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Use of Polyamide Oxidative Fluorescence Test on Lipid Emulsions: 
Contrast in Relative Effectiveness of Antioxidants in Bulk Versus 
Dispersed Systems’ 

William L. Porter,* Edward D. Black, and Anne M. Drolet 

The polyamide fluorescence method of detecting malonaldehyde or precursors has been adapted to wet 
systems, using liposomes from sonicated soybean lecithin. Vapors arising from the oxidizing micro- 
dispersions produce fluorescent compounds with the end-group amines contained in a polyamide powder 
coated on plastic or glass. We have studied the hematin-accelerated reaction in covered Petri dishes 
with a polyamide strip in the vapor space at  a temperature of 65 “C, using 25 mL of 0.013 M phosphate 
buffer, pH 5.5, containing 3 mg/mL sonicated lecithin. A t  pH 9.1 no fluorescence is measurable. The 
plate fluorescence intensity is measured with a solid sample holder in a fluorescence spectrophotometer. 
There is an excitation maximum at 360 nm and an initial emission maximum a t  425 nm, shifting 
bathochromically with time. A series of antioxidants tested in the hematin-catalyzed system a t  0.1% 
phospholipid display a largely reciprocal relation to their reported effectiveness in dry bulk oils, par- 
ticularly vegetable oils. Further evidence for this “polar paradox” that nonpolar antioxidants function 
best in polar lipid emulsions and membranes while polar antioxidants are relatively more effective on 
nonpolar lipids is presented. 

The military experience with lipids in foods has a wide 
range: storage of multipurpose cooking and salad oils, 
frying with these oils, storage and use in mayonnaise and 
salad dressing emulsions, comminuted and re-formed 
meats, baked goods, and freeze-dried items, to mention 
only a few. Oxidation of lipids, whether initiated by en- 
zymatic, photooxidative, or metal catalysis, is a universal 
problem in shelf life of military rations. Antioxidants 
introduced to prevent or delay this process must be used 
in a wide variety of situations. Experience has shown that 
antioxidants’ relative effectiveness varies widely. No 
general rationale for their use has been developed. 
Availability of such a protocol would result in large ex- 
tensions of shelf life of military rations. 

Porter has suggested (1980) that a useful rationale to 
simplify the many applications of primary antioxidants is 
that, ceteris paribus, compounds that are relatively polar, 
hydrophilic, or amphiphilic with high hydrophile-lipophile 
balance (HLB) number (Griffith, 1954; Adamson 1967) are 
relatively more effective in low surface to volume ratio 
(LSV) displays of lipid (bulk oils and fats, whether vege- 
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table or animal, or synthetic esters of their constituent 
fatty acids). On the other hand, compounds that are 
relatively nonpolar, lipophilic, or amphiphilic with low 
HLB are relatively more effective in high surface to volume 
(HSV) lipid situations (emulsions, micelles, and mem- 
branes of whole tissue having colloidal dimensions, whether 
hydrated or dehydrated). The proposed rule is most ap- 
plicable a t  the extremes of a continuum, Le., in emulsions 
.and membranes with a very low lipid phase concentration 
versus bulk vegetable oils. However, the proposed rule also 
generally applies to bulk animal fats and oils and to syn- 
thetic esters derived from these as well as to concentrated 
emulsions. Clearly, high volatility (BHA, BHT) or vul- 
nerability to heat and alkaline conditions, as in the 
short-chain substituted hydroquinones and gallates, 
modifies the general trend, as do the introduction and 
processing conditions that emphasize these traits. En- 
dogenous tocopherols also modify the effect in bulk veg- 
etable oils. 

Before 1955, applications of antioxidants and the tests 
for their relative effectiveness in stabilizing lipids were 
largely with dry bulk (LSV) fats and oils. Stability tests 
like the AOM test, the Schaal oven test, and the oxygen 
bomb test were most adaptable to bulk lipid, whether 
monitored by peroxide value (PV), pressure change, weight 
gain, or sensory change. A large body of relative effec- 
tiveness data for antioxidants was thus generated, and very 
often it has been extrapolated uncritically from bulk lipid 
(LSV) to HSV situations like emulsions, micelles, and 
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membranes in whole tissue foods. 
In more recent work, however, Chipault et al. (1956), Uri 

