dose rate. Liick et al. (1966) founc a peroxide number of 14.] in lard
after electron irradiation with 10 Mrad at a dose rate of 2000 Mrad/hour,
but this level was 62.5 with 50 Mrad/hour and 134 with 5 Mrad/hour (the
peroxide number in non-irradiated lard was 13.1). But it is not certain how
far the peroxide number can be taken as a real measure of peroxide formed.
On the basis of their research using linoleic and linolenic acids, Milch
and Klassen (1965) showed that on irradiation - as with thermal decomposi-
tion ~ the formation of hydroperoxides is only an intermediate stage, and
they are inmediately converted to aldehyde compounds (see also Monty et al.,
1961). Presumably only a very srall fraction of this is ralonic aldehyde.
The positive thiobarbituric acid reaction on irradiated fats used to be
taken to indicate the degree c¢f malonic aldehyde formation, but should be
regarded only as an indication of the presence of unknown carbohyl cor:—

pounds (Saslaw and Waravdekar, 1965).

Oxidative changes in fats can be reduced but not conmpletely elininated by

irradiation in a vacuum or in a nitrogen atrosphere (Chipault et al., 1957).
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The oxygen needed is apparcutly taken fron tle ester preups of tle
elycerices. Although pure fats irraciatec in a vaccun ¢cr nitrogen atros—
phere have 4 greater tencency to eoxidation on subsequent coutact with air
than do non-irradiated fats, this is nct alweys the case with tle fats in
foudstuffs., Tipples and wcrris (19i5) repcrt that the fat coupounent of
irradiateu wheut flour oxiulzed less, in ¢ nonths of storege, than tiat of
nen-irraciates flour., Irradiatec ieef, pork anc peultrv ieat storeo 1n
airtight cencitions for severzl rnonths alse showed less tencency te oxiaize
(as indicated by cxygen abscrption and thicbarlituric acic counts) tlan
non-irradiated meat, 1t was thought that this vas cue to the radiation-
incuceu forration ¢f an anti-cxicant, possibly an aldehywe=arite conplos

(Green and Watts, 1966; cf. alsc Chipault anc Fizunc, 196€).

When free fatty acius are irradiated, carloen c¢ioxide, bLiydrogen, Lydrecar-
bons anc lower fatty acids are forrecd (burten, 1949). 1t is rainly thanks
to gas chromatography, used together with mass spectroretry, that ve can
now elucidate the radiochemical reactions which occur when fats are
irradiated., Triglycerides of saturated fatty acids have primarily alkanes
and l-alkenes as radiolysis products, whereas unsaturatec fatty acius pro-
duce alkadienes, alkatrienes and alkatetraenes as well as l-alkenes

(Dubravcic and Nawar, 1968). The reections occur via racical mechanisrs:
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hydrccarbons withh longer chains are formed Ly the combination of two alkyl

radicals: K* + R'"-->» R=R'.
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netones are formed from the acyl and alkyl radicals:

¢ G
[l il
R-C* + K'* —> R-C-R'

Lsters are forned from acyl oxyracicals and alkyl radicals

(] 0]
i i
R-C-0" + R'® —> R-C-0-L'

(Nawar, 1972).

A comparison of the hycurocarbons formed in irradiated and lieated edille
fats (Table 5) shows that of 28 hydrocarbens formed by irraciation, 22 are
also formed by heating. 6 cyclohexenes vere founc¢ in heated fats which
were not found in irradiated fats. Oxygen compounds were also identified:
in pork fat irradiated with v Mrad, 4 alcohols, 11 aldehydes, 4 ketones

and 9-oxononanoic acid werc found (Drawert, 1973).

3.1.4.2 Quantitative analysis

Most of the detailed information on the quantities of volatile (i.e. iden-
tifiable by gas chromnatography) radiolysis products of fats have been pub-
lished by Nawar and collaborators, studying triglycerides (Dubravcic and
Nawar, 1968), mackerel oil (Dubravcic and Nawar, 1969), edible vegetable
oils (Kavalam and Mhawar, 1969) and beef and pork fat (Champagne and Nawar,
1969).

In both beef and pork fat, hexacecadiene was the most predominant product
(respectively 0.564 and 0,486 mg/100 g on irradiation with 500 krad -
Table 6). In the model foou with a 6.6 % fat content this would represent
0.037 mg/1vu g or 0.032 mg/10C g food.

This shoula however be qualified by adding that precise quantitative data
are at present only available for those radiolysis products of fats which
can be detecteu by gas chromatography, i.e. the volatile products. Little
is known about the levels of polymerization products formned in fats. But
available data do indicate that the effect of irradiation in the dose range
of interest here is primarily one of fragmentation. It may be assumed that
the concentration of individual non-volatile radiolysis products in fats

is no higher (and probably much lower) than the concentration of the main
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Table 5
hydrocarbons identified in irradiated or heated fats (pork fat, sunflower

seea oil, olive oil) and in smoked ham (Drawert, 1973).

