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The efficiency of some common antioxidants, mtocopherol, 
butylated hydroxyanisole (BHA) and butylated hydrox- 
ytoluene (BHT), was  studied relative to/3-carotene in a 
homogeneous  solution and in a model  sys tem of an ir- 
radiated solid food. Relative reactivities in homogeneous  
solution covered a range of three orders of magnitude,  a- 
tocopherol being the best and B H T  the poorest antioxi- 
dant of  the three. In irradiated systems consisting of oleic 
acid coated on a solid support {egg white), the range of reac~ 
tivities was much narrower within one order of magnitude. 
In solution, there was  a parallelism of the relative reac- 
tivities with  oxidizing alkoxyl  radicals derived from oleic 
acid hydroperoxides and tert-butyl hydroperoxide. On the 
solid support the relative reactivities of  a-tocopherol and 
B H A  with oleic acid radiation-induced oxidizing radicals 
were reversed, B H A  appearing the best. Efficient antiox- 
idants do not retain their great antioxidant activity in com- 
parison with the moderate ones on transition from a homo- 
geneous solution to  a heterogeneous system. Relative ef- 
ficiencies of  antioxidants do not critically depend on the 
nature of oxidizing radicals in heterogeneous media. 

KEY WORDS: Antioxidant activity, BHA, BHT, f~otene, irradiated 
food model, lipid peroxidation, solid support, o-tocopherol. 

Free-radical chain oxidation of lipids in biological materials 
has been related to a number of diseases (1), cancer (2) and 
aging (3). Although a straightforward causal relationship 
between lipid peroxides and pathological disorders has not 
been unambiguously established (4,5), the ability of antiox- 
idants to mitigate ill effects provides circumstantial evidence 
for the role played by peroxides in pathology (6,7}. It is not 
surprising, therefor~ that the mechanisms of lipid perox- 
idation and its inhibition by antioxidants have been the sul> 
jects of numerous studies. Most quantitative studies on the 
effectiveness of antioxidants were concerned with homo 
geneous liquid systems (8) or emulsions (9), which are cha~ 
acterized by a good mobility of reactants. 

The efficiency of antioxidants in heterogeneous systems 
or systems with poor mobility of reactants is far less knowrL 
The mechanisms in these systems, as a rul~ are not the 
same as those in homogeneous or microheterogeneous 
media Nevertheless, it has been showr~ somewhat contrary 
to expectations, that the chain oxidation readily proceeds 
in the absence of solvent molecules (10), as well as in systems 
solidified by low temperatures (11), and that antioxidants 
can terminate the chain reaction in the dry state (10). How- 
ever, little quantitative knowledge exists on the efficiency 
of antioxidants in radiation-induced peroxidations inside or 
on the surface of solid systems, which are relevant to the 
important technique of food preservation by irradiation 
(12,13). 

We have studied the inhibitory effects of antioxidants on 
the reactions of oxidizing radicals, in solution and on a solid 
support, in an attempt to better understand the antiox- 
idative action in irradiated solid systems (14). In the pres- 
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ent work, we have tried to quantitate the effects of some 
common antioxidants in radiation-induced peroxidations 
relative to the antioxidative properties of/~-carotene 

MATERIALS AND METHODS 

Materials. Oleic acid (OIH) (for biochemical purposes, 
Merck, Darmstadt, Germany); tert-butyl hydroperoxide 
{t-BuOOH) (purum, Fluka, Buchs, Switzerland); p-carotene 
(p-car) and D,L a-tocopherol (a-toc) (for biochemical pur- 
poses, Merck); FeSO4 • 7H20 (analytical reagent, 
Merck); butylated hydroxy anisole IBHA) and butylated 
hydroxy toluene (BHT) {Sigma, St. Louis, MO) were used 
as received. Acetone and methanol (MeOH) (analytical 
reagent grade; Kemika, Zagreb, Croatia) were used as re- 
ceived, while chloroform (analytical reagent grade, 
Kemika) was distilled before use. Egg white powder was 
supplied by Agrokomerc (Velika Kladu~a, Bosnia-Herze- 
govina). Oleic acid hydroperoxides (O1OOH) were prepared 
by irradiating a thin layer of silica gel coated with oleic 
acid with 6~ gamma rays in an open petri dish and 
subsequent isolation by column chromatography (15}. The 
quantities of both t-BuOOH and O1OOH were assayed by 
spectrophotometric iodometric method 116). 