(1958, 1961), Simpson and Uri (19561, and Abbot and 
Waite (1962) commented on the contrast in relative ef- 
fectiveness between the same antioxidant as used in bulk 
oils versus emulsions (or dehydrated emulsions like 
spray-dried whole milk). Berner et al. (1974) used 
heme-catalyzed lard emulsions monitored by polarography 
and noted the similarity of their results to those of Chi- 
pault. Scott et al. (1974), in Cort’s group, found that 
decarboxylation or esterification of Trolox C (6-hydroxy- 
2,5,7,8-tetramethylchroman-2-carboxylic acid) resulted in 
increased antioxidant activity in a hemoglobin-safflower 
oil emulsion and greatly decreased activity in bulk oils. 
Trolox C is plainly more hydrophilic than its ester or de- 
carboxylated product, since it is a relatively strong acid. 
Cort (1974, 1982) reported that ascorbic acid (AA) was 
much more effective than ascorbyl palmitate (AP) in bulk 
soybean oil and much less effective than AP in the hem- 
oglobin-safflower oil emulsion test. Taylor et al. (1981) 
used polarography of hemoglobin-catalyzed methyl lino- 
leate emulsions for testing amino acid residues covalently 
bound to Trolox C. He suggested that “the role of the 
solubility of a compound on its antioxidant activity in the 
linoleate emulsion deserves further study”. Fukuzawa et 
al. (1982) found that tocopherols had a relative antioxidant 
effectiveness in egg lecithin liposomes of CY > 0 > y > 6, 
whereas the reverse order is known to hold in bulk edible 
oils (Moore and Bickford, 1952; Lea and Ward, 1959). The 
liposome order corresponds to the in vivo vitamin potency 
order (Century and Horwitt, 1965) and to the order of TLC 
elution in lipophilic solvents (Cillard and Cillard, 1980). 
Bieri et al. (1976) and Bunyan et al. (1960) also found 
a-tocopherol a much more effective antioxidant than y- 
tocopherol against oxidative hemolysis of erythrocytes 
(HSV). 

This reciprocal effect, the “polar paradox”, is particularly 
pronounced in a homologous series like that of gallic acid 
and the alkylated gallate esters, where the most polar 
member, gallic acid, is the most effective in the dry oil 
AOM test (Morris et al., 1947; Sherwin, 1976; Thompson 
and Sherwin, 1966; Dziedzic and Hudson, 1984) and least 
effective in emulsions like those in baked goods (Morris 
e t  al., 1947). Similar effects appear in the caffeate and 
ferulate (Daniels and Martin, 1967; Dziedzic and Hudson, 
1984), the flavone (Abbot and Waite, 1962; Simpson and 
Uri, 1956), and the hydroquinone series (Thompson and 
Sherwin, 1966). The extreme lipophiles BHA, BHT, and 
ethoxyquin, show a similar contrast, being relatively much 
more effective in emulsions than in dry lard or vegetable 
oils, as is shown by our present data and that of others 
(Lew and Tappel, 1956; Marco, 1968; Dziedzic and Hudson, 
1984). 

Liposomes (vesicles formed from dispersed phospho- 
lipids) are recognized as membrane models appropriate for 
pro- and antioxidant testing (Corliss and Dugan, 1970; 
Kaschnitz and Hatefi, 1975; Gutteridge, 1977; Barclay and 
Ingold, 1980; Kornbrust and Mavis, 1980; Koreh et  al., 
1982; Weenen and Porter, 1982; Wu et al., 1982). 

Since Porter’s review of food applications of antioxidants 
(1980), other workers have used colloidal dispersions of 
fatty acids for pro- and antioxidant evaluation. These are 
less direct membrane models than liposomes, and hence, 
the results are less applicable to whole tissue foods like 
meats or food-derived emulsions like mayonnaise, baked 
goods, or dehydrated whole milks. Emulsions of linoleic 
acid with various synthetic surfactants in buffer, catalyzed 
by either heme or enzyme or by autocatalysis, have been 
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largely employed. For example, Lizada and Yang (1981) 
used diene conjugation to follow sulfite-induced per- 
oxidation in linoleic acid emulsions buffered at pH 7 and 
its inhibition by antioxidants. Lipophilic butylated hy- 
droxytoluene (BHT) at  3.7 pM gave the same inhibition 
as the hydrophilic hydroquinone (HQ) at 75 pM, a 20-fold 
difference. 

