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INVITED REVIEW
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FOODSTUFFS

MARTIN GROOTVELD* and REETU JAIN

Department of Applied Chemistry and Life Sciences, Polytechnic of North London,
Holloway Road, London N7 8DB, UK

( Received February 7th, 1989)

Recent advances in the development and application of diagnostic tests for irradiated foodstuffs are
reviewed. Exposure of water, the major chemical constituent of most foodstuffs to a source of ionising
radiation initially generates the highly reactive radical species H', -OH and e~ (aq) which react very rapidly
with a wide variety of biological molecules. The detection of foodstuffs subjected to irradiation processing
requires the identification and/or quantification of ‘unnatural’ chemical species (i.e. those not usually
formed by normal metabolic processes) produced by the attack of -OH radical or e~ (aq) on suitable
‘target’ molecules. Modern methods for the analysis of a series of these ‘unnatural’ products arising from
the interaction of radiolytically-generated -OH radical or e~ (aq) with polyunsaturated fatty acids, DNA,
aromatic compounds and other biologically important scavenger molecules are examined. It is concluded
that the analytical test to be conducted is highly dependent on the nature of the foodstuff to be tested.

KEY WORDS: Food irradiation, hydroxyl radical, diene conjugation, lipid peroxidation, aromatic
hydroxylation

INTRODUCTION

The irradiation of foodstuffs has long been employed as a process to destroy harmful
bacteria and to increase the shelf-life of perishable commodities in over 30 countries
worldwide. However, the process has recently aroused considerable concern for both
medical and dietary reasons, a consequence of the apparent loss of essential nutrients
(e.g. Vitamins C and E) that occurs during treatment with X-rays or y-rays. Moreover,
other undesirable chemical modifications of foodstuffs such as lipid peroxidation have
also been implicated. Hence, for these reasons and to enforce legislation and allow
consumer choice, there is an urgent requirement for a diagnostic analytical technique
which is able to discriminate between irradiated and non-irradiated foodstuffs.

Since the irradiation of foodstuffs utilises relatively low levels of ionising radiation
(up to 10kGy), both the qualitative and quantitative chemical changes that occur are
usually very small. Hence, the first problem for those involved in the development of
a diagnostic test for the irradiation of foodstuffs is the requirement of a highly
sensitive analytical technique which permits the quantification of very low concentra-
tions of individual species. Fortunately, recent developments in chemical methods of
analysis have led to the ability to measure concentrations of parts per billion and
below.

With these considerations in mind, the task for the analytical chemist is one of
deciding which particular chemical changes resulting from food irradiation are most
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likely to lead to an acceptable method of analysis. This problem is further complicated
by cost restraints and by the fact that the analytical test to be conducted is likely to
be highly dependent upon the nature of the foodstuff to be tested.

It should also be noted that the various tests for food irradiation that are currently
being developed can be classified as being either quantitative or qualitative. A quan-
titative test is one in which a decrease or increase in the concentration of a chemical
species present in a particular type of foodstuff is monitored and is only applicable if
the difference between irradiated and non-irradiated samples observed is large enough
to be declared highly statistically-significant. However, due to the existing wide
variation in the chemical content of any type of foodstufT, it is clear that a quantitative
diagnostic test will not have the advantages of a qualitative one. A qualitative
diagnostic test is one that involves the identification of a new chemical species that is
produced solely by the irradiation process and hence is a more desirable type of test,
not only for its ability to give a ‘yes or no’ answer but also for any adverse toxico-
logical properties that the new species monitored may possess.

PRINCIPLES

Exposure of water, the major chemical constituent of most foodstufls, to a source of
ionising radiation produces ionisation and electronic excitation within 10~ '* second
(equation (1))

2H,0 — H,0" + H,0* + ¢~ 1)

where e~ represents an electron and H,0O* a water molecule with excited electrons.
The species H,0* undergoes homolytic fission in 107" — 10~"* second to yield
hydrogen atoms and hydroxyl radicals (equation (2))

H,0* - H + OH )

Hydroxyl radicals are also produced from reaction of H,O* within the same timescale
{equation (3)).

H,0* + H,0 » H,0* + OH 3)

Within 107" — 10~ !! second, the electrons become hydrated. Thus, the radical
species that are initially generated when water is irradiated are H', 'OH and e~ (aq.)."”
Hoewever, these react very rapidly with chemical constituents of foodstuffs (at dif-
fusion-controlled rates) so that their half-lives are less than 107° second. Approxi-
mately S x 107* moles of these radicals are produced per kg of food when exposed
to the maximum permitted dose of 10 kGy.

Hydrated electrons are very powerful reducing agents which initially react by
addition to a large number of organic constituents of foodstuffs such as aromatic and
carbonyl compounds which are located close to their site of formation. Similarly, the
highly reactive hydroxyl radical (‘OH) will react at or close to its site of formation so
that the nature (and extent) of chemical changes occurring upon irradiation of
foodstuffs will largely depend on what its site of formation was, e.g. production of
"OH radical near to DNA could result in base modification or strand breakage. The
reaction of 'OH with biological molecules present in foodstuffs usually produces
secondary radicals of lower reactivity which are able to diffuse away from their site
of formation to attack other molecules. Probably the best example of secondary
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radical production is the interaction of 'OH with polyunsaturated fatty acids
(PUFA's) to stimulate the process of lipid peroxidation.