Irradiation Leating Outer layers of
U.5 - b Mrad 24 hours, 1700 C smoked ham

1. Uctane 1. Octane 1. Nonane

2. Uctene 2, Mhonane 2. lionene

3. honane 3. Monene 3. Decane

4. Nonene 4, Lecane 4, Decene

5. becane 5. Decene 5. Undecane

6. Decene 6. Undecane 6. Undecene

7. Undecane (4 isoumers) 7. Undecene 7. Dodecane

8. Undecene 8. Dodecane 8. Dodecene

Y, Dodecane 9. Dodecene (2 isomers) 9. Tridecane
10. Dodecene (2 isomers) 10, Tridecane 10, Tridecene
11. Tridecane 1. Tridecene (2 iscmers) 11, Tetradecane
12. Tridecene (2 isomers) 12, Tetradecane 12, Tetradecene
13. Tetradecane 13. Tetradecene (2 isomers) 13. Pentadecane
14, Tetradecene (2 isomers) 14. Pentadecane 14, Pentadecene
15. Tetradecadiene 15. Pentadecene (2 isoners) 15. liexadecane
16. Pentadecane 16. Hexadecane 16. liexadecene
17. Pentadecene 17. liexadecene (2 isomers) 17. Heptadecane
18. Pentadecadiene 1&. Leptadecane 18. Leptadecene
19. hexadecane 19, heptadecene 19. Octadecane
20. lLexadecene 20, heptadecadiene <0, Uctadecene
21. Lexadecadiene 21, Octadecane

22, hexadecatriene 22, Octadecene

43, heptaaecane 23. kthylcyclohexene

24, lieptadecene (2 isomers) 24. Propylcyclohexene

¢5. neptadecadiene 25, butyleyclohexene
2b., heptadecatriene 26, Pentylcyclohexene
2]. Uctadecane 27. hexylcyclohexene
48 . Uctadecene <8, Heptylcyclchexene

volatile products. It is therefore unlikely that any compound could be
formeu from the fat component of the model food, irradiated with 500 krad,

at a concentration exceeding 0.05 mg/100 g,
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Table 6
Main products of irradiation of beef and pork fat in mg/100 g as detected

by gas chromatography. Dose 500 krad. (Champagne and Nawar, 1909).

Beef fat Fork fat

l-tetradecene 0.423 0.188
n-pentadecane 0.285 v, 196
l1-hexadecene 0.418 L. 101
hexadecadiene U.564 U.486
n-heptadecane 0.418 c.077
heptadecene 0.378 0.317
all other products < 0.1 mg/100 g

3.1.5 Other components of foodstuffs

So far only the main components of foodstuffs - water, carbohydrates,
proteins and fats - have been mentioned. liowever it is quite conceivable
that a number of secondary ingredients are considerably more sensitive to
radiation than the main components and that radiolysis products from them
are present in higher concentrations in irradiated foodstuffs than the

radiolysis products of the main components.

Here the nucleic acids come tc mind, as they are known to be especially
sensitive to radiation. Even relatively low radiation doses can cause
splitting of the phosphate diester bonds in the polynucleotide chains.
Chains can also be broken in this way as a result of heating and the action
of enzymes in the aigestive tract. The fragments formed in this process are

therefore not likely to be of toxicological significance.

Irradiation can also cause deamination and oxidation of pyrimidines and
splitting of purine rings. but changes of this kind can only be detected
by analysis when the radiation dose is relatively high. When calf thymus-
DNA (5 mg/ml) in 0.0l M phosphate buffer was irradiated with | Mrad only

10 % of the purine and pyrimidine bases were chemically changed (lems,
1960; Scholes et al., 1960). With the exception of a few organs - such as
the thymus — the nucleic acid content of foodstuffs is not more than 10 mg/
10U g, and purines and pyrimiuines make up less than 1/3 of this. As they

form a whole series of different radiolysis products on irradiation, and as
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the level of radiation damage is likely to be lower in an actual food than
in a dilute solution in phosphate buffer, the maximum concentration of any
one radiolysis product after irraciation of a food with 500 kraa should

not exceed 0.1 mg/100 g.

Some vitamins are also known to be sensitive tc¢ radiation. Among the fat-
soluble vitamins, this is true particularly of vitamin I (tccopherocls),

and, among the water—soluble vitamins, primarily vitamin B, (thiamine).

