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ABSTRACT AND SUMMARY 

The photo-sensi t ized oxida t ion  of  methyl  lino- 
lenate and methyl  oleate was s tudied using ery thro-  
sine and riboflavin as sensitizers. The complex  mix- 
tures of  hydroperox ides  ob ta ined  were analyzed for 
the p ropor t ion  of  conjugated  products  and,  after  
reduct ion  to the corresponding mixtures  of  hydroxy-  
stearates, for the d is t r ibut ion  of  posi t ional  isomers. 
By comparing the mixtures  with that  obta ined from 
autoxida t ion ,  it  was shown that  the riboflavin reac- 
t ion involved the " T y p e  1" mechanism of  photo-  
sensit ized oxida t ion  which p receded  via the forma- 
t ion of  diene-radicals and yie lded the same posi t ional  
isomers of  hydroperox ides  as autoxidat ion .  Thus, 
mixtures of the 8, 9, 10, and 11 posi t ional  isomers of  
allylic hydroperox ides  were formed from oleate and 
the 9, 12, 13, and 16 isomers of  conjugated diene- 
hydroperoxides  f rom l inolenate oxidat ion.  The eryth- 
rosine reaction,  on the o ther  hand,  p receded  via the 
" T y p e  2'.' mechanism which involved singlet oxygen 
as the oxygenat ing species. The mixtures  of isomers 
resulting from oxida t ion  involving singlet oxygen 
were different  from those obta ined  by  autoxidat ion .  
Oleate oxida t ion  gave rise to  a mixture  of  only  the 9 
and 10 posi t ional  isomers while the mixture  obta ined  
from oxida t ion  of  me thy l  l inolenate contained non- 
conjugated hydroperox ide  isomers (with the hydro-  
peroxide  group at posi t ions 10 and 15)as  well as the 
c o n j u g a t e d - 9 ,  12, 13, and 16- i somers .  

INTRODUCTION 
A major pa thway  for the p roduc t ion  of  flavor com- 

ponents  from fats, oils, or  fa t ty  foods is ini t iated by  the 
ox ida t ion  of  unsatura ted fa t ty  acid moieties.  These give rise 
to  hydroperox ides  whose decompos i t ion  results in the 
fo rmat ion  of  volatile compounds .  For  this reason, the for- 
ma t ion  of  hydroperox ides  from autoxida t ion  and from 
enzyme-cata lyzed oxida t ion  of  unsatura ted lipids has re- 
ceived considerable a t ten t ion  (1,2). There is, however,  a 
th i rd  pa thway for the p roduc t ion  of  hydroperoxides  from 
unsa tura ted  fa t ty  acids, i.e., photo-oxida t ion .  Al though the 
unsa tura ted  fa t ty  acids do no t  absorb visible light and are 
no t  normal ly  subject  to direct  ul traviolet  i rradiat ion,  they 
can undergo photo-sensi t ized oxida t ion  owing to light 
absorpt ion  by coloring mat ters  present  in a foodstuff .  

There are two pa thways  for photo-sensi t ized oxidat ions 
(3). In Type  1, the sensit izer reacts, af ter  light absorpt ion,  
with the substrate  (A) to  form in termedia tes  which then, in 
turn,  react with ground state ( t r iplet )  oxygen to yield the 
ox ida t ion  products .  In Type  2 photo-sensi t ized oxidat ion ,  
molecular  oxygen rather  than the substrate  is the species 
which reacts with the sensit izer after  light absorpt ion.  In 
bo th  cases more than one in te rmedia te  may be involved. In 

Type 1. 

Type 2. 

Sens + A + hv --~ [intermediates I] 

[intermediates-l] + 02 --~ products + Sens 

Sens + 02 + hv + [intermediates - II] 

[intermediates - II] + A ~ . -  products + Sens 

the case of  Type 2 photo-sensi t ized oxidat ion,  singlet 
molecular  oxygen is generally regarded as the reactive 
species responsible for oxygena t ion  of  the substrate.  This 
exci ted molecular  species is fo rmed by  react ion of  ground 
state oxygen with an exci ted  t r iplet  state of  the sensitizer 
formed,  via inter-system crossing, from its first exci ted 
singlet state. 