LIPID PEROXIDATION

One approach to the development of a diagnostic test for food irradiation is the
identification of intermediates in, and end-products of, the process of lipid peroxida-
tion. Polyunsaturated fatty acids are particularly common constituents of many of
todays foodstuffs, and their oxidative degradation leading to a rancid ‘off” flavour has
been extensively studied for many years.** They are particularly sensitive to oxidative
damage due to the ready abstraction of an allylic hydrogen atom from their methylene
(-CH,-) carbon atoms by radical species of sufficient reactivity (the process is fac-
ilitated by the low bond dissociation energy of the methylene C-H bonds). Radiolyti-
cally-produced "OH radical readily initiates the oxidative degradation of edible fats
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FIGURE 1 Autocatalytic chain reaction of lipid peroxidation.
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and oils by abstracting an allylic hydrogen atom, with which it combines to form
water (Figure 1). The carbon-centred radical so produced generates a conjugated
diene species which reacts with dioxygen to produce a diene peroxy radical (ROO"),
which in turn abstracts a hydrogen atom from an adjacent polyunsaturated fatty acid
to form a lipid hydroperoxide and cause an autocatalytic chain reaction. Although
lipid hydroperoxides are relatively stable species at ambient temperature, their degra-
dation to a wide variety of further so-called lipid peroxidation ‘end-products’ is
catalysed by traces of redox active transition metal complexes, notably those of iron
and copper.® These secondary and tertiary end-products consist of saturated and
unsaturated aldehydes, di- and expoxyaldehydes, lactones, furans, ketones, oxo and
hydroxy acids, and saturated and unsaturated hydrocarbons. The aldehydes
produced are largely responsible for the rancid ‘off” flavour of edible fats and oils.
Identification and/or quantification of one or more of these end-products resulting
from the "OH radical-initiated peroxidation process can be exploited to produce a
suitable test (qualitative or quantitative) for food irradiation. However, in order to do
this properly it must be stressed that it is absolutely essential to ensure that the
end-products monitored do not readily arise in non-irradiated foodstuffs. Clearly, this
is a very difficult task since factors such as the availability of catalytic trace metal ions
and oxygen, temperature and exposure to light are ail capable of promoting the
oxidative degradation process.

The thiobarbituric acid (TBA) test has been frequently used for many years as an
indicator of the peroxidation of edible fats and oils in various foodstuffs. This test
involves the reaction of aldehydes in the sample with TBA under acidic conditions
(equation (4)) to produce a pink-coloured chromogen which absorbs light strongly at
a wavelength of 532 nm, enabling a simple spectrophotometric measurement of

oxidative rancidity.7
%\: CHs Y O w §

- C + 2 + 2H
d 2 NJ ;CH—CH—CHU 20

MDA chromogen

*

Although malondialdehyde (MDA), an end-product of lipid peroxidation is thought
to be the major contributor to the chromogen it has now become clear that a number
of other species such as sucrose, urea, proteins and other aldehydes also react with
TBA to produce chromogens that absorb at a wavelength near to 532 nm.* Moreover,
it should also be noted that since only a small amount (1-2%) of the lipid peroxida-
tion end-products is actually MDA *'° a large proportion of the chromogen produced
in the TBA test is due to the further degradation of lipid peroxides when heated with
acid in the presence of trace amounts of catalytic transition metal ions. Hence, due
to its inherent lack of specificity and also the fact that a wide variety of non-irradiated
food products give positive results even in the early stages of oxidative rancidity, the
TBA test is of little or no practical use in determining whether or not a foodstuff has
been irradiated.

One method which has yielded very promising results is the detection of conjugated
dienes and diene hydroperoxides in extracts of irradiated foodstuffs. These species and
the conjugated ketodienes arising from their degradation exhibit absorbance in the
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ultraviolet region of the electromagnetic spectrum at various wavelengths in the range
230-265nm."" However, although lipids are readily extracted from foodstuffs by a
simple chloroform extraction process, direct measurement of absorbance in this
wavelength region is of no fundamental use because the absorption maxima of the
conjugated diene species appear as a poorly-defined shoulder superimposed on the
high absorbance of other food sample components present in the lipid/chloroform
extracts. One way in which the conjugated diene absorption maxima can be clearly
identified is the observation of minima in the corresponding second-derivative spectra
of the extracts (an absorption maximum in the conventional sense appears as an
absorption minimum in the second-derivative spectrum).?

The second-derivative absorption spectrum of a cyclohexane solution of a commer-
cial sample of corn oil which has been irradiated at a dose of 5.0 kGy exhibits clear
differences to that of a corresponding non-irradiated sample (Figure 2(a)). The
conjugated diene absorption maxima (appearing as minima in second-derivative
spectra) located at 232 and 242 nm which are present only in the irradiated sample are
conceivably attributable to trans, trans (1, t) — and cis. trans (¢, t) — conjugated
diene hydroperoxides respectively.'” Hence, measurement of the minima centred at
232 and 242 nm in chloroform extracts of foodstuffs containing edible fats and oils
may be characteristic of irradiation. In order to ensure that these minima observed in
the second-derivative absorption spectra of irradiated samples are not also detectable
in non-irradiated samples undergoing the process of lipid peroxidation that has been
initiated by factors other than irradiation (artefactual peroxidation), second deriva-
tive absorption spectra of corn oil samples which were subjected to oxidation by air
at 30°C for 20 hours were also obtained and compared with those of irradiated
samples. Such a comparison is shown in Figure 2(b). Despite the appearance of
several new minima in the spectrum of the heated sample (including one very close to
242 nmy), it is clear that the signal present at 232 nm in the irradiated sample is absent,
indicating that its detection may be of some use as a diagnostic test for food irradia-
tion. These differences become more pronounced when the corn oil is irradiated at a
dose of 10kGy.