The concentration of the latter substance in foodstuffs islless than 1 mg/
100 g. The radiolysis products formed from it can therefore only be formed
in concentrations considerably lower than 1 mg/100 g. The situation with
vitamin L is of more interest, as this vitamin is present in many fooa-
stuffs in concentrations of up to 10 mg/lUU g and in some cases (especial-
ly in nuts) up to 50 mg/100 g. A radiation dose of 500 krad can destroy

50 4 of this substance - more in some foodstuffs. The nature of the radio-
lysis products is unknown, but provisional results of chromatographical
research incuicate that at least five compounds are formed (biehl, 1974),
In this case food irradiated with 50U krad coulu easily contain | mg/l100 g
of inuividual radiolysis proaucts from vitanin Lk, and foods especially
rich in vitamin E, such as nuts, could even contain 5 ng/l100 g. Mothing is

known about the toxicological properties of these compounus.

Steroids are also of interest in this connection. The Argentinian cancer
researcher Roffo (1938) advanceS?%heory that cancer coulc be caused by the
effect of sunlight on cholesterol which could form carcinogenic substances
in the human body. Lecause of this there was a great deal of research in
the thirties on the compounds formed by ultraviolet irradiation of chole-
sterol and other steroids and the possible carcinogenic effect of these
compounds. Roffo's theory was disproved experimentally (bergmann et al.,
1940). The effects of ionizing radiation on cholesterol were also studied
in depth, Keller and Weiss (1950) state that cholestane-3g:5a:6B3-triol is
forned with 27.5 % yield in a V.6 % acetic acid cholesterol solution ir-
radiated with X-rays at 3,6 lir in the presence of air, and 3f-cholest=5-
ene-7-on with 17,5 % yiela, Both compounds are present in animal tissue,
but little is known about their biological function or their physiological
significance. Cholestane~35:5a:6f~triol is found in aortas affected by
arteriosclerosis (Hardegger et al., 1943), in pigs' testicles (Ruzicka and

Prelog, 1943) and in ox liver (liaslewood, 1941). 3B8-Cholest=5-ene-7-on has
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CH3 cholestane -

38 b 68 - triol
HO
CH
CHa 3 -
g onfHa
N CH; 34 - cholest -
HO CH; CH3 5-en-7-on

been isolated from pigs' spleen (Prelog et al., 1943) ana pigs' testicles

(Prelog et al., 1947).

The volatile alkanes and isocalkanes formed by splitting of the side chain
of cholesterol have been identified by gas chromatography (Merritt et al.,
1967). No research appears to have been deone on the extent of radiation-
induced cholesterol decomposition in foods. Even if we assume that only
approximately 1/10 of the cholesterol decomposition observed in an acetic
acia solution }akes place in a complex food, a product such as hen's egg,
which contains 1.8 g total cholesterol/100 g (kritchevesky and Tepper,

1961), can be expected to contain as nuch as 50 mg cholestane-3B:50:63-

triol/100 g after irradiation with 3.6 Mrad.

3.1.6 Food acditives

Ishizeki et al. (1972) have publishecd work on the radiolysis of the pre-
servative sorbic acid. The behaviour of the foou colours amaranth and tar—
trazine in irradiated sausages has been studied by Kim et al. (1973). Lane
(1973) described the radiation resistance of the crgano—chlorine pesticide
Mirex in cduck eggs. The stability of the antibiotics tylosin, chlortetra-
cycline and furyl furamide on irradiation in buffer solutions and in food-

stuffs was tested by kawabata et al. (1968).

Substances of this kind can only be present in foodstuffs in very low con-
centrations (the addition of the antibiotics mentioned is prohibited in

most countries), so the concentration of radiolysis products fronm these
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substances woulu be even lower., Lowever almost nothing has been written as
yet about the toxicological aspects of radiolysis products fron such addi-
tives and impurities. Only the irradiation products fren DLT in the fat
component of foods have been stuuied in depth; they were founc to bLe no

nore toxic than DDT itself (kimbrough ana Gaines, 1971).

3,2 Radiochenical changes in conplex foodstuffs

In the discussion of the radiochemical changes in individual components of
foodstuffs in Chapter 3.1 it was not possible to make sufficient allowance
for the fact that, in a complex food, reactions can also take place Letween
the radiolysis products formea from each corponent, and that different cor-
ponents can form the same radiolysis products. Particular interest is
therefore attaclhed to research carried out on corplex foodstuffs such as

meat or fish rather than on a pure substance.

Underual et al. (1973) gave G-values for the formation of hydrogen (C = 0.2),
carbon dioxide (G = 0.2) and methane (G = 0.04) in cod. Frem these C-values
we can calculate that the products would be present in the fcllowing quan-

tities after irradiation with 500 krad:

by ok O.u2 ng/lL0 ¢

¢y, 0.46 mg/luv g

Ch4 : 0.C3 mg/lU0 g.