Sens + hv ~ 1Sens 

1Sens ~ , -  3Sens 

3Sens + 302 + Sens + 102 

Both types of  photo-sensi t ized oxidat ion  produce 
hydroperoxides  from olefins (4) and are hence of  potent ia l  
interest  to the accelerated de ter iora t ion  of fa t ty  foodstuffs  
in the light. This is specially relevant in cases where artifi- 
cial food colors are added to p roduc ts  that  are subjected to  
i l lumination.  A recent  s tudy (5)  has shown that  of  all the 
synthet ic  food colors, e ry thros ine  is unique in its abil i ty to  
sensitize photo-oxidat ion .  A previous s tudy (6) has pointed 
to  the possible role of  single oxygen in the ini t iat ion of  
fa t ty  acid autoxidat ion.  We now repor t  the delineation of  
the two pathways of  pho to -ox ida t ion  of unsaturated fa t ty  
acid methyl  esters sensitized by  food colors. 

EXPERIMENTAL PROCEDURES 
Materials 

Unsaturated fa t ty  acid me thy l  esters were supplied by 
Sigma Chemical Co. (St. Louis, MO). Riboflavin was ob- 
ta ined from British Drug Houses Ltd. (Peele,  England) and 
a sample of  erythrosine was dona ted  by Williams (Houns- 
low) Ltd. (Hounslow, U.K.) Kieselgel H and Silicar CC-7 
(Mallinkrodt)  were supplied by  Camlabs (Cambridge, U.K.). 

Methods 

Peroxide t i t rat ions were carried out  according to a 
s tandard procedure (7). Mass spectra  were obtained on an 
AEI-MS 902 by direct insert ion at 200 C. Methyl l inolenate 
was purified before use by  chromatography  on "Sil icar" 
CC-7 (Mallinkrodt)  using 19:1 hexane/e ther  as the eluting 
solvent. 

Oxygen-Uptake Experiments 

Oxygen-uptake,  in air, at 25 C was measured in a photo-  
chemical Warburg Appara tus  f i t ted  with a bank of  tungsten 
light bulbs giving a light in tens i ty  of  5000 lux at the bot-  
tom of  the manometr ic  flasks. An aqueous emulsion (5 ml) 
of  unsaturated fa t ty  acid me thy l  esters (830 mg) was 
prepared using Tri ton X-100 (1 g). An aliquot of  this emul- 
sion (0.5 ml) was transferred in to  a manometr ic  flask to- 
gether with an aqueous solut ion (1 ml) of  riboflavin (0.4 
mg/ml). Butylated H ydroxy  Toluene (BHT) where ap- 
propr ia te  was added as an aqueous emulsion (2-4% Tri ton 
X) to the required concent ra t ion  and the total  volume of  
each flask was made up to 2 ml. 

Experiments  in which erythros ine  was the sensitizer 
were conducted  in e thanol  as previously described (5). 

To obtain the rat io  of  oxygen-uptake  to  peroxide,  
aliquots were taken from the flasks at the end of  the experi- 
ments  for peroxide t i t rat ions.  

100 
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Analysis of Mixtures of Hydroperoxides 
To prepare quanti t ies  of  hydroperox ides  for analysis, the 

unsaturated fa t ty  acid methy l  esters (332 mg) were illumi- 
nated in the presence of  erythros ine  (0.8 rag) or riboflavin 
(0.8 mg) in the same respective solvent systems (8 ml) as 
described above. Pho to-ox ida t ion  was allowed to proceed 
until  oxygen-uptake cor responded  to ca. 5% oxidat ion 
(molar  baisis, 1-1.5 hr). The contents  of  the Warburg flasks 
were diluted with an equal volume of water and extracted 
with pe t ro leum e ther  (b.p. 40-60 C, 3 ml x 10 ml). The 
combined extracts  were concent ra ted  to 4 ml and the 
hydroperoxides  were then separated from unreacted start- 
ing material  by  the counter-current  method of Zilch et al. 
(8). 

