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.1.1 Chemical changes in irradiated sugars

Early separations of irradiated carbohydrates indicated

that several components were formed after irradiation ' .

Studies were made on the head space gas above irradiated

carbohydrates dissolved in water and it was shown that

aldehydes and alcohols6 were formed. A quantitative ana-

lysis of the amount of acids produced in carbohydrates

gave exceptional, high G-values for some materials. In

crystalline a-lactose monohydrate the G-value for forma-

tion of acids was above 40 while several other mono- and

disaccharides had acid G-values of 10 or below5'7~iy. The

high degradation of lactose was further confirmed by the

total degradation obtained (50-55). Crystalline D-fructose

was another material sensitive towards irradiation. The

overall degradations1?~lG are of importance for studies of the

individual degradation products and a study of crystalline

lactose and fructose (I) was made by use of GLC17. This

would give a possibility to test a derivative method on



INTRODUCTION

)n several countries projects involving treatment of

food and food components with radiation have been started.

This use of radiation is just one of many. The aim of

such studies is to find methods to preserve or to raise

the hygienic standard and consequently the quality of

food. In order to obtain information of the chanqes in-

duced by irradiation, analyses have been made on food or

food components (such as fats, sugars or amino acids).

Chemical and biological tests indicate that sugars and

amino acids are among the food components that give cy-

totoxic changes after irradiation

The works presented in this summary have been made on

crystalline materials, where the reactions and products

were less wellknown. Solid systems sometimes give spe-

cific reactions as a result of energy transfer or release

of trapped energy. The final chemical changes produced

depend on primary reactions associated with ionisation

and excitation of a system, and on the intermediate sta-

ges of the reactions. Instrumental methods as EPR, mass

spectrometry and spectrophotometry have been useful in

studies of reactions induced by radiation.

Carbohydrates and amino acids were selected for new

analyses of the final products by chemical methods.

The total degradation and the role of the glycosidic

bond were investigated in some carbohydrates (I,II).

Transfer reactions of tritium constitute another spe-

cific problem which has been treated (III) . Several com-

ponents are formed in the crystalline amino acids (V),

and a new gas chromatographic method was developed for

analysis of amines (IV) in degraded material. Some un-

published worit has been added in this summary. The ro-

man numerals (I-V) used ir. the text refer to the papers:

I Gejvall, T. and Lofroth, G. RADIATION DEGRADATION

OF CRYSTALLINE D-FRUCTOSE AND a~LACTOSE MONO-

HYDRATE. Acta Chem. Scand. 27(1973)1108-1109.
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irradiated carbohydrates.

In sugars having two or more monosaccharide units

"scission" of the glycosidic bond occurs as a result of

irradiation (Eq. 1) and monosaccharides are liberated

from the material'B~zl.

Kerokh et.al.21 point out that the glycosidic bond

is more stable in lactose than in sucrose. Since crys-

talline materials may react specifically the role of the

glycosidic bond was of interest for further studies of

the actual yields (II).

Hydrogen is produced from irradiated carbohydrates.

Generally, the quantitation has been carried out to-

gether with studies of other degradation products0'9'20.

In simpler systems such as alcohols the gas is formed

both from the OH groups and from hydrogen bound to car-

bons. Experiments with0D labelled methanol have indicated

that 2/3 of the hydrogen is released as D2 and HD,

while 1/3 comes from elimination of carbon-bound hyd-

rogen z 2 .



2.1.2 Induced transfer react ions

The formation of hydrogen in irradiated materials can

be connected to other reactions of hydrogen. Tritium and

deuterium labelled chemicals sometimes change so that the

labelled group is incorporated. Examples of such transfer

reactions were seen in glycine and serine when H-D ex-

chanqe was studied by EPR^3'^'1. Tritium incorporation

has been analysed in proteins, glucose, ribonuclease

and ONA^'26. It is evident that several materials react

similarly. We have used crystalline carbohydrates label-

led in positions exchanqeable with water (Til) .

2.2 Radiation degradation of amino acids (RCHNHjCOOK)*

When crystalline glycine was investigated by Dale

et.al.", deamination of the molecule was observed after

irradiation. During the 1950's studies of other degra-

dation processes were carried out, mainly of aqueous

irradiated amino acids, and such components as carbon

dioxide, amines, acids, hydrogen and carbonyls were
14 28 29

found ' ' . The formation of radicals was determined

in irradiated samples as EPR came into use ~ , and

mechanisms for the major reaction?,deamination and de-

carboxylation, were elucidated ~ .