These values are considerably lower than the values calculated in section
3.1.3.3 for the formation of carbon dioxide, hydrogen and sinilar compounds
from the protein conponent of the model food after irraciation with 500

kracd, which was max 5 ng/l100 g.

The formation of amines in irradiated beef was studiec by Burks et al.
(195Y) who found that the total volatile bases, calculated as anmonia,
increased by 25 ppm or 2.5 mg/100 g with 3.75 llrau. Under these circum-
stances incividual amines are unlikely to be produced in quantities ex-

ceecing U.5 mg/luu g.

irawar and balboni (197u) found a linear increase in heptadecene and hexa=-
decauiene with an increase in dose in irradiatea pork. These data indicate

tuat approx. lU pg of these compounds per gram of fat are formed in pork
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irracdiated with 500 krad. The authors state that the meat used had a fat
content of 3¢ %, which seews unusually high. The concentration of the pro-

duct formed was tuerefore G.3 ng/1G0 g of meat.

This agrees with the following naximum values given by herritt (1Y7:z) for

the formation of volatile compounds in beef irradiated with 6 lirad:

17 alkanes, total 1.2 wg/l1G0 g
26 alkenes 1.4

4 aldehyvdes 0.15

5 S-containing compounds U.10

5 alcohols 0.10

2 ketones < 0,U5

4 alkylphenyls < 0.0l

1 ester < 0.0l

Scherz (1972) studied the formation of malonic dialdehyde in a large nunber
of foods. After irradiation with 500 krad the highest concentration, 0.l ng/

100 g, was found in milk powder.

Schubert (1973) determined the level of total carbenyls in irradiated
strawberries. his data inaicate that some 8 mg carbonyls/100 g are forued
with 500 krad. The reagent used (2.4-dinitrophenylhydrazine) reacts with
many compounds and, this being the case, it may be assumed that the concen-
tration of individual radiation—induced carbonyls is less (and probably
much less) than | rg/100 g. Batzer et al., (1957) measured carbonyls in
irradiated beef and found approx. 0.5 mg carbonyls/100 g after irradiation
with 2 Mrad,

In wheat flour irradiated with 500 krad, 0.02 mg deoxy sugars/100 g were
found and (.05 mg hydroxymaltol was cetected after irradiation with 100
krad (Scherz, 1974). In section 3.1.2.3 the maxinum level for formation of
radiolysis products from the carbohydrate component of the model food was

calculated as 0.5 mg/100 g.

It is clear from the experimental results of research on irradiated food—
stuffs that the extrapolations and calculations in chapter 3.1 were based
on cautious assumptions. The levels of products found in irradiated food

are actually lower than the levels calculated.
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4, Radiobiological changes in the conposition of foodstuffs

The previous sections have described radiochemical effects; we will now
move on to biological phenomena and the effects of radiation on living
vegetable matter, Irradiation with relatively low doses (e.g. 10 krad)
causes metabolic changes which are initiated by radiation-chemical effects
on genetic substances (nucleic acids), enzymes or cell walls, or by other
mechanisms - effects which are virtually impossible to detect by chemical
analysis. These changes then affect both the main conponents (e.g. causing
starch to change into glucose) and the secondary components (vitamins,
flavouring substances, etc.). Irradiation with a higher dose (e.g. 200 krad)
can cause both radiobiological and radiation-chemical changes in the vege-

table matter subjected to irradiation.

The resulting changes are partly of nutritional interest (loss of vitamins,
etc.) and partly too — at least theoretically - of toxicological interest.

These two aspects will be discussed separately in the following.

4,1 Lffects on vitamin content

4.1.1 Potatoes

As the potato is an important source of vitamin C, the effects of irra-
diation on the vitanin C content of potatoes have been thoroughly re-
searched. Different kinds of potatoes vary quite considerably in initial
vitamin content and in the way this changes during storage and after
irradiation. This is no doubt one of the reasons why some authors have
found a drop in vitamin C content after irradiation (Lurton anu de Jong,
1969; Tajiwma et al., 1967) while sone have noted an increase (Egiazarov,
1560) and still otiers have reported no change (Panaaks and Pelletier,
1960; boffi et al., 1969). The other reascn is that during storage the
vitanin content changes with time. It is important tc note how long after
irradiation the vitamin C contents of irradiateud and non-irradiateu speci-
mens are compareu, In the first few months after irradiation it is normal
to fina less vitamin C in irradiated tubers than in non-irradiated ones.
with longer storage this difference evens out, or can actually be reversed

in favour of the irradiatec potatoes. lMost authors have only studiec
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ascorbic acid levels, but Wills (1965) also studied dehydroascorbic acid,
The results show that during storage, changes in the levels cf dehydro-
ascorbic and ascorbic acid balance each other out, with the result that
the differences between irradiated and non-irradiated tubers are less
marked if the total vitamin C content is considered than if only the as-

corbic acid level is taken.