Although it may be argued that doses of y-irradiation as high as 5 or 10kGy are
at the upper end of the levels of ionising radiation recommended for treating various
foodstuffs, additional experiments have indicated that this methodology is also ap-
plicable at doses as low as 0.50 kGy. This can be explained by the autocatalytic nature
of lipid peroxidation, i.e. only a small quantity of radiolytically-produced "OH radical
is required to trigger the process.'® This potential diagnostic test is now in an advanced
stage of development and has the advantages of being relatively simple to perform and
cheap to operate (most public analyst laboratories already possess the necessary
equipment).

Volatile hydrocarbon gases such as pentane and ethane are well known end-
products of the lipid peroxidation process, and their measurement in foodstuffs may
be indicative of irradiation. However, it should be pointed out that they are only
minor end-products (e.g. about 2.0 x 10~ * mole of pentane produced per mole of
lipid hydroperoxide formed) and their production is highly dependent upon the
availability of catalytic transition metal ions which promote the degradation of lipid
hydroperoxides.'* Equations (5)~(7) indicate the mechanism for the formation of
pentane from the reaction of iron(1I) with a hydroperoxide located on the fifth carbon
atom from the methyl end of a polyunsaturated fatty acid,
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FIGURE 2 (a) Second-derivative absorption spectra of a cyclohexane solution of a commercial sample
of corn oil untreated (- - -) and after irradiation at a dose of 5.0 kGy (-). (b) Second-derivative absorption
spectra of a cyclohexane solution of a commercial sample of corn oil following oxidation by air at 30°C
for 20 hours (- - -) and after irradiation at a dose of 5.0kGy (-). The arrows indicate the minima located
at 232 and 242 nm, attributable to trans, trans (1, t)- and cis, trans (¢, t)- conjugated diene hydroperoxides
respectively,'?
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OOH (o}
CH3(CH2)4éH-R + Fe(Il) - CH3(CH2)4&IH-R + Fe(ll) + OH-  (5)

o
CH3(CH2)4éH-R Lsiwon, CH,(CH,),CH, + RCHO (6)
CH3(CH2)3CH2 H atom abstraction CH3(CH2)3CH3 (7)

e.g. Arachidonic or linoleic acid. Similarly, ethane is formed from linolenic acid.
These hydrogen gases are absorbed and concentrated by passage through silica gel at
low temperatures. On desorption, they can be easily measured by gas chromato-
graphy, a technique which combines the ability to separate complex mixtures with
high sensitivity. Despite these advantages, hydrocarbon measurement is at present an
unattractive technique because of the necessity for control experiments conducted
with non-irradiated foodstuffs undergoing oxidative rancidity. Moreover, the analyti-
cal system is further complicated by bacterial hydrocarbon gas production.

An alternative procedure involves the identification and quantification of carbonyl
compounds which are also end-products of the lipid peroxidation process (equation
(6)). These species include pentanal, hexanal, propan-2-one, hexan-2-one, malondial-
dehyde (see above), 4-hydroxynonenal and 4,5-dihydroxydecanal. Several of these
carbonyl compounds have been shown to be cytotoxic,'*"*"'" and hence their deter-
mination is of major toxicological importance. These undesirable toxicological
properties are understood to be attributable to their ability to inhibit protein syn-
thesis, inactivate enzymes, cross-link proteins, prevent macrophage action and sti-
mulate thrombin production in vitro."*>* These compounds can be directly deter-
mined by HPLC coupled with U.V. detection (by virtue of their relatively high
absorbance in this region of the spectrum) or by gas chromatography following their
extraction into a suitable organic solvent. Another methodology which is currently
being developed employs their prior conversion to 2,4-dintrophenylhydrazone deriva-
tives by reaction with 2,4-dintrophenylhydrazine in acid solution (equation (8)). The
resulting 2,4- dinitrophenylhydrazones are then separated by HPLC and detected
with a high level of sensitivity by electrochemical oxidation.?

RCHO + @NH"NH‘—-» H=N=CHR 4 n,0 ®)
ON~T"NO,  OnN 0,

Volatile hydrocarbons and aldehydes are also produced by the attack of radiolyti-
cally-generated aquated electrons on fatty acids {equation (9)).

0] 0]
e (aq). + RAJ:OCHz- — R&OCHZ- - -CH, + RCO; C))

Determination of aldehydes with the same number of carbon atoms as the predomi-
nant fatty acid component and alkanes or alkenes with one or two carbon atoms less
(by gas chromatography) may also be applicable as a diagnostic test.
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It is interesting to note that the interaction of hydrated electrons with oxygen
produces the superoxide anion radical (O; ) which can itself generate more hydroxyl
radical in the presence of hydrogen peroxide (H,0,) via the transition metal-catalysed
Haber-Weiss reaction,”? illustrated for iron in equation (10).