Homogeneous solutions in chloroform/methanol (7:3, 
vol/vol) contained 1.6 mmol/dm 3 of f3-carotene and the 
same concentration of OIOOH or t-BuOOH. The addition 
of 1.8 mmol/dm ~ of ferrous iron to this solution catalyzed 
the decomposition of O1OOH or t-BuOOH, and the formed 
corresponding alkoxyl free radicals subsequently bleached 
/3-carotene. The remaining unbleached absorption of/3- 
carotene was measured spectrophotometrically 5 min after 
the addition of Fe 2+ against the solvent. 

Solid model systems were prepared in the following way: 
Solid egg white was defatted by extraction with the mix- 
ture of chloroform and methanol (7:3, vol/vol) in a Soxhlet 
apparatus. O1H, f~carotene and varying amounts of an- 
tioxidants were dissolved in acetone, and the solutions 
were mixed with egg white in such a proportion as to at- 
tain, after evaporation of the solvent in a rotating evapor- 
ator, concentrations typical of whole egg powder I 17):500 
mmoles oleic acid and 0.032 mmoles f3-carotene per kg of 
egg white solid. 

Solid model systems were irradiated in the presence of 
air by 6~ gamma rays at a dose rate of 2 kGy/h. The 
lipidic component was extracted into chloroform/methanol 
(7:3, vol/vol). The degradation of/~carotene was measured 
in the extract by spectrophotometry at the maximum of 
f~carotene absorption, 455 nn~ and the remaining absorp- 
tion was expressed as percentage of the control lunirradi- 
ated samples). 

RESULTS 

O1OOH or t-BuOOH alone do not bleach/3-carotene in 
solution. The absorbance of the respective solutions is 
stable and is termed A o. The addition of ferrous ions to 
the solutions starts the decomposition of hydroperoxides 
and subsequent bleaching of ~carotene by ensuing alkoxyl 

Copyright �9 1994 by AOCS Press JAOCS, Vol. 71, no. 5 (May 1994) 



520 

B. KATUSIN-RAZEM AND D. RAZEM 

radicals. The absorbance decreases with time; at some 
specified t ime it is termed A, so that:  3o 

hA = A o -- A [1] 

If an antioxidant  (AH) is added to the solution, together  
with ferrous ions, the bleaching of/]-carotene is slower. The 20 
absorbance AAH at the same specified time" due to the = 
protective effect of antioxidant,  is higher than it would < <~ 
have been in the absence of antioxidant, so that  the follow- 
ing expression applies: 10 

A o -- A > A o - -  A A H  [2] 

i.e., 
hA > AAAH [2a] 

0 
Following simple kinetic considerations and assuming the 
validity of some basic requirements (18), the following ex- 
pression applies: 

3 
h A A H  ---~ Lk~(kf]-car  [ ~ - c a r ] / ( k ~ c a r [ ~ ' c a r ]  -~  kAH[AH]) [3] 

which can be easily t ransformed into: 

hA//IA.AH -~- 1 + kAH[AH]/kf~car[~Car] [4] 2 

This expression represents the s traight  line AA/AAAH vs. T 
[AH]/[/~car], which intercepts the ordinate at 1 and has <~ <~ 
a slope of kAH/k~c~. 

Straight  lines obtained by this method for a-toc, B H A  
and BHT are shown in Figure 1 (A-C). Rate constants for 
the reactions of oleic acid alkoxyl radicals (A10-) and t- 
butoxyl  (t-BuO.) radicals with antioxidants relative to the 
rate constant  for the reaction of the same radical species 
with /]-car, all in CHC13/MeOH solution, are given in 0 
Table 1. 