Because dehydroascorbic acid is converted into ascorbic acid, the ascorbic
acid level in cooked potatoes, both irradiated and non-irradiated, is
‘higher than in raw tubers (Lewis and Mathur, 1963). lLerrmann and Raths
(1958) report that in isolated potato slices, the capacity to synthesize
ascorbic acid can be increased or decreased depending on the time of
irradiation and the length of storage thereafter. Comparing the total
vitamin C content of irradiated potatoes with that of chemically sprout-
inhibited ones during 10 nonths' storage, Scherz (1973) found no signifi-
cant difference between the varieties Bintje and Maritta. In Sieglinde, the
vitanin C content was higher in the chemically treated specimens than in
those which had been irradiated (12 krad).

All the authors who have studied this problem seem to agree that the chan-
ges in the vitamin C content of potatoes induced by irradiation are insig-
nificant by comparison with the differences which result from the variety

of potato selected, and from growth and storage conditions.

As for the thiamine content, Wills (1965) detected no losses in potatoes
irradiated with 16 krad and stored for up to six months, when they were
compared with non-irradiated potatoes. Derid et al. (1967) confirmed this
for potatoes irradiated with 5 krad. However, potatoes irradiated with

10 krad and stored until July had only approximately half as much thiamine

as non-irradiated ones.,

The same authors also studied the riboflavine content and found that this
decreased slightly more in irradiated potatoes stored until July than in

non-irradiated ones.

In potatoes irradiated with 10 krad and cooked immediately after irradia-

tion, it was found that the nicotinic acid content was unchanged in compa-

rison with non-irradiated controls. Thelevel only decreased with doses over
50 krad (washiittl, 1971).
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4,1,2 Fruit

The radiation doses used for insect control (e.g. in papayas), mildew pre-
vention (e.g. strawberries and citrus fruit) and to delay ripening after
harvesting (e.g. bananas) are in the range of up to 200 krad. In this dose
range changes due to physiological factors are observed, as well as direct
radiation-chemical decomposition reactions. here again interest centres

mainly on the behaviour of vitanin C.

After 12 aays' storage at 5° C strawberries irradiatea with 200 krad hac

84 = 97 % the ascorbic acia level of non-irradiated fruit (Maxie and Son-
mer, 1963), Other authors noted a 23 % drop in ascorbic aciu in straw-
berries immediately after irradiation with the very high uose of 500 krad.
After eight days' storage the decrease had risen to 35 - 46 %. Lon-irra-
diated controls showed losses of between 32 anc 100 % at the same point in
time, depending on the degree of deterioration (Tomana et al.,, 1963, cf
also Kim et al., 196Y9). A dose of 100 krad caused a 36 % decrease in ascor-
bic acid in grapes. After 15 days' storage the decrease in non-irradiated

grapes was 66 %, and 69 % in irradiated fruit (Tomana et al.,, 19%63).

In the course of their extensive research on the effects of radiation on
different types of fruit, Maxie and Sommer (1963) founc that the ascorbic
acid level in lemons irradiateu with 100 and 200 khrau was unchangec
inmediately after irradiation; after 4C days' storage the irraciated fruit
still had, respectively, $4 Z anc 29 % of the ascorbic acid content of
non—irradiatec controls. Uranges irraciated with 200 krad showed no diffe-
rences in ascorbic acid level from non-irradiatec fruit after Y5 days'
storage., Where aoses of nore than 20U krad were applied, ascorbic acid
losses were observed inmecuiately after irradiation and these were greater
as the dose increased, but within 24 hours they had largely balanced out

(komani et al., 19Y63).

Bananas irradiated with &U krad showed no ascorbic acid losses (Ali et al.,
1908), while those irradiated with 200 krad showed losses of 23 - 31 %
after nine days' storage in comparison with non-irradiated ones (Ferguson
et al., 1966). Slight ascorbic acid losses were noted in papayas irradiated
with up to 30U krad (uilker and Young, 1966; Jiravatana et al., 1970). In
peaches stored for lU cays after irradiation at 5° C, there were ascorbic

acid losses of 23 Z (150 krad) and 35 % (30U krad) compared with
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non-irradiated controls (Maxie et al., 1904).After 10 days' storage at 5%
irradiated cherries showed losses of 3 % (200 krad) and 2 % (400 krad);
these levels are within the margin of error of the method (tiaxie et al,,
1964) .,