The hydroperoxides  were fur ther  purif ied by percolating 
through a column (4.5 cm) o f  Kiesetgel H in a Pasteur 
p ipet te  using hexane /e the r  (90:10) .  The effluent was 
moni tored  for  hydroperox ides  by  the ferrous thiocyanate  
spot  test and fract ions conta ining hydroperoxides  were 
pooled.  The solvent volume of  the pooled fractions was 
reduced to %1 ml by  a stream of  argon and the volume made 
up to 2 ml with ethanol .  

Ultraviolet (UV) Absorption and Peroxide Value 

50 pl of  the solut ion was di luted to 10 ml with ethanol,  
the UV spect rum measured and absorbance at 234 nm 
determined.  0.8 ml of  the solut ion was used for peroxide 
t i t rat ions which were carried out  in duplicate. The molar  
ratio of  UV absorpt ion  to peroxide  content  of the sample 
was calculated by assuming a molar  absorbance at 234 nm 
of  26,000 for conjugated diene hydropeoxides .  

Reduction to Hydroxystearates and Mass Spectral Studies 
An ethanol ic  solut ion (2 ml, 1 mg/ml) of  hydro-  

peroxides was hydrogena ted  with Adams Catalyst for 18 hr. 
The products  were evapora ted  to  dryness and purified on a 
column (4 cm) of  Kieselgel H prepared in a Pasteur pipette.  
Stepwise elut ion [hexane /e ther  95:5 (4 ml), 90:10 (4 ml), 
80:20 (4 ml), 50:50 (4 ml)] was used and 1 ml fractions 
collected. Fract ions  (8-11) containing the hydroxysteara tes  
were pooled,  solvent evaporated,  and the mass spectrum of  
the mixture of  hydroxys tea ra tes  determined.  

Autoxidation of Unsaturated Fatty Acid Methyl Esters 

The methyl  esters of  fa t ty  acids were oxidized in a War- 
burg apparatus,  in air, at 30 C in the dark until  oxidation as 
measured by oxygen-uptake  had reached 5% (molar basis) 
(60 hr). The hydroperox ides  were purified by the counter- 
c u r r e n t  p rocedure  and column chromatography and 
analyzed as above. 

For  the au tox ida t ion  of  methyl  oleate, ascorbyl palmi- 
rate (1 mg) and ferric pa lmi ta te  (1 mg) was added to 
init iate the reaction.  (Al though ascorbyl palmitate  is known 
for its proper t ies  as an ant ioxidant ,  a combination of  
ascorbyl  pa lmi ta te  and ferric palmitate  was found to  
promote  oxida t ion  in this case.) 

RESULTS AND DISCUSSION 
In order to s tudy pho to -ox ida t ion  with minimal inter- 

ference from au tox ida t ion ,  the experiments  were con- 
ducted under  mild condi t ions  and with very pure materials. 
A measurement  of  the relative degrees of autoxidat ion and 
photo-ox ida t ion  in an exper iment  can be obta ined from the 
rates of oxygen-uptake  in successive periods during which 
the light is switched on and off. In this way, the pre- 
p o n d e r a n c e  of  pho to -ox ida t ion  was demonstrated in 
erythrosine-(5)  and riboflavin-sensit ized (Figure 1) photo-  
oxidat ion of  me thy l  l inolenate.  