The irradiation of egg white support  coated with/]-car 
alone does not  produce an appreciable decrease of the/]- 
car absorbance as subsequently measured in the extract.  
The irradiation of solid support coated with both oleic acid 5 
and/]-car results in the decrease of/]-car absorption. Ana- 
logously to the si tuat ion in solutions, whereby the absor- 4 
bance decreased with time, in solid irradiated systems the 
absorbance decreased with dose. This decrease was first- ~ 3 
order with respect to dose, i.e., it had the form: ln(A/A o) <~ 
= - k D  with a "rate constant" of k = 0.02 (kGy) -1 in the 2 
absence of O1H and 0.77 (kGy) -1 in the presence of O1H 
(not shown). Equat ion 1 holds at  any specified dose. 
Depending on the amount  of the antioxidant  present in 
the coating, the decrease of the/]-car absorption varied, 
but  Equation 2 held in those situations as well. Radiation- 
induced degradation of /]-car on solid support  in the 
presence of a-toc, B HA and B H T  is shown in Figure 2 (A- 
C). The expression formally analogous to Equat ion 4 can 
be wri t ten for the si tuation encountered with solid sup- 
port,  with the understanding, however, tha t  the concept 
of the homogeneous rate constants  does not  apply--  
reaction efficiencies ~ must  be used instead of k's. 

The ratios of ant ioxidant  efficiencies relative to/]-car 
have been calculated from the readings of A o, A and AAH 
from Figure 2 at dose intervals of 0.5 kGy, and by calculat- 
ing the slopes of the s traight  lines (Equation 4) through 
point  1 on the ordinate  Relative act ivi ty of a-toc was cal- 
culated for the antioxidants'  concentration ratio [a-toc]/~ 
car] = 0.92 and 9.2 (=1:1 and 10:1), tha t  of BHA for the 
antioxidants '  concentrat ion ratios [BHA]/[f~car] = 1.1 
(=1:1), while tha t  of B H T  was calculated for antioxidants'  
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FIG. 1. Competition between antioxidants AH and/]-carotene (/I- 
ear) in CHCI3/MeOH (7:3, vol/vol) solutions for t-BuO- (td and 
OIOo(O); A, (a-toc); B, butylated hydroxyanisole (BHA); C, butylated 
hydroxytoluene (BHT). Each point is an average of at least three 
measurements. 

concentrations ratios 1.1, 10.9 and 54.5 (=1:1, 10:1 and 50: 
1, respectively). The obtained values are shown in Table 1. 

Basic requirements (18) involved in the derivation of 
Equat ion 4 were also valid in the systems on solid sup- 
port, namely: (i) Only/]-car absorbed at the wavelength 
of observation; (ii) the observed absorption change was 
stable for a reasonable period of time; and (iii) the con- 
centration of the reference substance, /~car, was low 
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TABLE 1 

Act ivi ty  of Antioxidants Relative to/ i -Carotene 

100 

Oleic acid a t-BuOOH a 

CHCla/MeOH Solid support  CHC13/MeOH 
Ant ioxidant  b kAH/kpcar rAH/Xpcar kAH/kb-car 
a-Toc (3.0 +-- 0.5) X 10 -2 1.6 ----- 0.3 (4.1 +--- 1.5) X 10 -2 
B H A  (4.8 + 1.4) X 10 -4 2.8 ----- 0.6 (1.9 • 0.9) X 10 -3 
BH T  (4.1 -- 1.7) • 10 -5 0.5 --- 0.1 (8.6 +- 2.0) • 10 -5 