For testing the relative effectiveness of antioxidants in 
both dry oils and lecithin liposomes and emulsions, we 
have used a fluorescence-producing reaction that we have 
found between the volatiles from oxidizing lipids and po- 
lyamide powder in thin films on solid supports (Porter, 
1981; Porter et al., 1980,1981,1983). The fluorescence has 
some features (Porter et al., 1983) comparable to those 
resulting from the combination of malondialdehyde and 
primary amines (Chio and Tappel, 1969). I t  can be 
quantified by solid sample fluorescence spectrophotometry, 
using the methods of Sawicki et al. (1964) and Guilbault 
(1977). 

In the present work, polyamide fluorescence has been 
used to assay the relative effectiveness of antioxidants in 
oxidizing soy lecithin liposomes and emulsions. Results 
are contrasted with those in bulk vegetable oils reported 
in the literature. 
MATERIALS AND METHODS 

For fluorescence assessment of the vapor phase over oxidizing 
lipid emulsions, we have used a sonicated aqueous dispersion (3 
g/L) of either crude soybean lecithin (Yelkin, DS, 35% acetone 
solubles, mostly triglyceride) or acetone-extracted lecithin (3-5% 
acetone solubles). These were procured from Ross and Rowe, Inc. 
The crude lecithin microdispersion was largely used for the work 
reported here. The microdispersion is cloudy gray and has 
spherical particles ranging from 0.1 to 1.2 pm, the most frequent 
particle size being about 0.1 pm. The acetone-stripped lecithin 
(Arlec) is in dry granular form and requires only 5-min sonication 
to produce a clear, opalescent microdispersion with no particles 
visible a t  1250X magnification (optical microscope). 

The crude lecithin has been double-bleached in factory pro- 
cessing with hydrogen peroxide and benzoyl peroxide. Ultraviolet 
spectra of the phosphatide microdispersions prior to adding the 
accelerator hematin showed no measurable conjugated diene 
absorption at  233 nm. Sonicated microdispersions were prepared 
either the day of an experiment or the day before and stored 
overnight a t  40 “C in the dark. 

Tests of relative effectiveness of antioxidants were conducted 
with hematin acceleration. Hematin was procured from Cal- 
biochem-Behring Corp. It is used as received, since in our tests 
the UV spectrum and TLC behavior indicate purity. 

The antioxidants methyl gallate (MG), ethyl gallate (EG), 
propyl gallate (PG), octyl gallate (OG), and dodecyl gallate (DG) 
were donated as samples by NIPA Laboratories, Ltd., Mid Gla- 
morgan, Great Britain. Topano1354 (2,6-di-tert-butyl-4-meth- 
oxyphenol, TOP) was donated as a sample by Petrochemicals 
Division, Imperial Chemical Industries, Ltd., Teesside, England. 
Poly A 0  79 (POLY) was donated as a sample by Nicolo Bellanca, 
Dynapol, Inc., Palo Alto, CA. BHA and TBHQ were food-grade 
compounds supplied by Eastman Chemical Products, Kingsport, 
TN. BHT was food-grade and was donated as a sample by 
Koppers Co., Inc., Pittsburgh, PA. Gallic acid (GA) and quercetin 
(Q) were procured from Pfalz and Bauer, Inc., caffeic acid (CA) 
from J. T. Baker Chemical Co., and chlorogenic acid (CHLA) from 
Aldrich Chemical Co. Ethoxyquin (Santoquin = SAN) was do- 
nated as a sample by Monsanto Chemical Co. Hydroquinone (HQ) 
was procured from Mallinckrodt Chemical Works. 

Antioxidants were tested for purity by melting point and 
thin-layer chromatography (TLC). TLC was carried out on 
heat-activated silica with solvent systems (1) chloroform, (2) 
chloroform/methanol(19/1), and (3) chloroform/methanol/acetic 
acid (19/1/0.1). 

A Hitachi solid sample holder attachment for Model MPF-SA 
Hitachi Perkin-Elmer fluorescence spectrophotometer was used 
in the research reported here. Sonication was accomplished with 
a Biosonik BP-I11 Ultrasonic System, Bronwill Scientific. A solid 



Oxidative Fluorescence of Lipid Emulsions 

sample holder designed by personnel of Baird Corp. and the Baird 
Atomic Model SF-1 fluorescence spectrophotometer are used for 
cooking and salad oil shelf life testing and for antioxidant testing 
in dry oils. 