0O; + H,0, &=, o, + "OH + OH- (10)

catalyst

Furthermore, it is well known that the iron-dependent breakdown of H,O, also
produces the hydroxyl radical according to equation (11), the so-called Fenton
reaction,” which is also part of the overall Haber-Weiss reaction.

Fe**(aq.) + H,0, » Fe**(aq.) + OH + OH™ an

Due to a favourable decrease in the redox potential of the Fe(II)/Fe(I1I) couple and
an increase in iron solubility some iron chelators (e.g. EDTA) are able to enhance the
formation of "OH radical in the Fenton reaction.?® This is a very useful laboratory
method for generating 'OH radical in aqueous solution, enabling studies of its
damaging effects on certain molecules of biological importance, i.e. it is a (partial)
chemical simulation of the irradiation process.

Finally, it is important to emphasize that most foodstuffs containing edible oils and
fats also contain permitted antioxidants such as chemically-synthesised a-tocopherol
(vitamin E), propyl 3,4,5-trihydroxybenzoate (propyl gallate) and 3,5-di-terz-butyl
4-hydroxytoluene (butylated hydroxytoluene) which have the ability to terminate the
chain reaction of lipid peroxidation by reacting with lipid peroxy radicals."® Hence,
the application of all of these potential diagnostic tests for food irradiation will largely
depend on the concentration of vitamin E or other synthetic antioxidants present in
the foodstuff to be tested. However, conversion of these antioxidants to species with
undesirable toxicological properties upon reaction with lipid peroxy or hydroxyl
radicals has important medical implications.

DNA DAMAGE

DNA is an important target for attack by "OH and other (less reactive) radicals, and
the identification and quantification of ‘unnatural’ species produced in this way is
currently being investigated as a means of telling whether foodstuffs have been
irradiated. DNA is a relatively prevalent constituent available in a number of food-
stuffs, for example it is present in calf thymus (2.3%), meat liver (0.2-0.4%) and fish
(0.2%). Previous studies of the interaction of radiolytically-generated ‘OH radical
with DNA have shown that the sugar moiety 2-deoxyribose is degraded to malondi-
aldehyde.” Although malondialdehyde can be readily determined spectrophoto-
metrically following a simple colour reaction with thiobarbituric acid in acidic ag-
ueous solution, or directly by high performance liquid chromatography (HPLC), its
measurement is of no use since it is already present in many foodstuffs containing
edible oils and fats as an end-product of the process of lipid peroxidation (see above).
Chemical modification of the purine and pyrimidine base moieties of DNA, for
example the hydroxylation of guanine and cytosine by ‘OH radical to produce
8-hydroxyguanine and 5-hydroxycytosine respectively, shows much promise. The
DNA, which is isolated from foodstuffs by hydroxyapatite chromatography, is ini-
tially subjected to digestion to the nucleoside level by treatment with a series of
hydrolytic enzymes (DNAase I, endonuclease, phosphodiesterase and alkaline phos-
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phatase), and the resulting hydroxylated nucleosides are then readily measured by
HPLC coupled with electrochemical detection (ECD).*" Although this methodology
is very tedious, it has the added advantage that the parent nucleosides (e.g. de-
oxyguanosine or deoxycytidine) are not detectable by electrochemical oxidation.

Of major toxicological importance are the single and double-strand breakages that
also occur when DNA is subjected to an "OH radical flux.”’ This process may lead to
immune reactions in subjects consuming irradiated foodstuffs of relatively high DNA
content. A number of studies have shown that after its exposure to a superoxide
(O; )-generating source (hypoxanthine and xanthine oxidase), DNA becomes anti-
genic when injected into animals.” This has been postulated to be due to the
superoxide-dependent production of DNA-damaging "OH radicals in the presence of
a transition metal ion catalyst (equation (10)).***

AROMATIC HYDROXYLATION

Of all the chemical constituents present in foodstuffs, aromatic compounds such as
phenols and phenolic acids react extremely rapidly with "OH radical to form a mixture
of hydroxylated products.’>* Indeed, in medically-orientated studies, aromatic hy-
droxylation has been proposed as a method for measuring ‘OH radical production
both in vitro®* and in vivo.®

If an aromatic compound reacts with "OH radical to form a specific set of hydroxy-
lated products that can be accurately identified and quantified in samples of food-
stuffs, and one or more of these products are not identical to naturally occurring
hydroxylated species i.e. not produced by normal metabolic processes, then the
identification of these ‘unnatural’ products can be used to assess whether the sample
has been irradiated. This is likely to be the case if the aromatic ‘detector’ molecule is
present at the sites of "OH radical generation at concentrations sufficient to compete
with any other molecules that might scavenge ‘OH radical.