Irradiation of haws with doses of 50 and 500 krac caused an increase in the
level of dehydroascorbic acid at the expense of ascorbic acid. The total
vitanin C level was unaffected by irradiation (Lancher et al., 1969). This
study is of particular interest as It shows that measurement of the ascor-
bic acid level alone can lead to the wrong conclusions. As far as nutrition
is concerned, it is the total vitamin C level which matters, as dehydro-
ascorbic acid can be metabolized by the human body in the same way as

ascorbic acid.

o

The same authors found that there was no decrease in f-carotene immeciately
after irradiation with 500 krad. No changes in the total carotene content
were found in papayas irradiated with doses up to 100 krad (Jiravatana et
al., 1970).

4.1.3 Vegetables

liere the purpose of irradiation is usually to improve keeping qualities by
destroying some of the spoilage wicroorganisms or by delaying ripening. The

radiation doses used are up to approx. 200 kraa.

Effects on the vitamin C content of tomatoes were studied in relation to
the degree of ripeness on harvesting, the radiation dose and storage tine.
Inmediately after irradiation the vitamin losses were found to increase
with an increasing radiation dose. In tomatoes harvested before they were
completely ripe the level balanced out during storage after irradiation. In
ripe irradiated tomatoes, however, the ascorbic acid levels were clearly
below those of non-irradiated tomatoes at all times (Abdel-Kader et al.,
1966).

The total vitamin C content of paprika remained unchanged in the dose range
up to 500 krad; the dehydroascorbic acid content increased and the ascorbic
aciu content decreased (Bancher et al., 1970b). The ascorbic acid level of

onions irradiated with 6 krad dic not differ from that of non-irradiated

onions, whether cooked or raw, not even after up to six months' storage
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without refrigeration or 10 months' storage at 11 - 12° ¢ (Lewis and
Mathur, 1963),

According to Lukton anau licKinney (1956) the f-carotene content of tomatoes
renains unchanged, even with doses in the itirac range. Irradiateu tinnec
carrots stored for six uonths showed no significant carctene losses, even
at doses of 2,¢& and 5.6 Mrad, while tinned peaches lost approx. 50 % of

their carotene content uncer the same conditions (Calloway and Thonas,
1961).

In spinach, provitamin A was not affected by irradiation with 5uC krad
(bancher et al., 1970a). In paprika immediately after irraciaticn a g-caro-
tene loss of 26 » (50 krad) and 31 % (500 krad) was observed (Lancher et

al., 1970b).

4,2 Lffects on protein value

In incustrialized countries nost of the protein ccnsunea by human teings is
of animal origin and research into tie possible effects of irradiation on
the biological value of proteins hasteen concerned primarily with aninal
foodstuffs (cf. 3.1.3.3). Lut a few studies lLave also dealt with radiobio-
logical changes in the aninc aciu or protein content of irradiatea potatoes

and irraadiatea fruit.

4,2.1 Potatoes

Several authors report that cihanges in the amino acid content of potatoes
during storage do not follow the same course in irraciated and non-irracdia-~
ted tubers (Gantzer and heilinger, 1964; Jaarna, 1967)., In particular, in-
creased levels of y—amino butyric acid (GAbA) anc free proline, ancd de-
creased levels of free glutamic acic, have been reported in irradiated lots.
Similar changes also occur inh tubers treated with chemical germicides
(Jaarma, 1969). Four nonths after irradiation with 30 krad Boffi et al.
(1905) found levels of amino acids 50 % higher than in non-irradiated po-
tatoes (except for methicnine which decreased).The capacity to synthesize
proteins frow amino acids is not lost as a result of irradiation (with 7,

15 ana 30 krad) (Fujimaki et al., 1968),
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Rat feecing tests showed that the PER (protein efficiency ratio) value of
potatoes was not affecteu by irradiation with & krad (Varela and Moreiras=—

Varela, 1966).

4,2,2 Fruit

Drawert et al. (1971) report thet irradiation of apples with 200 krad leads
to an increase in the free amino acids glutanic acid, isoleucine, valine
and alanine. Similarly, in bananas irradiated with the same cose an in-
crease was observed in the concentrations of free anino acids, especially
histidine, glutanic aciu and aspartic acid. Only the valine level dropped
after irradiation. Clarke and Fernandez (1961) found that the protein con-

tent increased in irradiated pears.

4,3 LEffects on non-essential conpcnents

Radiobiological changes in the main components of foods, especially the
starchi and sugar content, can slightly affect the caloric value of irradia-
ted vegetable natter; changes in the level of vitamins and essential amino
acids may be of importance in nutritional evaluation, but a large number of
other ingredients of irradiated products have also been studied, primarily
because of their contribution to the characteristic flavours and aromas of
foods. Depending on the types of fruit in question and depending on the
radiation dose applied, irradiation can help to delay or speed up the pro-
cess of ripening. here we only have room to mention a few of the many re-

search projects on this topic.