~Source of oxidizing radicals. 
bAbbreviations: a-toc, a-tocopherol, BHA, butyla ted  hydroxyanisole; BHT, butyla ted  
hydroxytoluene;/i-carotene, I]-car; t-BuOOH, tort-butyl hydroperoxide. 
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FIG. 2. The effect of gamma radiation dose on/i-carotene depletion 
on egg white coated with: l ,  0.032 mmol/l-carotene alone per kg 
egg white; O, 500 mmol  oleic acid/kg egg white in addition to/i-car; 
A, = V a n d Q ,  AH added to the previous mixtures (/i-car -t- oleic acid) 
so tha t  various concentration ratios AH//hmt were achieved, as mark- 
ed on the curves; A, o~toc; B, BHA; C, BHT. Each point is an average 
of at least three measurements.  Abbreviations as in Figure 1. 

enough so that the first-order decrease of its absorption 
with dose could be followed over more than three half-dose 
periods, down to 10% of the initial valu~ The bimolecular 
nature of the bleaching reaction, however, had to remain 
in the realm of an assumption because there is no way to 
test it in a solid system. 

The assumption that no other competing processes in- 
terfere with the observed reactions of oxidizing radicals 
with antioxidants in solid systems was tested in the fol- 
lowing way. Allowance was made for the possibility that 
oxidizing radicals reacted also by an unspecified reaction, 
characterized by ~ in addition to their reactions with an- 
tioxidants. This possibility was accounted for by adding 
an additional term ~ in the denominator of an equation 
analogous to Equation 3. The transformation of that equa- 
tion containing the additional term gives: 

~ - / ~ A H  = i Jr xJ~C/~car[/i-car ] Jr- ~CAH[AH]/x/~car[~:car ] [5] 

Equation 5 describes a straight line AA/AAAH vs. [AH]/[/~ 
car] (at a constant concentration of E-car}, which has an 
intercept 1 + rJ~r and a slope ZAH/X~r The 
magnitude of the intercept was calculated by extrapola- 
tion to zero of the pairs of data for AA/AAAH at the used 
ratios of concentrations of antioxidants, [AH]/[f~car] (two 
pairs for a-toc, three pairs for BHT). The values for the 
intercept were 0.60 with a-toc and 0.92 with BHT. Within 
the experimental error, both values are close to 1, which 
means that  z is close to zero. 

DISCUSSION 

In homogeneous solutions, relative reactivities of antiox- 
idants do not depend on the kinds of solvents used {19}. 
Furthermore, relative reactivities of tocopherol antiox- 
idants in homogeneous solutions also do not depend on 
the kinds of oxyradicals used (substituted phenoxyl and 
peroxyl radicals) (20}. Present results show that the lat- 
ter is also true for antioxidants that are not members of 
the same homologous series; antioxidant activities of a- 
toc~ BHA and BHT relative to E-car were approximately 
of the same order with alkoxyl radicals derived from O1H 
as with tort-butyl alkoxyl radicals. Actually, antioxidant 
activities, relative to f~-car, of these antioxidants were 
about twice as large with t-BuO., as compared to OIO. 
radicals (Table 1). Relative reactivities of the most reac- 
tive a-toc and least reactive BHT spanned three orders 
of magnitude in CHC13/MeOH homogeneous solutions 
(Table 1). 

A similar range of reactivities of the same three antiox- 
idants was measured with different radicals in different 
solvents (8,21-25). Because E-car was not used in those 
studies, relative antioxidant activities were compared 

JAOCS, VoL 71, no. 5 (May 1994) 



522 

B. KATUSIN-RAZEM AND D. RAZEM 

T A B L E  2 

Re la t ive  Act iv i t i e s  of A n t i o x i d a n t s  in Var ious  Media  
(the ac t iv i ty  of B H A  = 1 where  available)  a 

Source of oxidizing Relative activity Reference 
Medium radicals a-toc BHA BHT number 