There is a very wide range of aromatic compounds present in various foodstuffs
(Table 1) e.g. foodstuffs containing or derived from plant tissues contain phenols such
as catechol and phenolic acids such as salicylic and 4-hydroxybenzoic acids. The
applicability of these species as suitable aromatic detector molecules for the irradia-
tion of foodstuffs largely depends on the nature and extent of their chemical modifica-
tion (hydroxylation and/or decarboxylation) following reaction with "OH radical. For
example, attack of "OH radical upon salicylate (present in celery and lettuce) produces
three products. The major products are 2,3-dihydroxybenzoate (~ 49%), and 2,5-di-
hydroxybenzoate ( ~40%) but a small quantity of catechol (~ 11%) is also formed
by decarboxylation.” Although identification and quantification of 2,3- and 2,5-di-
hydroxybenzoate may serve as a useful qualitative diagnostic test for certain types of
irradiated foodstuffs, measurement of catechol is of no practical use due to its known
occurrence in a large number of foodstuffs of plant origin.

The resulting ‘unnatural’ hydroxylated aromatic species are readily separated from
other phenolic constituents present in appropriate extracts of plant-derived foodstuffs
by reversed-phase HPLC, and are detected and quantified by electrochemical oxida-
tion at a glassy carbon working electrode. This technique has the necessary selectivity
and sensitivity required to establish a suitable diagnostic test for the irradiation of
fruits and vegetables. The methodology involves the prior isolation of acidic, neutral
and basic phenolic species into one or more groups using extraction into organic
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TABLE |

Examples of aromatic compounds occurring in various foodstuffs.

(a) Phenols

OH

OH OH
OH
O
OH OH

Phenol Catechol Resorcinol Hydroquinone

CO,H

(b) Aromatic Carboxylic Acids

CO,H COoH
OH
Benzoic Acid Salicylic Acid 4-Hydroxybenzoic
Acid
CO,H =CHCO,H CH=CHCO,H
OH
OH

3,4-Dihydroxy Cinnamic 4-Hydroxycinnamic
-benzoic Acid Acid Acid (p-Coumaric
(Protocatechuic Acid)

Acid)

(c) Aromatic Alcohols and Aldehydes

CHOH CH=CHCH,0OH

Benzyl Cinnamyl

Alcohol Alcohol Vanillin

(d) Aromatic Amines CHZCHZNHz

OH

Tyramine

(e) Aromatic Amino Acids _ +

0,C-CH-RiH;
Hy

Phenylalanine

present in the free state and as monoglu-
cosides in plant-derived foodstuffs, e.g.
tea

present in plant tissues (e.g. strawberries,
lettuce, celery, onions, potatoes, and cof-
fee beans) as simple salts or as esters, the
latter occurring in essential oils, gums
and resins.

present in the free state and as esters in
foodstuffs or plant origin

present in large
amounts in cheese and yeast extract

naturally occurring amino acid that is
present in proteins in a variety of meat
and fish products. Small quantities are
also present in the free state
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solvents such as diethyl ether or ethyl acetate at controlled pH. After removal of the
organic solvent by evaporation to dryness, the extracts are reconstituted in a suitable
aqueous medium and then subjected to analysis by reversed-phase HPLC. Initial
identity assignments of the peaks in the resulting chromatograms are obtained by
direct comparisons of retention time values of sample components with those of
authentic compounds. However, it must be emphasized that in view of the large
number of diethyl ether — or ethyl acetate-soluble species likely to be present in fruit
or vegetable homogenates, a retention time is insufficient evidence to attribute an
observed peak to a suspected component. The identity of putative peaks can be
confirmed in three ways. Firstly, an aliquot of the reconstituted extract is ‘spiked’ with
the suspected component at a concentration which is exactly equal to that estimated
from its peak height or area in the chromatogram. If the identity of the putative peak
is the same as that of the suspected component, then it will remain perfectly symmetri-
cal and increase in height or area by a factor of 2. Secondly, the electrochemical
detector can be employed to obtain a voltammetric characterisation of eluting species.
Comparisons of the current-potential responses (plots of peak height or area versus
electrochemical detector potential, known as hydrodynamic voltammograms) of
sample components and authentic standards provides further confirmation of the
initial identity assignment. Thirdly, the HPLC eluant composition can be varied (for
example, by including different proportions of methanol or other solvent) to produce
large changes in retention times. If a putative peak present in the chromatogram of
the extract has the same identity as a suspected component, the variable retention
times observed for it will always be identical to those given by an authentic standard.

As an illustration of the merits of the HPLC/ECD approach, Figure 3 exhibits
chromatograms of acidic diethyl ether extracts of strawberry samples (a) before and
(b) after irradiation at a dose of 5kGy. The peaks observed in the chromatogram