The rate of  ox ida t ion  during the "da rk"  period before 
i l luminat ion is a measure of  the  rate of  autoxidat ion of the 

unsa tura ted  fa t ty  acid esters. As this may  vary with the 
pur i ty  of  the fa t ty  acid methy l  esters used, a rout ine  check 
was made in all pho to -ox ida t ion  exper iments  on the rate of  
au tox ida t ion  in a pre l iminary  dark per iod  before the light 
was switched on. In all cases the rate of  au tox ida t ion  was 
<1% of  that  of  pho to-ox ida t ion .  The rate of  the " d a r k "  
react ion after  one or two periods of  i l luminat ion is a 
measure of  au tox ida t ion  in the presence of  hydrope rox ides  
accumula ted  in photo-oxida t ion .  Al though these rates were 
higher than the rate of  au tox ida t ion  before  i l luminat ion  
they  were still small (2%) compared  with  the rate of  pho to -  
ox ida t ion  and showed tha t  ini t ia t ion of  au tox ida t ion  by  
hydrope rox ide  decompos i t ion  was no t  significant in the  
pho to -ox ida t ion  exper iments .  

Under  the mild condi t ions  of  the exper iments  and shor t  
exposure  t imes (<2  hr)  the p roduc ts  of  ox ida t ion  were 
almost  ent i re ly  hydroperoxides .  The lack of  decompos i t ion  
produc ts  was shown by  the oxygen-uptake  to  hydro-  
peroxide  ra t io  (0.94 and 0.98 for  the erythrosine  and 
riboflavin react ions respect ively)  and by the UV absorp t ion  
of  the react ion mixture  which showed only the  broad  
absorpt ion  band (234 nm)  due to  conjugated hydro-  
peroxides.  

For  the  ident i f ica t ion of  the  presence of  different  posi- 
t ional  isomers, the mixtures  of hydrope rox ides  obtained 
from pho to-ox ida t ion  and au tox ida t ion  were reduced to  the  
corresponding hydroxys tea ra tes  and the mass spectra  of  the  
mixtures  determined.  The pur i ty  of  the  hydroxys tea ra tes  
ob ta ined  f rom reduct ion was ca. 90% (as judged by  thin 
layer  chromatography  and chromic acid charring), the main 
contaminants  being by-produc ts  f rom the hydrogena t ion  
procedure.  As these may  interfere with the mass spectral  
analysis of  isomers, a simple chromatographic  procedure  
was  r o u t i n e l y  used to  pur i fy  the hydroxys teara tes .  
Al though more  sophis t ica ted  methods  of  ch romatography  
can separate posi t ional  isomers of  hydroxys tea ra tes  (9), no 
such separat ion was observed in the s imple procedure  which 
ensures that  the mass spectra  of  the mixtures  should 
conta in  only peaks due to  hydroxys teara tes .  

The mass spect rum of  a methyl  hydroxys tea ra te  is char- 
acter ized by  the presence of  three major  peaks in the high 
mass-number region of the spect rum (10). These are due to  
fission of  the molecule  adjacent  to  the h y d r o x y l  group 
(fragments  A & B) and the subsequent  loss of  CH 4 0  f rom 

O'! //+OH 
CH3(CH2)n CH (CH2) m C 

~ ~OCH3 

//+OH 
O=CH (CH2)m C "CH 2 (CH2)m- 1 C 

~OCH 3 

A ~ - C H 3 O H  B 

O=CH (CH2) m ~=O 

//+OH 

OCH 3 

C 

one of  these fragments ( A - > C ) - a  process associated with  a 
metas table  ion. The calculated m/e  values for  the ions A, B, 
and C as well as the metas table  ions for  the t ransi t ions A ~  
C for hydroxys tea ra t e  isomers with the h y d r o x y g r o u p  in 
posi t ions  f rom 8 to  16 are shown in Table I. The  tr iplets  of  
fragments  derived f rom individual  isomers in the mixtures  
of  hydroxys tea ra tes  obta ined  f rom the sensit ized pho to -  
oxidat ions  and au tox ida t ion  of  me thy l  l inolenate  and 
methyl  oleate are indica ted  in Figures 2 and 3. 