Storage of radio.labelled organic mater, -vis results in

various degradations. It is of interest to see that this

problem has been treated for C labelled amino acids.

Tolbert and coworkers ' studied crystalline materials

and observed that norleucine had a G(-M) of 9 while the

hydrochlorides of valine and norvaline had G(-M) values

of 8-16 and 8 respectively.

Further investigations of irradiated crystalline glycine

and alanine have been made to detect the degradation

products of amino acid homologs38"40, G{-M) values of

these amino acids are of the order 5-7.4 35»39;

* R = Alkyl .radical

I



EXPERIMENTAL OUTLINE

The crystalline sugars and amino acids have been irra-

diated at room temperature in a Co Y-source at a dose
19

rate ranging from 2 to 3 x10 eV/g per hour. When ga-

seous products were analysed the irradiations were per-

formed in sealed glass ampoules containing nitrogen gas.

The d(

eV/g.

19 21
The doses were generally in the range of 10 to 10

3.1.1 GLC of carbohydrates

Derivatives of carbohydrates were produced according to

Sweeley et.al. . Studies of the response, retention and

conditions for analysis of silylated materials have been

informative ~ ,

In crystalline D-fructose and GO-lactose monohydrate (*'

the total degradation of aqueous- and pyridine dis-

solved samples were investigated. A control of the molar

content of B-lactose in a-lactose was made showing that

the value for B-lactose was below 0.5%.

In 0-maltose monohydrate, sucrose, trehalose dihydrate

and a-lactose monohydrate the released constituent mono-

saccharides were studied (II). Trisaccharides have also

been silylated (this Summary) after irradiation and were

separated on a QF 1, SP 96 column (II) with a nitrogen

gas flow of 110 ml/min. The total degradations, consti-

tuent saccharides liberated and lower components were

analysed in crystalline melezitose monohydrate, anhydrous

raffinose and raffinose pentahydrate.

Lower molecular weight carbohydrates were observed after

a reduction of the material in water using NaBH4. The

di- and trisaccharide samples were silylated and such

components as deoxy products were recorded.

GLC was also used with a hot wire detector to determine

hydrogen gas from irradiated carbohydrates (III).

* Temperatures are given in the text and tables



3.1,2 Measurements of labelled material

Carbohydrates with deuterium in water exchangeable

positions were irradiated and dissolved for analysis

of H?,HD and D, by mass spectrometry. In addition, non-

labelled samples dissolved in D-Q could be tested.

Crystalline sugars with tritium in water-exchangeable

positions could be used to establish the amount of in-

corporation of tritium after irradiation. In order to

determine the transfer of tritium into carbon-bound

positions di-O-isopropylidine. preparations of glucose

and fructose and octa-O-acetyl preparations of sucrose

and trehalose were made (III) .

3.2.1 Products from amino acids

On the cryptalline DL-amino acids, leucine, norleucine,

isoleucine, valine and norvaline quantitative and qua-

litative analyses were performed when samples had been

dissolved in anoxic 1-2M NaOH or HC1. GLC was applied

to separate several components such as hydrogen, carbon

dioxide, hydrocarbons, carboxylic acids and amines

( cf. quoted references V). Internal standard proce-

dures were used whenever feasible.

The yields of ammonia, carbonyls and amides could be

determined by colorimetric methods. Before analysis of

the formed ammonia, distillation of the samples had to

be made. Carbonyls were measured as DNPH derivatives and

these were also separated by thin layer chromatography.

Mass spectrometry was applied to some DNPH derivatives.

The carboxylic acids formed in irradiated amino acids

were determined after the sample had been dissolved in

in phosphoric acid and when samples had been hydrolysed

in concentrated hydrochloric acid. The use of phospho-

ric acid depended on the column conditions of the GLC where

the column bleeding was reduced with phosphoric acid (V).

The total degradation of leucine and valine was investi-

gated by an isotope dilution experiment.

3.2.2 Analysis of amines

Due to the presence of various products of amino acids, a

*
Disturbance from the column



direct analysis of the head space by GLC44"47 v/as not

suitable.A method for the separation of amines was there-

fore developed (IV). Studies on the reaction between di-

ethyl pyrocarbonate and nucleophiles have shown that the

formed derivatives can easily be prepared in aqueous

solution ' , and furthermore it was possible to se-

parate the urethane derivatives from ainines, in a conven-

tional GLC system with FID detector50'51.