OH

_cx)z
H OH
C02 /v Hydroquinone

‘OH  +
COoH
el \
OH
OH
Protocatechuic acid
OoH -CO,
‘OH + —L)
H
OH OH

1,2,4-Trihydroxybenzene
FIGURE 4(a) Products of the attack of "OH radical on 4-Hydroxybenzoic and Protocatechuic acids.
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FIGURE 4(b) HPLC separation of the products formed during attack of "OH radical upon 4-hydroxy-
benzoic acid on a reversed-phase column. The mobile phase was 93% (v/v) 30mmoldm’ sodium
citrate/27.7 mmol dm~? sodium acetate buffer, (pH 4.75) and 7% (v/v) methanol at a flow rate of 1.00 ml/
min continuously sparged with helium. Detection of hydroquinone (HQ), protocatechuate (PCA) and
unreacted 4-hydroxybenzoate (4-HB) was by electrochemical oxidation at + 0.86V. 'OH radical was
generated by the Fenton reaction. The reaction mixture contained EDTA (1.00 mmol dm™?), 4-hydroxy-
benzoate (1.00 mmoldm~?), H,0,(3.30 mmoldm ™"} and iron(Il) sulphate (1.00 mmoldm~?) in aqueous
solution at pH 7.00.
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resulting from the non-irradiated sample are largely attributable to phenolic and
phenolic acid components present in strawberries, e.g. gallic, protocatechuic, 4-hyd-
roxybenzoic, vanillic, and caffeic acids. Following treatment with y-irradiation, the
intensities of a number of these peaks decrease substantially (i.€. those attributable to
gallic and 4-hydroxybenzoic acids), indicative of the radiolytic depletion of phenolic
acids which act as powerful scavengers of ‘OH radical. Attack of "OH radical on
4-hydroxybenzoic acid yields protocatechuic acid and hydroquinone, and its reaction
with protocatechuic acid produces 1,2,4-trihydroxybenzene (Figure 4). Hydroquin-
one and 1,2,4-trihydroxybenzene are both formed by decarboxylation. Since gallic,
protocatechuic and 4-hydroxybenzoic acids are all naturally-occurring in non-
irradiated foodstuffs, the above complex interconversions are likely to lead to a
marked variation in their effective concentrations with increasing doses of y-irradia-
tion. In accordance with this hypothesis, results obtained from the irradiation of
strawberries at a variety of dosage levels (0, 0.5, 5.0 and 10.0 kGy) have demonstrated
that the concentration of 4-hydroxybenzoic acid significantly decreases with increas-
ing dose of y-irradiation and the concentration of protocatechuic acid decreases
significantly at a dose as low as 0.5 kGy but rises to higher concentrations with further
increase in dosage level (5 and 10kGy) due to its production from the hydroxylation
of 4-hydroxybenzoic acid (Figure 4). However, the concentration of gallic acid
decreases with increasing dosage from 0 to 10 kGy, indicating that it is attacked by
"OH radical (especially at the higher doses of y-irradiation studied) to form other
products.

As well as the quantitative differences observed between the two chromatograms
shown in Figure 3, the chromatogram corresponding to the sample irradiated at
5.0kGy exhibits new peaks e.g. one with a retention time of 10.48 minutes, demon-
strating the qualitative value of this diagnostic test. As expected, chromatograms
obtained from strawberry samples irradiated at the maximum permitted dose
(10kGy) exhibit additional new peaks which are conceivably attributable to ‘un-
natural’ phenolic species. Experiments involving the identification of these new ‘un-
natural’ compounds are currently in progress. Corresponding chromatograms ob-
tained from strawberry samples irradiated at 0.5 kGy also exhibit both quantitative
and qualitative differences to that of the non-irradiated (control) sample, suggesting
that this technique is also applicable at low doses of y-irradiation.

The cost of the analytical system used here enables the method to be readily
accessible to public analyst laboratories. Since a large number of these laboratories
are already equipped with HPLC equipment in routine use, it is only necessary for
them to invest in a suitable electrochemical detection system (cost ca. £3,000) in order
to be able to carry out this diagnostic test on a routine basis.

One compound which has been quite widely used as an aromatic detector is the
naturally occurring amino acid phenylalanine present in the proteins of various meat
products (Table 1). Attack of "OH radical on phenylalanine produces three products:
ortho-, meta- and para- tyrosine.” Based on the assumption that of these three
products, only the para- isomer is a naturally occurring amino acid present in food
residues, a test involving the measurement of the ‘unnatural’ amino acids ortho- and
meta- tyrosine using gas chromatography-mass spectrometry® or HPLC with elec-
trochemical detection® has been developed. Unfortunately, some ortho- and meta-
tyrosine have been detected in non-irradiated food samples, but this is not totally
unexpected due to the known production of these so called ‘unnatural’ species in
animal tissues by the action of the enzyme tyrosine hydroxylase.* However, irradiated
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foodstuffs contain significantly greater quantities of these isomers than the corres-
ponding non-irradiated ones, and hence their detection and quantification may still
have application as a quantitative type of diagnostic test.

EFFECTS OF IRRADIATION ON THE ESSENTIAL NUTRIENT CONTENT
OF FOODSTUFFS

To date, there has been a growing number of reports available in the literature on the
effects of ionising radiation on the vitamin content of various foodstuffs.*** Some of
these reports claim that the irradiation process severely depletes the content of
vitamins A, B, B,, B;, B¢, B;,, C, D, E, K and folate in a large number of foodstuff
classes, while others claim that there are no significant reductions in vitamin content.
However, it is clear that the nature and extent of the vitamin loss is highly dependent
upon (i) the dose given, (ii) the ability of the vitamin studied to act as a scavenger of
radiolytically-produced "OH radical (some vitamins react more rapidly with ‘'OH
radical than others) and (iii) the chemical complexity of the foodstuff to be irradiated
(for example, fruit juices are expected to lose more vitamin C (ascorbate) than fruits
and vegetables on irradiation due to the relatively low content of other ‘OH radical
scavengers present). Since the most important examples of the damaging effects of
irradiation on the vitamin content of foodstuffs involve chemical modifications of
vitamins C and E, the following discussion is limited to these two nutrients.