Characteristics of the polyamide substrate and the fluores- 
cence-producing reaction have been described (Porter et al., 1983) 
as have the details of measurement of plate surface fluorescence 
by means of a solid sample holder. Essentials of the standardized 
method and of lipid emulsion preparation are summarized below. 
Plate fluorescence may be measured within or in the vapor space 
above an oxidizing oil or within an aqueous emulsion of lipid and 
if the pH is below approximately 5.5, in the vapor space above 
it. It might be noted that pK, of malonaldehyde is 4.65 (Kwon 
and Watts, 1964). 

The lecithin is dispersed in deionized water containing 0.013 
M phosphate buffer, pH 5.5. The crude, plastic lecithin is so- 
nicated at maximum power for 20 min. Sonication is carried out 
under a stream of nitrogen, with the vessel suspended in an ice-salt 
bath. 

In the standard preparation, 75 mg of hematin is dissolved in 
75 mL of deionized water with 8 drops of 10% KOH and brought 
to a volume of 100 mL. Of this preparation, 2 mL is added to 
50mL of the microdispersions at zero time to give a phosphatide 
hematin ratio of 100/1. Final pH is 5.5-5.6. 

For emulsion tests, polyamide-coated terephthalate plastic 
plates are attached powder side down by double-faced transparent 
tape strips to the undersurface of the lid of 9 X 1 cm Pyrex Petri 
dishes. The plates, 2 X 3 cm, are cut from standard 20 X 20 cm 
polyamide-terephthalate plates used for thin-layer chromatog- 
raphy. They are Polygram Polyamide-6 UVZa, procured from 
Macherey-Nagel Co. through Brinkmann Instruments, Inc., 
Westbury, NY. As indicated, they contain a fluorophore (zinc 
silicate) activated by short-wave UV but are not active in the 
360-nm range used herein. For the usual test, 25 mL of micro- 
dispersion is placed in the dish, about 4 mm in depth. 

In the standard method, antioxidants are added at 0.1% by 
weight of dispersed lipid. In a typical test, 50 mL of the lecithin 
microdispersion is treated with 0.5 mL of ethanol containing 0.15 
mg of antioxidant. Controls are 50 mL of dispersion and 0.5 mL 
of ethanol. After addition, the dispersions are bubbled with 
glass-filtered air for 30 min. Two milliliters of hematin solution 
is added at zero time to each 50-mL portion and 25 mL of the 
mixture placed in each Petri dish. The covered dishes, with 
attached polyamide strip, are placed in a 65 "C draft oven and 
sampled at 30-min intervals by removing the dish to a room- 
temperature cupboard, substituting a labeled Petri lid for the lid 
with polyamide strip, and measuring the accumulated fluorescent 
material in the solid sample fluorescence spectrophotometer, a 
process taking 5-8 min. 
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RESULTS 
We have attempted to model the oxidation of a typical 

food emulsion (shortening in baked foods, salad dressing, 
or dried milk) by using sonicated microdispersions of crude 
soybean lecithin. We have also attempted to model the 
oxidation of membranes, e.g. erythrocytes, by using a so- 
nicated microdispersion of acetone-extracted crude soy- 
bean phospholipids as did Kaschnitz and Hatefi (1975) in 
elegant work with various heme catalysts and superoxide 
anion. 

Characteristics of the Lecithin. Thin-layer chro- 
matography of the crude lecithin on silica gel using chlo- 
roform as eluant reveled two main spots, the phosphatides 
a t  the origin and the triglycerides a t  Rf  0.67 (sterol esters 
and pigments contaminate the latter spot). Complete 
acetone extraction removes all the contaminants to leave 
only phosphatide. In the commercial acetone-stripped 
lecithin (Arlec) that we have used, this process is incom- 
plete and the material is only 95% acetone insoluble. 

Our previous GC analyses of the transmethylated 
phosphatides from this material, commercial soybean 
"lecithin", have shown 54% linoleic acid and 5% linolenic 
acid. The material designated soybean "lecithin" of course 
contains not only phosphatidylcholine but also substantial 

EXCITATION WAVELENGTH 
360 NM 

n L 
360 400 440 480 

EMISSION WAVELENGTH (NM) 

Figure 1. Oxidative polyamide fluorescence spectrum of oxidized 
soy lecithin emulsion, 65 "C. 

amounts of phosphatidylethanolamine, phosphatidyl- 
inositol, and phosphatidic acid. Both of the latter confer 
a substantial negative charge on the microdispersed par- 
ticles. 