Correction factors for lower derivatives of aliphatic

amines were measured in the FID system. These correction

factors can, for example, be of use v/hen internal stan-

dards are added to a sample.

Other GLC methods are possible52"57 ' fcut f-hese qeneral-

ly require non-aqueous conditions when preparing and han-

dling the derivatives. If an extremely sensitive analysis

has to be performed, derivatives containing haloaen^ are

recommended. Haloqen compounds can be detected in a GLC

system with an electron capture analyzer. The presented

method (IV) is suitable in routine analysis where the sen-

sitivity is "" imited bv the FID system.

RESULTS AND DISCUSSION

4.1.1 Studies of crystalline carbohydrates

In the first paper (I) the total degradation of fructose

and lactose is analysed. Samples of crystalline lactose

analysed after derivatization in pyridine were found to

have a more linear dose response than samples

treated with water and freeze-dried before silylation.

However in fructose the different dissolution methods

had no significant effect on che degradation.

Trisaccharides were also tested on GLC using a column

temperature of 240°C, which gave a G(-M) value in the

range of 4-6. By the use of selected internal standards it is

thus possible to measure the total degradation for these

sugars . Most of the physico-chemical effects of irradia-

tion seem to be present already in the crystals (cf. I).

The constituent monosaccharides of maltose, sucrose and



trehalose were found to be released with G-values of

the order of 0.15 to 0.8 (II). Lofroth 16 found that

the total degradation of these sugars had values from

6 to 8, while the constituent monosaccharides were de-

graded with G-values in the range of 6-10. Therefore,

it could be calculated that scission of the glycosidic

bond was not a major event in the degradation. However, it is

estimated that 70-90% of the damage in irradiated di-

saccharides is caused by the chemical changes of one monosac-

charide moiety connected with an intact glycosidic bond

(S-O-Sx) (II).

It was concluded that in the reaction leading to pro-

ducts in the disaccharide crystal, free radicals were

not selectively trapped Uy or UicaUxl to the glycosidic

bond. Of the radical yield, a minor part is thought to

be in that region of the molecule (cf. II). The EPR
CO

work of Graslund and Lofroth support this interpreta-

tion.

Another quantitative result was that the monosaccharides

glucose and galactose, which would be found in lactose

if the glycosidic bond had been broken, were not libe-

rated. These data are confirmed by studies of von

Sonntag and Dizdaroglu59.

r'ono- and1 disacchariries were determined in irradiated

crystalline trisaccharides. M.elezitose crave ot-D-qlucose

G w 0.5 and G(sucrose) % G( p-turanose)« 1.5. Both modi-

fications of raffinose had G(D-fructose)a G( irt-D-galac-

tose) « 0.2 and G(sucrose) w G(fc-melibiose) & 0.3. The

constituent saccharides from trisaccharides indicate that

this system is similar to some of the investigated disacc-

harides. A complete analysis wouM require knowledge of

the degraded monosaccharide moieties.
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TABLE 1.

Retention values for NaBH. reduced siiylated irradiated

sugars and formed products relative to silylated a-nlucose,

Raffinose Melezitose 0-maltose Trehalose Sucrose
(5H-O} (H.m fH-D) f?H.o)(5H2O)

0,30

0.45

0.59

0.75

0.92

1.33

1.86

(H2O)

0.14

0.32

0.45

0.60

0.76

0.97

1.36

1.84

0.52

0.76

] .36

(2H2O)

0.31

0.40

0.59

0.76

0.93

1.36

0.31

0.45

0.59

0.76

1.36

1.71

References: a-glucose 1.00, arabitol 0.45, 6-deoxy-

mannitol 0.59, 6-deoxy-galactitol 0.61, sorbitol 1.36,

mannitol 1.33

* o
Elution time 7.00 min. (column temperature 140 C).

TABLE 2.

Separation of irradiated disaccharides after silylation

by qas chromatography at 220°C column temperature. Suc-

rose = 1.00 (3.50 min).