In all the spectra,  the  only major  peaks in the  high mass- 
number  regions are derived f rom the different  mixtures  of  
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TABLE I 

Metastable Ioins in the Mass Spectra of  Isomers o f  Methyl  Hydroxystearate  

VOL. 54 

Position of  
hydroxy l  group 

in isomer 

Ions 

A B 

Calculated (m/e )  Observed metastable ions (m/e)  

Sensit ized photo-oxidation 

Metastable Ion Riboflavin Er),throsine 
C for A-*C L a O b L O 

Autoxidation 

L O 

8 1 7 3  1 4 4  1 4 1  

9 1 8 7  1 5 8  155 
1 0  2 0 1  1 7 2  1 6 9  
1 1  2 1 5  1 8 6  1 8 3  

1 2  2 2 9  2 0 0  1 9 7  
1 3  2 4 3  2 1 4  2 1 1  

1 4  2 5 7  2 2 8  2 2 5  
1 5  2 7 1  2 4 2  2 3 9  
1 6  2 8 5  2 5 6  2 5 3  

1 1 4 . 9 2  - -  1 1 4 . 9  - -  - -  - -  

1 2 8 . 4 8  1 2 8 . S  1 2 8 . 4  1 2 8 . 5  1 2 8 . 5  1 2 8 . 5  
1 4 2 . 0 9  - -  1 4 2 . 2  1 4 2 . 1  1 4 2 . 1  - -  
1 5 5 . 7 6  - -  1 5 5 . 8  - -  - -  - -  

1 6 9 . 4 7  1 6 9 . 5  - -  1 6 9 . S  - -  1 6 9 . 4  
1 8 3 . 2 1  1 8 3 . 2  - -  1 8 3 . 4  - -  1 8 3 . 3  
1 9 6 . 9 8  . . . . .  

2 1 0 . 7 8  - -  - -  2 1 0 . 6  - -  - -  
2 2 4 . 5 9  2 2 4 . 5  - -  2 2 4 . 6  - -  2 2 4 . 5  

114.9 
128.S 
142.1 
155.8 

300 

100 - 

aLinolenate 
bOleate 

micro moles 02 
per gramme 

Lights off 100 

Lights off 

/ 
Lights off /Lights on Time in minutes 

I I t ~ ! 
100 2 0 

FIG. 1. Riboflavin-sensitized photo-oxidation. Oxygen-uptake 
per gram of methyl linolenate. Illumination switched ON and OFF 
as indicated. 

~ 

100 

] 

Z 

100 

hydroxystearates.  The fact that the peaks are due to the 
fragmentat ion of the hydroxystearate molecules as outl ined 
above rather than to impurities is supported by the pre- 
sence of metastable ions for the transitions A ~  C. These 
ions appear only when the peaks corresponding to A and C 
are also present in the individual spectrum and confirm the 
presence of the mixtures of derived hydroxystearates ob- 
tained from different methods of oxidat ion as indicated in 
Figures 2 and 3. 

The most common mode of a t tachment  of an oxygen 
molecule to the hydrocarbon chain in the oxidat ion of 
unsaturated fat ty acids is the reaction of molecular oxygen 
with a conjugated free radical as, for example, in the pro- 
pagation step of autoxidat ion.  Preferential attack occurs at 
the extremities of the longest possible conjugation such as 
the radicals formed at the ends of a 1,4-diene system. For  a 
complex molecule such as linolenate, two separate 1,4- 
diene systems are present and autoxidat ion of l inolenate 
has been shown (11) to give rise to a hydroperoxide mix- 
ture containing the 9, 12, 13, and 16 positional isomers. 
Similarly, methyl  oleate which can, by hydrogen abstrac- 
t ion,  give rise to allylic radicals between positions 8-10 and 
9-1 I,  is autoxidized to a mixture of 8, 9, 10, and 11 hydro- 

a 

16 

b 

I 

9 

150 

12 13 

2 0~250 mass 
3 0 0  numbers. 

FIG. 2. Mass spectra of methyl hydroxystearate mixtures 
derived from hydroperoxides obtained by oxidation of methyl 
linolenate: (a) autoxidation, (b) erythrosine-sensitized photo- 
oxidation, (c) riboflavin-sensitized photo-oxidation. 

peroxide isomers (12). 
In contrast to this, the reaction between singiet oxygen 

and olefinic bonds does no t  involve conjugated free radicals 
but proceeds via a spin-allowed addition reaction, i.e. the 
erie-reaction (13). This is a concerted reaction between 
singlet oxygen and a carbon-carbon double bond  in which 
the oxygen molecule is inserted at either carbon atom of 
the C=C bond which is shifted to yield an aUylic hydro- 
peroxide (see il lustrations for methyl  linolenate). 