H20 soln. t-BuOOH 1 0.95 8 
H20 soln. 13-LOOH 1 0.59 8 
H20 soln. Tryptophane 1 0.021 21 
CHCI3/MeOH OIOOH 62.5 1 0.085 This work 
CHCI3/MeOH t-BuOOH 21.6 1 0.045 This work 
C6H6/EtOH Tocopherol 15.2 0.048 22 
C6H 6 soln. Subst. phenoxyl 90 0.084 23 
CC14 CC13OOH 4.6 1 0.016 24 
CCI 4 CCI a" 0.6 1 0.001 24 
Cyelohexane C6H11OOH 2.3 1 0.003 24 
Chlorobenzene styrene 30 1 0.15 25 
SDS micelle LOOH 2.4 1 1.4 26 
SDS micelle LOOH 3.7 1 1.1 9 
Liposomes superoxide 1 1 1 27 
Oleic acid OlOOH 0.6 1 0.2 This work 

on egg white 
Cottonseed oil O1OOH + LOOH 14.6 1 0.4 28 
on gelatin 

Lecithin thin O1OOH 4 0.1 10 
film 

Tributyrin at BuOOH 3.1 1 9.9 11 
170 K 

Triolein at O1OOH 2.2 1 >2.3 11 
190 K 

Trilinolein at LOOH 1.1 1 2.3 11 
166 K 

aAbbreviations as in Table 1; soln., solution; O1OOH, oleic acid hydroperoxides; LOOH, 
linoleic acid hydroperoxides. 

internally, taking the reactivity of B H A  = 1. Our results 
from Table 1, recalculated in this way, are entered in Table 
2, together  with some results from the literature. 
recalculated accordingly and also entered in Table 2 for 
comparison.  In  homogeneous solutions, the react ivi ty  of 
the mos t  reactive a-toc was several hundred t imes larger 
than  tha t  of the least reactive BHT, both according to this 
work and the l i terature da ta  (22-25). 

On transi t ion f rom a homogeneous solution to various 
heterogeneous systems,  there is agreement  in the 
l i terature tha t  the ant ioxidant  ac t iv i ty  of a-toc is reduc- 
ed in dilinoleylphosphatidylcholine (DLPC) bilayers (29), 
membranes  of egg phosphatidylcholine (PC) l iposomes 
(30), DLPC liposomes (31) and soybean PC liposomes (32). 
In spite of the reduced ant ioxidant  act ivi ty  in hetero- 
geneous systems, a-toc was efficient at  low concentrations 
in inhibiting autoxidat ion of linoleic acid in mono- 
layers (33), and in human  erythrocyte  ghosts  (34); autox- 
idation proceeded in those sys tems  only after the con- 
sumpt ion  of all available a-toc~ 

However, not  only was the absolute act ivi ty  of a-toc 
reduced in heterogeneous systems (29-32), the relative ac- 
t ivit ies of ant ioxidants  in heterogeneous sys tems  also 
spanned a much  narrower range, as compared to three 
orders of magni tude in homogeneous solutions. In sodium 
dodecylsulfate (SDS) micelles, the act ivi ty  ratio a- 
toc /BHT was only about  2-3 (9,26). In layered systems,  
consis t ing of thin films, relative activit ies of a- toc/BHT 
were about  40 (10). In  phospholipid liposomes, relative ac- 
t ivit ies of all three ant ioxidants  used (a-toc, B H A  and 
BHT), were the same (27). In bulk solid systems, the order 

of relative activit ies was reversed, B H T  being more effi- 
cient than  a-toc (11). The same reversed order of act ivi ty 
was also observed in animal fats  and bulk fa t ty  acids 
(35,36). The efficiency ratio a- toc/BHT in those sys tems 
was between 1 and 0.3. In  our system, coated on the solid 
support,  the act ivi ty ratio a-toc/BHT was three, the same 
as the value obtained in SDS micelles and of the same 
order of magni tude  as the values in other  heterogeneous 
sys tems (Table 2}. 