Kawakishi et al., (1971) studied the effect of irradiation on the develop-
ment of characteristic aromatic substances in onions. Chachin and Kato
(1965) have described the effect of radiation on the ripening process in
bananas. Similar research has been done on lemons (Maxie et al., 1966a),
pears (Maxie et al.,, 1966b), mangoes (Denniéon and Ahmed, 1967; Cuevas-Ruiz

et al.,, 1972; Khan et al., 1974) and papayas (Hilker and Young, 1966).

As indicative parameters of the ripening process, these studies measured
ethylene and CU2 production, oxygen consumption, the level of various car-
bohydrates, etc, or identifiea characteristic aromatic substances by gas

chromatography (Drawert et al., 1971; Khan, 1973; cf. also summary article
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by Clarke, 1Y71)., In sone cases the effects of radiation on processes of
cell retabolism, such as the pentose-phosphate cycle and the Embden-Meyer-
hof schewe, were traced individually. On the basis of this type of research
on irraciated carrots, lMassey anc Bourke (1967) worked out the following
diagram (Fig. 2) to show how the rates of various stages in intermnediate

netabolism are speeded up or slowed cown by irradiation.

KEY
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Fig. 2: Influence of gamna radiation on interrediate metabolism in sliced

carrot (liassey and Lourke, 1967).

The inmediate cause of the biological phencmena observed after irraciationm,
such as inhibition of growth and sprouting, etc., is probably connectec
with changes in the activity of certain plant hormones and enzymes. The
concentrations of the hormones gibberellic acid and indclyl acetic acid
whicii stirulate plant growth are lower in irradiated seedlings than in non-

irradiateu ones - not because they are destroyeu by irradiation, but because
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1¥72).

iiany of the physioclogical reactions of plents te irradiation are icenticel
to their reactions to olier stress factors. The increase in etuylene pro-
auction following irradiation alsc occurs after wechanical carage ana
nicrobial infecticu. lhe swnre applies to the increase in phenyvlalanine=
aunonialyase activity (PAL). Increasea TAL activity causes increasec cen=
version of phenylalanine into cinnaric acid anc¢ the phenol cceupounds pro-—
cuced fron cinnaric acid, down to the hycroxycourarin scopeletin. According
to kiov et al. (1Y72) increasec phenol biosynthesis is & typical reaction
of plant tissue to irradiation anc cther stress factors. bherrnann (1962)
uescribed how the hydroxycounarin level in plants increases by several
liunured percent as a result of nmicrebial attachk or wechanical vanage. The
following schere incuicates the pathway fer the synthesis of phenols anc

counarins (page 40).

Tle increase in scopoletin andu scopolin levels in the flavecdo of irradiated

grapefruit is shown in Fig. 3.
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Fig. 3: bScopoletin and scopolin levels in the flavedo of grapefruit seven

cays after irradiation (Riov et al., 1472).
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This study is particularly interesting in the light of the hypothesis ad-
vanced sore years ago by Kuzin (1Y62) on the forration of 'radiotoxins'.
This tern refers tc substances, especially phenols (Kuzin et al., 1%65),
which have been identified in extracts from irraciated plants and are found
to inhibit nitosis anc growth in various test systems. As Table 7 shows,
the outer layer of irradiated potatoes was founc to contain 50 % nore chlo-
rogenic acid and 70 % mwore caffeic acid than in non-irraciated potatoes. It
is worth noting that nitosis and growth are also inhibited in the plant
test systems by extracts from non-irradiated plants, but to a lesser degree
than by extracts from irraciated ones. Certain compounds (especially phe-
nols) which are present in the non-irradiated plant are found in higher
concentrations in the irraaiated plant. As yet, there is no proof that
irradiated plants contain any cytotoxic conpounds which are not normally
found in non-irradiated plants. In this respect, tlie use of the term 'radic-

toxins' is nisleading.

Table 7
Chlorogenic and caffeic acid (mg %) in the outer layer of non-irraciated

and irradiated (15 krad) potato tubers, 24 hours after irradiation (Kuzin
et al,, 1965)

Chlorogenic acid Caffeic acid
Experi- Control Experi- % of level Control Lxperi- é of level
nent ment in control ment in control
1 15.7 30.0 191 1.61 2.75 171
Z 16.2 23.2 143 1.88 2,90 155
3 16.0 22,0 138 1.74 2.60 160
4 19.7 24,8 126 171 3.32 165
mean 16,9411  25.042.5 150 1.73+0.7  2.9+0,18 170
value - - - -

Tne increase in hydroxy-coumarins observec by Ricv et al., (1972) in grape-
fruit flavedo is even more pronounced than the increase in phenols descri-
bea by wuzin. Jine days after irradiation with 300 krad, 160 pg scopoletin/

g were found in the flaveco and £&.Z2 ug in non-irradiated controls.