We have used both the commercial crude and stripped 
materials without further purification in tests of relative 
antioxidant effectiveness because they effectively simulate 
two different food exposures of phosphatide. The crude 
material simulates a typical emulsified oil (35% tri- 
glyceride), as in emulsified baking shortening, milk fat 
globule, or salad dressing, while the stripped powder in 
microdispersion (3-5 5% triglyceride) is an approximate 
membrane model (as in erythrocytes), (Kaschnitz and 
Hatefi, 1975). 

Although the crude material has 35% acetone solubles, 
we found only traces of compounds that react with the 
Emmerie-Engel reagent, a test for potential antioxidants, 
particularly tocopherols. In particular, no spot was found 
for a-tocopherol. This is to be expected, since the product 
has been peroxide treated in bleaching. Tocopherols are 
largely removed from the stripped lecithin by the acetone 
extraction. 

Characteristics of the Fluorescence Spectra. Figure 
1 shows a typical fluorescence spectrum produced on po- 
lyamide powder exposed to the vapors of an oxidizing 
aqueous soy lecithin microdispersion at pH 5.6 and 65 "C. 
Similar spectra are obtained from oxidizing polyunsatu- 
rated fatty acids, their esters, and triglycerides in emul- 
sified or dry form and from such foods as potato chips and 
dried carrots. In this case, excitation maximum is 360 nm 
and emission 425 nm. The blank is the spectrum from a 
polyamide plate exposed similarly but without lipid. There 
is a residual scatter peak a t  360 nm not completely re- 
moved by the customary 390-nm filter and a pattern of 
diffraction peaks produced by the polyamide particles (and 
indeed by any fine-powder-coated surface like silica TLC 
plates). The blank pattern has been discussed before 
(Porter et al., 1983). It is gradually obliterated by the 
increase in oxidative fluorescence. 

The residual scatter peak a t  360 nm is used as an ef- 
fective relative internal reference. Thus, we define 
fluorescence index (FI) as the ratio Z(emission peak)/l- 
(scatter peak). In the lecithin work and especially in early 
stages of oxidation this approximates I(430 nm) /Z(360 nm), 
but in later stages, emission shifts to progressively longer 
wavelengths. This is measured a t  every sampling period 
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Figure 3. Effect of age of hematin solution on oxidative poly- 
amide fluorescence from soy lecithin emulsions, 65 O C :  (0) blank; 
(0) 69 days; (A) 14 days; (0) 7 days; (m) new solution. 

Hematin greatly accelerates fluorescence development 
until, a t  the highest concentration, 47 pM, a very sharp 
break to a very nearly linear high rate occurs. This appears 
to be the phenomenon of maximum rate (Labuza, 1971), 
since the rate gives the appearance of zero-order kinetics 
for nearly the full extent of fluorescence development. 
Fluorescence index may range from just over 1 for the 
blank to values as high as 15-20. The least observable 
difference is between 1 and 2% of maximum range. 
Relative mean deviation of replicate measurements (re- 
positioning the plate) is *5%. We observed no inhibition 
at  the highest hematin concentrations, contrary to the 
observations of others (Kaschnitz and Hatefi, 1975; Ken- 
drick and Watts, 1969). Molar ratio of fatty acid/hematin 
for maximum catalysis was found to be 100 by Kendrick 
and Watts. Our estimated ratio is about 60/1. 

Figure 3 shows that the age of the hematin solution has 
a small effect on the hematin-accelerated fluorescence 
development, older solutions being somewhat less effective. 
We have found hematin age to have more effect on in- 
duction period than on rate when added antioxidants are 
used. 

Findings on the effect of age of the lecithin stock from 
which microdispersions were prepared (either on the day 
of or the day before the experiment) appear in Figure 4. 
Again, the older stock, containing presumably more hy- 
droperoxide, reaches rapid phase first, although both 
stocks have good shelf life and show no measurable 233-nm 
absorption. Again, we have found that the age of the 
lecithin stock has a more pronounced effect on induction 
period than on rate when added antioxidants are being 
tested. This is especially true with crude lecithin, which 
requires 20 min of sonication, an oxidatively aggressive 
procedure. 

Figure 5 shows the effect on rate of a total acetone ex- 
traction that we performed on the crude lecithin. The 
induction period for the totally stripped lecithin micro- 
dispersion is about half that for the crude bleached lec- 
ithin. This is presumably due to the depletion of the 
already low endogenous tocopherols, since on TLC the 
totally stripped lecithin shows no nonpolar spots for tri- 
glycerides or nonpolar compounds. The tocopherols would 
be expected to be acetone-extracted with the triglycerides. 