Ascorbate is an important naturally-occurring radical scavenger.®® It is a very
powerful electron donor (reducing agent) and reacts extremely rapidly with "'OH
radical (for example, it reacts more than twice as fast as the aromatic amino acid
phenylalanine) to form the semideydydroascorbate radical. The resulting semidehy-
droascorbate radical then disproportionates to ascorbate and dehydroascorbate, the
latter of which is unstable and breaks down to L-threonic and oxalic acids by a
complex mechanism (Figure 5(a)). Since oxalate is quite toxic, the radiolytic depletion
of ascorbate also has toxicological ramifications that may be of some significance.
However, ascorbate may also play an important role in preventing carbon-centred
radicals attacking other molecules to form species with undesirable toxicological
properties. Ascorbate can also be consumed by its reaction with superoxide® (equa-
tion (12)) formed from the interaction of radiolytically-generated aquated electrons
with oxygen.

ascorbate + O; + H* — semidehydroascorbate radical + H,O, (12)

Ascorbate is readily determined in treated fruit and vegetable homogenates by HPLC
coupled with detection by electrochemical oxidation. Since the vitamin can be detec-
ted at lower oxidation potentials than those required for other electrochemically-
active components (e.g. phenolic acids) the assay has a high degree of selectivity.
Figure 5(b) shows the facile HPLC/ECD determination of ascorbate in strawberry
samples obtained before and after treatment with y-irradiation, and Table 2 gives the
ascorbate content of strawberry samples before and after irradiation at 5.0 and
10.0 kGy. From these data it is clear that irradiation at a dose of 5.0 kGy reduces the
ascorbate content to 62% of its original level, and a dose of 10.0kGy virtually wipes
it out completely (< 1% remaining).

Since humans rely on the dietary intake of ascorbate from plant materials to aid the
enzymes lysine hydroxylase and proline hydroxylase (required for the biosynthesis of
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collagen) and the copper-containing enzyme dopamine-f-hydroxylase in its conver-
sion of dopamine to noradrenalin,® its observed loss in foodstuffs following irradia-
tion treatment is of much dietary significance.

Vitamin E (a-tocopherol) is a lipid-soluble species which has the ability to terminate
the chain reaction of lipid peroxidation (triggered by the irradiation of PUFA’s) by
reacting with lipid peroxy radicals to form the relatively stable vitamin E radical.”’

o o
) HCHL0H Os\-CHCH,OH
OH + Oﬁ{c = FH HH Y T CHCTOH
HO OH
Ascorbic Acid Semidehydroascorbate Dehydroascorbic
Radical Acid

HOCH, . CHOH.CHOH. CO,H + HO,C.CO,H (——nocuz.cuou.cuou.g.ﬂ.cozu
L-Threonic Acid Oxalic Acid Diketo-L-gluconic acid

(a)

FIGURE 5(a) consumption of ascorbic acid (vitamin C) during irradiation of fruit and vegetable
products.
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FIGURE 5(b) Reversed-phase HPLC determination of ascorbate in strawberry samples before and after
treatment with y-irradiation at doses of 5.0 and 10.0kGy. The mobile phase was 90% (v/v) 30 mmoldm~*
sodium citrate/27.7 mmol dm~? sodium acetate buffer (pH 4.75) and 10% (v/v) methanol at a flow rate of
1.00ml/min continuously sparged with helium during elution. The electrochemical detector potential
was + 0.40V. Asc = ascorbate.
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TABLE 2
Variation in ascorbate content of strawberry samples with increasing doses of y-irradiation.
Dose of y-irradiation (kGy) Ascorbate content (umoles/gram)
0 0.88
5.0 0.54
10.0 0.008

The vitamin E radical is unable to abstract a hydrogen atom from another PUFA
molecule and hence acts as a chain terminator (antioxidant) by blocking the autoca-
talytic process. Vitamin E is also able to react with superoxide, but the rate of this
reaction is slow.*® Various synthetic antioxidants (e.g. butylated hydroxytoluene,
butylated hydroxyanisole, nordihydroguaiaretic acid and propyl gallate) are thought
to act in the same way as vitamin E and, depending on the nature of the system
studied, are sometimes more effective antioxidants.

Although not directly useful as diagnostic tests for the irradiation of foodstuffs,
determination of vitamin contents in various irradiated samples provides a more
complete understanding of the chemical modifications that occur during the irradia-
tion process.

NON-INVASIVE SPECTROSCOPIC METHODS

The determination of conjugated dienes and diene hydroperoxides in extracts of
irradiated foodstuffs by second-derivative absorption spectra (see above) could also
be classified under this heading. A high level of success in the detection of irradiated
foodstuffs has been achieved by the use of electron spin resonance (ESR),“**¥ a
non-invasive spectroscopic technique that detects the presence of unpaired electrons
in free radical species. Although the application of this technique is dependent upon
the trapping of free radicals in hard, calcified parts of foodstuffs (e.g. chicken bone
or prawn cuticle), it has been shown to be characteristic of irradiation treatment, even
at doses as low as 0.2 or 0.3 kGy. The signal produced in the ESR spectrum following
irradiation has a relatively long lifetime, and is still present after cooking. However,
the potential of this test is limited not only by the observation that a number of
non-irradiated foodstuffs already contain free radical species but also by the high cost
of ESR equipment (£100,000-£200,000) and a requirement for specialist technical
staff for its operation.