At present there are hardly any other quantitative data on the levels of
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piienols and particularly hydroxy-ccurarin conpcounds in irradiated vegetable
fouds, nor have thie toxicological aspects of these conpcuncs beeu properly
evaluatecu. The natural occurirence of scopoletin anc ctirer hycroxy-coumarins
in carrots, celery, pluns and apricots (herrann, 1957, 1Y04) auc potatoes
(Reppel, 195Y) is well-xnown = {urther studies shoulu investigate whetler
the concentrations inducea by irtaciation are higl enough to have physio-
logical effects when the foca is consumec. 1n tiie particular case of grape-
fruit, the presence of a high courarin concentration in the flavedo is not
really serious as this part of the {ruit is nct = or nct nornally - con-
sulec. but the r.ain questicn renains, how much irraciation increases the
level of such conpounes in other fcods, possibly in parts which are con-
sured. Counarins were once usec in flaveouring essences, and it has recently
been cluinec that woocruff (Asperula ocorata L.) is potentially harmful

because of its characteristically high ccurarin content.

5. Conclusions

Tu return to the stateu purpose of this study (cf. Clapter 1), it is clear
that a great ceal cf infornation is available on the effects of ionizing
raciation on fooustuffs ancd their ccrnponents. It is eviwent, especially
from the research projects aired at ceveloping methoas to identify irradia-
ted foodstuffs, that the chemical changes inducec by radiation are far fror
specific and almost inperceptible in the low dose range (Liehl, 1973bL; In-
ternational Colloquiun 1973). nowever, the information available on radia-
tion-induced changes in the conposition of irradiatea fououstuffs does not
yet constitute a sufficient basis (without animal feeding tests for indi-
vidual irradiated foods) for an evaluation of the wholesomeness of irracia-

ted foods.

The reasons why it is not possible to answer these questions on the basis
of animal feeding tests alone, have been presented in chapter 2, Further
research should aim to extend our knowledge of the chemical changes which
occur in irradiatec foods so that, initially, animal feeding tests can con-
centrate on specific problems or areas, and eventually sufficient knowledge

will have been accumulated to n:ake animal tests superfluous.
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As shown on chapter 3, a great deal of research has been carried out on the
effects of radiation on pure substances (amino acius, carbohydrates, nuc=
leic acius, vitanins, etc.), either in dilute solutions or as pure solids.
Most analysis of foodstuffs has been ccncernecd with the cecrease in the
concentration of individual conpouncs (especially vitamins and amino acids)
anc only in relatively few cases with the radiation—cherical formation of
reaction prcducts created in this process. Lere the deccwposition proaucts
of tihe fat component in irradiated foodstuffs have been studiec in the
greatest cetail, but much of this research has lLeen restricted to gas chro-
matography, with the result that volatile reaction products have been iden=

tifiea, but little is known about the non-volatile products.

Before we can transfer conclusions about radiation—chemical processes in
dilute solutions of pure substances to the processes which take place in
complex foodstuffs, it will be necessary to stuuy the transition from
simple to complex systems in model tests. For exanple, when we know the
identity and yield of the main reaction products formed by irradiation of
pure glucose solutions, we can proceed to systematic tests to see how the
simultanecus presence of certain conceuntrations of proteins, fats, etc.,
can influence the effects of radiation on the glucouse., The same applies for
solids - a great deal has already been written about the radiation-chemi=~
stry of pure starch., Lut little is known about the effects of varying
amounts of water, proteins, vitamins, etc., on the type and extent of

radiation-induced changes in starch.

This study has also shown that, compared with the amount of research on the
chemical effects of radiation on the nain conponents of foodstuffs, relati-
vely little is known about the chemical effects on secondary compcnents. As
we have pointed out, it is at least theoretically possible for the secon-
dary components in certain focds, such as vitamin L or cholesterol, tc form
higher concentrations of radiation-induced reaction products than the main

components. More research should be done on this topic.

Finally, the points made in chapter 4 have shown how irradiation can stimu-
late biological processes in living vegetable matter so that they are en—
richea in certain natural substances. Of these, only phenol compounds have
been stucdiec in detail, ana only in very few vegetable foods. In this sec~—

tor too, there is a need for more research, and it should aim to give not
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only qualitative descripticns, but where possible also quantitative cata

on radiation—-inducea clianges.
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