The effect of fluorescent light on the fluorescence de- 
velopment is displayed in Figure 6. We were concerned 
that having samples periodically stand at  room tempera- 

1.0 1 
1 1 1 1 1 1 1 1 1 I l  

0 60 120 180 240 300 
TIME (MINUTES) 

Figure 2. Effect of hematin concentration on oxidative polyamide 
fluorescence from soy lecithin emulsions, 65 O C :  (0) blank; (0) 
lecithin; (A) lecithin plus hematin, 47 pM; (0) lecithin plus he- 
matin, 4.7 pM; (0) lecithin plus hematin 0.47 pM. 

for the blank, the control without antioxidant, and the 
antioxidant-treated sample. Relative mean deviation of 
replicate measurements (repositioning the plate) is *5%. 

If fluorescence index is plotted against time, there is 
always a typical autoxidative induction period, however 
short, either with or without antioxidant in the system. 
The antioxidant-dependent induction periods may be very 
long in microdispersions and the transition to rapid phase 
oxidation abrupt. Prooxidants like hematin (emulsion) or 
cobalt (dry oil) accelerate and antioxidants inhibit or slow 
the development of fluorescence. As noted before (Porter, 
1983), fatty acids and esters with only two methylene-in- 
terrupted double bonds (linoleic acid) oxidize and produce 
fluorescence at  a lower rate than the linolenate of soybean 
phosphatides. Also, the fluorescence is somewhat broad- 
ened toward the greenish yellow, whereas the initial soy 
emission is pure blue. 

Kinetics. A plot of fluorescence index versus time for 
lecithin dispersions with and without added hematin at  
various concentrations appears in Figure 2. Without 
hematin, no plate fluorescence develops for 3 h, an in- 
duction period largely dependent, it would seem, on traces 
of endogenous antioxidants like the tocopherols. No rancid 
odor is detectable during this period, but it always develops 
rapidly and simultaneously when plate fluorescence ap- 
pears. Similarly, the pale tan of the hematin-containing 
dispersion persists until the beginning of rapid fluorescence 
development, after which it rather rapidly decolorizes, both 
visibly and spectrophotometrically with loss of the typical 
607-nm hematin absorption. 
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Figure 4. Effect of age of lecithin on oxidative polyamide 
fluorescence from soy lecithin emulsions, 65 "C, no hematin: (0) 
blank; (0) lecithin used 1 year after procurement; (A) lecithin 
used 1 month after procurement. 

, I , , , , , ~ , LOVERNIGHT AT 4Dc 

0 60 120 I80 240 & 360 420 480 540 600 

TIMEIMINUTES) 

I 

Figure 5. Effect of acetone extraction of crude lecithin on ox- 
idative polyamide fluorescence from soy lecithin emulsions or 
liposomes, 65 O C :  (0) blank; (0) crude lecithin; (A) acetone-ex- 
tracted lecithin. 

t u e  in diffuse fluorescent room light during the recurring 
(30-min) measurements of fluorescence on the sampling 
plate, a process itself of about 5-8 min, would accelerate 
sample oxidation and fluorescence. There seems to be little 
effect shown. 

Figures 7 and 8 show results with two antioxidants-a 
lipophile, BHA, and a polar flavonol, quercetin. Clearly, 
the longer induction period in emulsions belongs to BHA. 
For quantification of this work, we use a protective index, 
called in our case relative effectiveness (REFF). It is de- 
fined as (IPA/IPc) - l, where IPA is induction period with 
added antioxidant and IPC is induction period without 
added antioxidant. 

For our purposes, we defined induction period graphi- 
cally as the number of minutes between zero time and the 

h 
0 60 120 180 

TIME (MINUTES) 

Figure 6. Effect of light on oxidative polyamide fluorescence 
from soy lecithin emulsions, 65 O C :  (0) blank; (0) dark, 47 pM 
hematin; (A) dark, 4.7 pM hematin; (0 )  light, 47 pM hematin; 
(w) light, 4.7 pM hematin. 

2. 

1. F ","ERRIGHT 

0 60 120 180 240 840 900 

TIME (MINUTES) 

Figure 7. Antioxidant evaluation by oxidative polyamide 
fluorescence from soy lecithin emulsions, 65 O C :  (0) blank; (0) 
lecithin plus hematin; (A) lecithin-hematin plus 0.1% BHA. 

intersection of the extension of the tangent to the linear 
portion of the curve corresponding to rapid phase 
fluorescence development with the curve for the blank. 