The recent development of high-field nuclear magnetic resonance (NMR) spec-
trometers with increased sensitivity, resolution and dynamic range has allowed the
rapid study of complex mixtures of chemical species in fluids of biological interest.
For example, high-field, high resolution '"H NMR studies of human plasma, serum
and urine have yielded much useful information.*®*' Spin-echo pulse sequences are
now frequently used to suppress broad overlapping resonances which arise from
macromolecules present (e.g. proteins) so that the resulting NMR spectrum only
contains well-resolved peaks attributable to low molecular mass metabolites and
mobile portions of macromolecules at concentrations greater than ca.
1.0 x 10" *moldm~>. The intense water signal is effectively removed from the spec-
trum by continuous secondary irradiation at the water frequency, and since the
technique requires little or no pre-treatment of samples, it is largely non-invasive.
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FIGURE 6 500MHz'H NMR spectrum of a commercial sample of lager beer. The sample was previous-
ly lyophilized and redissolved in D, O in order to avoid dynamic range problems posed by the large amounts
of ethanol present. Chemical shift values were referenced to 3-(trimethylsilyl)- 1-[D-4)-propionate (TSP).
A small quantity of residual ethanol remains in the samples after lyophilization. Assignment of peaks: Val,
valine-CH,'s; lle, isoleucine-CHj,; Leu, leucine-CH,; Thr, threonine-CH,; Ala, alanine-CH,; Tyr, tyrosine
and Phen, phenylalanine aromatic protons; Eth, ethanol-CH,; Lac, lactate-CH,.

[ ] 5
|
o

—)
9

Figure 6 exhibits the application of high-field, high-resolution 'H NMR spectro-
scopy to the analysis of food products. A sample of non-irradiated lager beer
(previously freeze-dried to remove the large quantities of ethanol present and recon-
stituted in deuterium oxide (D, 0)) exhibits resonances attributable to the amino acids
valine, isoleucine, leucine, threonine, alanine, tyrosine and phenylalanine, and other
metabolites such as lactate (Figure 6).

Although the sensitivity of this NMR technique is far lower than that obtained with
other techniques such as HPLC/ECD, it has the potential to provide a complete
‘picture’ of chemical transformations occurring on irradiation of foodstuffs. Further-
more, its sensitivity can be increased by factors of 100-fold or greater by various
pre-concentration techniques e.g. organic solvent or solid phase extraction. However,
it should be noted that due to cost restrictions, the technique does not at present have
prospects as a test for irradiated foodstuffs but, as illustrated here, it is a very useful
and convenient tool for further research work in this area.
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The non-destructive analysis of solids is an area of continuing interest for the
analytical chemist. Reflectance spectroscopy, and more recently photoacoustic spec-
troscopy have been employed in the analysis of a wide range of food products (e.g.
grains, oilseeds and raw meat).”*** The development of Fourier transform infra-red
spectroscopy has provided a powerful asset in both these techniques.* Although the
spectra obtained from food matrices are of a complex nature, other analytical meth-
ods such as those discussed above may be able to provide the criteria necessary for
their interpretaton. Moreover, since these techniques are able to provide rapid,
non-invasive and relatively sensitive analyses, they are suitable candidates for the’
development of simple instrumental analytical systems to detect chemical changes in
foodstuffs resulting from the irradiation process.

It has been suggested that thermoluminescence may be a useful technique for the
detection of irradiated spices.”*"* This technique relies on the principle that species
of electron excess and/or deficiency, or trapped free radicals emit light on heating.
Despite having the necessary sensitivity, it can only be considered as a quantitative
type of diagnostic test since non-irradiated foodstuffs also generate light on heating
and it is not yet clear whether the large differences in thermoluminescence intensity
observed between irradiated and non-irradiated samples will remain after long
periods of storage. Similarly, peroxidising lipids can be detected by chemilumine-
scence.”® The light emission observed here has been postulated to arise from the decay
of excited carbonyl compounds (produced from the fragmentation of lipid peroxides)
to the ground state, or from the formation of a species resembling singlet oxygen.

CONCLUSIONS

It is now recognised that no single diagnostic test will suffice for the wide range of
foodstuffs which are currently subjected to irradiation. Although the major barrier to
the establishment of suitable test systems in the UK appears to be cost, this problem
can be alleviated by making full use of equipment which is already available in public
analyst laboratories (e.g. HPLC). It is also clear that the nature and successful
application of diagnostic tests for irradiated foodstuffs are subject to a number of
other important factors. These include (i) specificity, (ii) the ability to perform the test
in the absence of non-irradiated control sample, (iii) reference to a suitable substrate
(e.g. 'OH radical scavenger) concentration (iv) the establishment of a critical thresh-
old radiation dose at which the test is operable (i.e. defining the lowest radiation
dosage level detectable), (v) the effect of interferences such as cooking and (vi) the
influence of variables such as dose, dose rate, temperature, water content and oxygen
concentration. Moreover, it should also be pointed out that in some cases various
food packaging forms are also irradiated with the foodstuff, giving rise to the
possibility of a number of ‘unnatural’ products detected in irradiated foodstuffs solely
derived from packaging materials.

A major effort is required to evaluate the potential of the techniques discussed here.
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