Carbohydrate

Product

Component (elution relative sucrose)

reduced Direct analysis

Trehalose (2H_0)

Product
11

Sucrose

Product

1.35

0.88

2.14

1.00

1.24

1.50

1.80

1.88

1.32

1.62

2.38

1.35

0.88

1.00

1.59

1.09

1.32
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In Table T reduced suiiars have been analysed and peaks

from lower molecular weight components are shown, i'he re-

lative times of retention indicate that deoxy compo-

nents arc formed in the disaccharides and trisaccha-

rides, Determinations of other irradiated carbohydrate

systems have confirmed deoxy products by use of GLC

and mass spectrometric tecniques " . Maltose and

trehalose liberated products having three to six car-

bon atoms with a G-value of less than 0.4 and sucrose, a

value below 1. Th» disaccharidas separated together

with components having 12 carbon atoms (Table 2), are

evidence for tho major degradation type. The peaks ob-

tained in the disaccharide region correspond to acids

and deoxy components of higher molecular weight. Von

Sonntag and Dizdaroglu S9 report that after irradiation

of lactose, 5-deoxy-lactobionic acid and 2-deoxy-lacto-

bionic acid lactone are formed with a G-value of 60.

These observations are consistent with the conclusion

that the glycosidic bond remains intact.

4.1.2 Hydrogen liberated from carbohydrates

In paper (III) the yields of hydrogen gas from irradia-

ted carbohydrates were studied. Differences were found

in the ability of various compounds to retain the gas

in the solid state. For example, 15-25 % of the hydrogen

gas was found in crystalline glucose while 70-80 % was

detected in crystalline maltose before the samples were

dissolved. The G-values of hydrogen for the studied car-

bohydrates (III) were in the range of 3.0-3.8.

Mass spectrometric analysis of the isotopic composition

of hydrogen from material labelled in water*exchange-

able positions showed that irradiated crystalline sugars

liberated low yields of D, and HD. Non-labelled sugars

dissolved in deuterated water also liberate R*., as the

major component.

4.1.3 Tritium incorporation and related problems

The transfer process (III) occured with a G-value of 1-2

(assuming no isotope effect) and most of the transferred tri-

tium was located in non-exchangeable positions of the original
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carbohydrate.Reactions of hydrogen and hydrogen atoms

or destruction of secondary radicals have been dis-

cussed as a possible cause of the incorporation. How-

ever the obtained composition of labelled hvdroaen (III) and

findings from radical measurements (cf. <juoted refei'ences

in III could infer that some other mechanism(s) occur

in the carbohydrates. It is therefore proposed that

the transfer occurs at an early stage after absorption

of energy in the material. The process of tritium in-

corporation is of interest (III), since this could

provide an alternative method for the production of

radiolabelled carbohydrates. Similar transfer reactions

have also been analysed in other systems, for example,

in alcohols 66'67.

4.2 Irradiated crystalline amino acids

Several major and minor components of irradiated crys-

talline amino acids were determined. Of these the

yields (V) of amines and of carbon dioxide indicated

that decarboxylation iBq. 2) was an important process. Dea-

mination (Eq. 3) which would yield such end-products as car-

boxylic acids and ammonia was an other major degradation

route.

^ ft + C02 + e~ (2)

e", H« + RCHNfigCOO" — NHg, N ^ + R&FOCf (3)

Both these reactions have been analysed in the homologs

alanine and glycine ~ .



Fig. 1. Mass spectra of DNPH derivatives separated by GLC and

analysed in a Hewlett-Packard 5930 A mass spectrometer. A) a reference

of methyl-ethylketon B) ketone derivative from irradiated leucine.

However the total degradation of leucine (G(-M)=l'4j and.
valine (G(-M)=8) indicated that other reactions occurred68.
Carbonyl compounds were investigated to establish whether
the rather high G-values reported (2.5)38 for irradiated
glycine were comparable with those of the amino acids
tested. The G-values for carbonyls were, however, of the
order of 1. Keto acids dominated only in norleucine



and isoleucine, the other amino acids produced neutral

products (V) . f.ass spectra showed that acetone was

formed in leucine and that ketons" were common as neu-

t ra l components in the other degraded amino acids. An

example of a DNPH derivative separated from leucine is

given in Fig. 1 , where acetone is indicated (B).

amides, which have been found to be formed in thermally

degraded amino acids and in irradiated peptide systems70"72

were detected in the amino acids after i rradiat ion. These

are hydrolysed into carboxylic acids by treatment with

concentrated hydrochloric acid, in amino acids having six

carbon atoms th i s occured to a mesurable extent. The spe-

cif ic amides were not determined, but dimeric structures

are possible (V).