It follows that in singlet oxygen reactions with poly- 
unsaturated, methylene-interrupted fatty acids, the reactive 
moieties in the hydrocarbon chain are the isolated olefinic 
bonds rather than the 1,4-diene system. The reaction of 
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singlet oxygen with methyl oleate would give rise to two 
hydroperoxides with oxygenation at positions 9 and 10 and 
the shift of the double bond to positions A-10 and A-8 
respectively. By applying this to each of the double bonds 
in methyl linolenate, it is seen that singlet oxygen would 
give rise to hydroperoxides with the oxygen function at 
positions 9, 10, 12, 13, 15, and 16. Attack of singlet 
oxygen at positions 9, 12, 13, and 16 would move an 
olefinic bond into conjugation with another double bond as 
illustrated here for the 9 position: 

10 9 

-CH=CH-CH2-CH=CH-CH@CH CH- 

a t O = O  H 

Attack at positions 10 and 1 5, however, would not result in 
a conjugated hydroperoxide: 

10 9 

- CH=CH-CH2-CH=CH-CH2-CH=~CH - 

O = O ( H  

Thus singiet oxygen would react with methyl linolenate to 
yield six hydroperoxides of which four are conjugated. This 
is to be contrasted with oxidations involving free radical 
intermediates which produce four hydroperoxides all of 
which are conjugated. 

The mass spectrum (Figure 2a) of the mixture of 
hydroxystearates derived from the hydroperoxides ob- 
tained by autoxidation of methyl linolenate shows the 
expected mixture of isomers-9,  12, 13, 16. Although the 
relative proportions of isomers obtained are in agreement 
with previous results in the autoxidation of linolenate (1), 
peak intensities in the mass spectra of hydroxystearates 
may not be an absolute measure of the proportions of 
isomers. In particular, isomers with the hydroxyl group 
towards the ends of the hydrocarbon chain may show 
higher intensities than those with the OH- functional group 
in the middle of the chain since this phenomenon is 
common to all the spectra. The mass spectrum of the 
mixture of hydroxystearates derived from erythrosine- 
sensitized photo-oxidation of methyl linolenate (Figure 2b) 
shows the presence of 9, 10, 12, 13, 15, and 16 isomers--a 
mixture indicating the participation of sing, let oxygen in the 
photo-oxidation. In addition to the isomers obtained by 
autoxidation, the presence of two unconjugated hydro- 
peroxides (viz. isomers 10 and 15) is indicated. The oxida- 
tion of a synthetic hydrocarbon bearing a 1,4-diene system 
by sing, let oxygen to yield unconjugated oxygenation 
products has previously been described (14). The presence 
of unconjugated hydroperoxides in the mixture obtained 
by erythrosine-sensitized oxidation of methyl linolenate 

was quantitated in the present study by determining the 
ratios of UV absorbance to peroxide in the mixtures ob- 
tained by different methods of oxidation. The UV/PV ratio 
(Table II) of the mixture of hydroperoxides obtained by 
autoxidation is, as expected, close to unity since all the 
isomers are conjugated. The ratio for products obtained 
from the erythrosine reaction however is only 0.69. This is 
close to the expected ratio of 2:3 if the attack of sing, let 
oxygen on the double bonds in methyl linolenate is random 
so that equal quantities of the unconjugated isomers (10 
and 15) and conjugated (isomers 9, 12, 13, and 16) hydro- 
peroxides  are formed. Although erythrosine-sensitized 
photo-oxidation of methyl linolenate produces additional 
isomers, with methyl oleate as the substrate (Figure 3) it 
results in fewer isomers (isomers 9 and 10) than autoxida- 
tion (isomers 8, 9, 10, 1 1) as required by the participation 
of singlet oxygen. 