Using these methods we have quantified the relative 
effectiveness of some 16 antioxidants, both in individual 
experiments and in conjunction with a common repeated 
control substance like BHA. The number of experiments 
was 71; the average was 5 and was always greater than 3 
for a given antioxidant, and can be as high as 12 for critical 
compounds, or those with high variability. 

Figures 9 and 10 show the structures of the antioxidants 
tested. The extremely lipophilic monohydric phenols are 
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Figure 8. Antioxidant evaluation by oxidative polyamide 
fluorescence from soy lecithin emulsions, 65 "C: (0) blank; (0) 
lecithin plus hematin; (A) lecithin-hematin plus 0.1 % quercetin. 
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Figure 9. Monohydric and dihydric phenols. 

shown in Figure 9. Steric hindrance of the aryloxide or 
arylamine radical is the great stabilizer of these compounds 
although resonance contributes. Figure 9 also shows the 
more polar para dihydric phenols derived from hydro- 
quinone and the flavonol quercetin. Mesomeric resonance 
in the semiquinone radical stabilizes these. The trihydric 
compounds derived from pyrogallol, gallic acid, and the 
gallates appear in Figure 10. Mesomeric resonance of the 
semiquinone radical stabilizes these also. Gallic acid has 
a pK of 4.4 and would be largely anionic at  pH 5.6. Figure 
10 also shows the ortho dihydric phenolic acid, caffeic acid, 
and its very polar quinic acid ester chlorogenic acid. The 

CAFFEIC ACID CHLOROGENIC ACID 
R = H OR A L K Y L  

OH ,)$, OH G O O H  \ G O H  O H B : o H  

OH OH CH=CH-COO 
OH 

PHENOLIC ACIDS TRlHYDRlC PHENOLS 

CH3CH20 
R = OH,OCH3 OR A L K Y L  

R M.W. ca 5000 
POLY AOTM 79 

ETHOXYQUIN POLYMERIC ANTIOXIDANT 

Figure 10. Trihydric phenols, phenolic acids, ethoxyquin, and 
polymeric antioxidant. 

Table I. Relative Effectiveness of the Most Effective 
Antioxidants in Sov Lecithin Emulsions: REFF = IPJIP,  

coeff of 
compound mean" std dev variation 

BHA 32 k7.8 0.24 
BHT 2 1  8.1 0.39 
ethoxyquin (SAN) 13 5.6 0.43 
propyl gallate 11 3.8 0.35 
octyl gallate 11 7.9 0.72 
dodecyl gallate 10 6.0 0.60 
topanol 10 6.3 0.63 
ethyl gallate 7 5.8 0.78 

"Highest three values. 

Table 11. Relative Effectiveness of the Least Effective 
Antioxidants in Soy Lecithin Emulsions: REFF = IPA/IP, 

compound 
TBHQ 
quercetin 
methyl gallate 
hydroquinone 
gallic acid 
gaffeic acid 
chlorogenic acid 
Poly A0  79 

coeff of 
meana std dev variation 

4.9 f4.4 0.90 
4.1 1.7 0.41 
3.2 0.4 0.13 
3.2 0.9 0.28 
1.4 0.3 0.21 
1.4 0.2 0.14 
1.4 0.1 0.14 
1.1 0.2 0.18 

a Highest three values. 

pK's are similar to those of gallic acid. Also shown is the 
new polymeric antioxidant developed by Dynapol, Inc., 
Poly A 0  79. It is a very large molecule of 5000 molecular 
weight that is not absorbed from the gut. The extremely 
lipophilic aromatic monoamine ethoxyquin is sterically 
stabilized. 

Table I displays relative effectiveness of the eight most 
effective antioxidants in soy lecithin microdispersions. 
Table I1 shows the eight least effective antioxidants. 
Means and standard deviations in this table are for the 
three highest REF'S recorded for each antioxidant. The 
high coefficient of variation for some of the alkylgallates, 
topanol and TBHQ, is unexplained. REFF for these tables 
is IPA/IPc. 