11;
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Fig. 2. Irradiated (lQxlO20
 eV/g) crys-

talline DL-amino acids C. leucine, D.

norleucine, E. isoleucine, F. valine

and G. norvaline, were dissolved and

the head space was analysed. A tetra-

isobutylene column was used for the

separation (V). Peak N9 1. methane,

2. ethane, 3. propane, U. isobutane,

5. isobutene, 6. isopentane, 7. butane

and 8. pentane.

l i l t S B
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The G-values of hydrogen and hydrocarbons were rather

low (range 0.2-0.5). A plateau in the yield of hydro-

gen formed was noted at 3x10 • eV/g. This plateau effect
in

has been measured in glycine by Meshitsuka et.al.

Scavenging of the hydrogen atoms has been proposed as

a possible cause of the plateau effect (4).

H' + R* -+ RH (4)

A changed hydrocarbon composition was also found

at lowered doses , Considering the specific hydro-

carbons produced in irradiated crystalline amino acids

(Fig. 2) it should be feasible to determine the origi-

nal molecule in an unknown amino acid of this type.

Many other specific degradation products such as amines

and carboxylic acids can be of use to detect an irra-

diated amino acid.

In the case of valine and leucine, non-overlapping reac-

tions forming carbon dioxide, carboxylic acids and keto

acids or those producing basic compounds, will account

for up to 60-7 5% of the respective total degradations.

This approximation leaves 25-40% of the total degradation

from groups not encountered in the analysis, neutral com-

ponents and others. Assuming that the G(-M) values of

self-irradiated norleucine and norvaline are reasonable6'37

similar yields are obtained in these systems.
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Table III.

Tentative summary of some of the changes in irradiated

crystalline carbohydrates and amino acids and the re-

sulting products.

Type of change Example Ref.

Disaccharide degradation

(S-O-S) ( I I )

Alternatively the glycosidic

bond is intact but one mono-

saccharide moiety is changed

(the major damage) S-O-Sx

The glycosidic bond is bro-

ken and i) one monosaccha-

ride is released S, S x

ii) two monoriccharides are

released S, S

Both monosacchar.ides moie-

ties are damaged S x, Sx, Sx-O-Sx

i i i 59-65

D e o x y c o m p o n e n t s f r o m s u g a r s - C - C - - » - C - C -
OH OH ' 8

I ,___,25,26,66,67
H-T, H-D Transfer -0T -* -CT (III)

I
I I

Liberation of hydrogen -C - C - -• H_, H>
I I l

H H
Amino acid degradation

RCHNH2COOH
 (V)

Deamination (a major change) N H 3 , RCHjCOOH

Decarboxylation (a major

change) ' C0 2, RCH NH2

Hydrocarbon formation RCH3, RH, R"= CH2, C2H6'
 C H4

Formation of carbonyl 0

compounds RC-COOH, RCH_CHO, H-C-O3

Amide formation "RCH2<f-NH2/ R'^C^- "
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4 . 3 Final remarks

Investigations of effects of ionizing radiation on

solid crystalline materials are less common than stu-

dies of products from aqueous dissolved irradiated sys-

tems. To man, the problem of control of possible harmful

components from treated food or food components73 is im-

portant. Reactions in dry food and in food with low

water content can be analysed with methods similar to

those used for the amino acids and sugars in the pre-

sent study. A summary of the changes discussed is given

in Table 3. Some of the outlined components will most

probably influence reactions in biological systems.

Calculations can also be made on food with a higher

water content. Such problems have been considered in a

work of Diehl and Scherz 71> . When water is present so

called indirect effects (from reactive species in the

solvent) occur together with tne direct effects from the

radiation.
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ABBREVIATIONS

DNA Chemical basis of the genetic code

DNPH Dinitropienylhydrazine

EPR Electron paramagnetic resonance

FID Flame ionisation detector

G-value Number of molecules altered or formed, for

each 100 eV of ionizing radiation obsorbed

by the system.

C-(-M) G-value for the total degradation

GLC Gas liquid chromatography

Head space Analytical procadure where gasous components

are studied.

Scission A particular bond is broken

Silylation Reaction giving a trimethylsilyl derivative
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