I t  should be kept  in mind tha t  all ant ioxidant  act ivi ty 
da ta  presented here are relative to/?-car, which served to 
visualize the extent  of ant ioxidants '  actions in homo- 
geneous, as well as in heterogeneous, systems.  Because 
of the restricted mobili ty of all reacting species in hetero- 
geneous systems,  it is difficult to interpret  the data  in 
those systems.  Specific orientat ion of molecules on the 
solid suppor t  might  alter their  reactive properties. The 
act ivi ty  of fl-car can only be regarded with difficulty as 
a standard, because the microenvironment  is expected to 
influence/3-car act ivi ty  in a different way than  it would 
influence the activities of other  ant ioxidants  used. 

The reduced ant ioxidant  act ivi ty  of a-toc relative to {3- 
car in heterogeneous sys tems  can be par t ly  explained by 
the decreasing ability of a-toc to inhibit lipid peroxida- 
tion with decreasing part ial  pressure of oxygen, while the 
ant ioxidant  act iv i ty  of fl-car increases with decreasing 
Po~ (37). These opposing tendencies would bring relative 
an~ioxidant activities of a-toc and/3-car closer to each 
other, as has  already been found in ra t  liver microsomes 
(38). Reduced Po2 would especially exist  in bulk fa t ty  
acids, triglycerides and natura l  fats. 
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Sol id  s u p p o r t  m a y  e x e r t  an  a d d i t i o n a l  effect  on the  
r e l a t ive  ac t iv i t i es .  I t  was  h y p o t h e s i z e d  t h a t  h y d r o g e n  
b o n d i n g  b e t w e e n  t h e  ch romano l -nuc l eus  h y d r o x y l  of a- 
toc  a n d  the  p h o s p h a t e  o x y g e n  of p h o s p h o l i p i d s  m i g h t  
p a r t l y  r educe  t h e  acce s s ib i l i t y  of t he  a n t i o x i d a t i v e  func- 
t i ona l  O H  g roup  of t he  v i t a m i n  to  t h e  f a t t y  ac id  acy l  
cha ins  (39}. S i m i l a r  i n t e r a c t i o n s  w i t h  p r o t e i n a c e o u s  sup- 
p o r t  would  a lso  reduce  t h e  r ange  of a n t i o x i d a n t  ac t iv i t i e s  
on e g g  wh i t e  in  our  case. 

The  inc rease  of t he  a c t i v i t y  of B H A  on e g g  wh i t e  sup-  
por t ,  r e l a t ive  to  b o t h  a- toc  a n d  BHT,  found  in t h i s  s t u d y  
m i g h t  pe rhaps  also be  exp la ined  by  the  ab i l i ty  of the  B H A  
molecu le  to  i n t e r a c t  w i t h  t h e  s u p p o r t  w i t h  i t s  two  p o l a r  
ends,  one  of t h e  a d s o r b e d  p o s i t i o n s  e x p o s i n g  t h e  an t iox-  
i da t i ve  O H  group,  whe reas  t h e  i n t e r a c t i o n s  of b o t h  a- toc  
and  B H T  would  i n v a r i a b l y  m a k e  the i r  O H  g r o u p s  inac- 
cessible.  

In  conclus ion ,  i t  can  be  s t a t e d  t h a t  d i f fe rences  a m o n g  
eff ic ient  a n t i o x i d a n t s  are  n o t  la rge  in t he  so l id  s ta te .  Fur-  
t h e r m o r ~  re la t ive  a n t i o x i d a n t  efficiencies do n o t  cr i t ica l ly  
d e p e n d  on  t h e  n a t u r e  of t h e  ox id i z ing  rad ica l s .  Th is  has  
p rac t i ca l  r ami f i ca t ions  in t he  se lect ion of a n t i o x i d a n t s  for 
food p r o c e s s i n g  (40) - - syn the t i c ,  less  c o s t l y  a n t i o x i d a n t s  
can  be  u s e d  in food i r r a d i a t i o n  p r o c e s s i n g  to  p r e ve n t  
r ad ia t ion- induced  ox ida t ions  in i r r ad i a t ed  foods  and  feeds 
t h a t  c o n t a i n  l ip ids .  
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