100" 

e -  

~ I00 

100 

8 9 10 11 

9 10 

a 

b 

8 9 10 11 

mass numbers. 

150 200 2.50 

FIG. 3. Mass spectra of methyl hydroxystearate mixtures 
derived from hydxoperoxides obtained by oxidation of methyl 
oleate: (a) autoxidation, (b) erythrosine-sensitized photo-oxidation, 
(c) riboflavin-sensitized photo-oxidation. 

TABLE II 

Molar Ratio of UV Absorbance (234 nm)/Peroxide  
in Mixtures of  Hydroperoxides Obtained f rom 

Oxidation of  Methyl Linolenate 

Sensitized Photo-Oxidation 

Riboflavin Erythrosine Autox ida t ion  

0.97 0.69 1.01 

A similar analysis of the products formed by photo- 
oxidation of unsaturated fatty acid methyl esters sensitized 
by riboflavin shows that  they are, in contrast to  products 
obtained by singlet oxygen, those expected from a reaction 
involving conjugated free radical intermediates and are 
identical to those obtained by autoxidation. Thus, the UV 
absorbance to peroxide ratio (1.01) of the mixture of 
hydroperoxides obtained from oxidation of methyl  lino- 
leante indicates the presence of only conjugated products. 
The mass spectra of the derived hydroxystearates from the 
oxidation of linolenate (Figure 2c) and oleate (Figure 3c) 
show the presence of only those isomers resulting from 
reaction of oxygen with the two ends of conjugated free 
radicals. This would be expected if riboflavin-sensitized 
photo-oxidation of unsaturated fatty acid methyl  esters 
involves activation of the substrate, e.g. by hydrogen 
abstraction, prior to reaction with oxygen, i.e. if it takes 
place via Type 1 mechanism. The formation, via photo- 
induced hydrogen abstraction, of products different from 
singlet oxygen, in riboflavin-sensitized photo-oxidat ion has 
previously been reported (15). Although singlet oxygen 
may be produced by riboflavin under certain conditions, 
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FIG. 4. Effect of BHT on riboflavin-sensitized photo-oxidation 
of methyl linolenate. Concentration of BHT: (1) 0. (2) 100 ppm. 
(3) 500 ppm. 

e.g., very low (10-SM) substrate concentrat ions,  the ease of 
format ion of  conjugated radicals in the case of  unsaturated 
fat ty  acids results in the exclusive format ion of  conjugated 
hydroperoxides.  

It should be emphasized, however,  that, although the 
same mixture  of  hydroperoxides  is obtained by autoxida- 
t ion and riboflavin-sensitized photo-oxidat ion  and possible 
similar intermediates are involved, the former  mode of 
oxidat ion is characterized by chain reactions which is not 
present to any appreciable degree in the latter. This is 
readily seen by the lack of  fur ther  reactions when the light 
is switched off  in the photo-oxidat ion  for which there is no 
induct ion period (Figure 1) and is further  supported by the 

relatively small inhibi tory action of the antioxidant BHT in 
the riboflavin reaction (Figure 4) as compared with those 
generally observed for autoxidat ion  where the induction 
period is lengthened by the addit ion of  antioxidants. 

The results reported here show that unsaturated fatty 
acid moieties are readily subject to  photo-sensitized oxida- 
t ion by both types of  pathways which could be dis- 
tinguished by the analysis of  products.  The singlet oxygen 
pathway, exemplif ied by the act ion of  erythrosine, may 
lead to the format ion of  novel hydroperoxides.  Thus, the 
qualitative as well as the quant i ta t ive aspects of  oxidation 
may be affected where erythrosine is present in a foodstuff.  
On the other  hand, type I sensitized photo-oxidat ion ex- 
emplified here by the action of  riboflavin, is also important  
in the light-induced deter iorat ion of  a foodstuff  even 
though the products may be indistinguishable from those of  
"da rk"  autoxidation.  
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