Figure 11 shows in graphic form the mean relative ef- 
fectiveness of our antioxidants in both soy lecithin mi- 
crodispersions and, in contrast, in the AOM in dry oils as 
reported in the literature (Table 111). Means for this figure 
were calculated from all available trials in all cases except 
topanol for which two pilot experiments were rejected, 
since the method was not yet standardized. It is plain that 
there is a roughly reciprocal relationship, Le., polar anti- 
oxidants are more effective in nonpolar environments with 
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Figure 11. Relative effectiveness (REFF) of antioxidants in soy lecithin and dry vegetable oils: BHT, butylated hydroxytoluene; 
SAN, ethoxyquin (Santoquin); BHA, butylated hydroxyanisole; TOP, topanol354; DG, dodecyl gallate; OG, octyl gallate; PG, propyl 
gallate; EG, ethyl gallate; Q, quercetin; TBHQ, tertiary butylhydroquinone; HQ, hydroquinone; MG, methyl gallate; CA, caffeic acid; 
CHLA, chlorogenic acid; GA, gallic acid; POLY, polymeric antioxidant (POLY A 0  79). Values shown are means of all trials. REFF 
= (IPA/IPc) - 1. Note different scales for emulsions and dry oils. 

11 
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'yr :A, ,OCA I POLY 
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

RF - SILICA TLC 

Figure 12. Relative effectiveness (REFF) of antioxidants in soy lecithin emulsions versus TLC mobility. Rf measured on silica in 
chloroform/methanol/acetic acid (19/1/0.5). REFF = (IPA/IPc) - 1. Abbreviations correspond to these of Figure 11. 

nonpolar lipids (dry vegetable oils) and vice versa altbough 
there are notable exceptions, like Poly A 0  79, which has 
no activity in our lecithin microdispersions. Figure 12 
shows the antioxidants' relative effectiveness plotted 
against a rough measure of polarity, the Rf value in silica 
gel TLC chromatography using chloroform/methanol/ 
acetic acid (19/1/0.5) as solvent. Again, the relationship 
is not rigidly linear, but the trend is there; i.e., nonpolar 
antioxidants are more effective in polar lipid emulsions. 

We have not used statistical analysis, because we are 
planning to use a more refined system for evaluating 
partitioning between dispersed lipid phase and continuous 

Chemical Characteristics of the  Reaction. Chemical 
characterist ics of the oxidative fluorescence-producing 
reaction on polyamide powder have heen discussed (Porter, 
19831. Some of the evidence is superficially consistent with 
but not sufficient to establish the involvement of vapor 
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lipophilic compounds tend to be more effective in the 
emulsion (or liposome) system and vice versa. This con- 
firms the results of others mentioned above and more 
recent results using amino acid derivatives of Trolox C 
(Taylor et al., 1981) and the tocopherols (Fukuzawa et al., 
1982; Bieri et al., 1976; Bunyan et al., 1960). 

The superiority of polar antioxidants and amphiphilic 
antioxidants with high HLB in bulk dry oils is most pro- 
nounced in bulk vegetable oils, which, of course, contain 
residual tocopherols. However, the superiority is present 
to a lesser degree in animal fats like lard (Moore and 
Bickford, 1952; Morris, et al., 1947; Dziedzic and Hudson, 
1984) and in purified fatty acid esters with no detectable 
tocopherols (Lea, 1960). In very rapidly oxidizing esters 
like those from cod liver or linseed oil, the effect is much 
reduced, but still present (Lea, 1960; Olcott and Einsett, 
1958). This may be related to the extreme antagonism 
Olcott and Einsett found in fish oils (low tocopherol) be- 
tween added tocopherol and lipophilic antioxidants, but 
not against relatively polar ones like propyl gallate (Olcott 
and Einsett, 1958). 

The relative ineffectiveness of more polar antioxidants 
in emulsions and liposomes (high surface to volume ratio) 
has significance in the food application of antioxidants 
derived from natural sources. Except for the tocopherols 
these are preponderantly polar compounds (phenolic acids, 
flavonoids, catechins, hydrolyzable and condensed tan- 
nins), and at equimolar concentrations can be expected to 
be relatively ineffective in the membranes of whole tissue 
foods and in emulsified foods (dried milks, bakery prod- 
ucts, and convenience foods) compared to lipophilic or low 
HLB amphiphilic compounds. Where they occur a t  very 
high concentrations in foods, as in vegetarian seed and fruit 
regimes (Pratt and Miller, 1984) or tea, coffee, and wines 
(Sanderson et al., 1976), they can be expected to be more 
effective, especially when tested at  very high concentra- 
tions with respect to the oxidizable lipid (Pratt, 1976). 

However, at these concentrations, the undesirable effects 
of enzymatic browning, coloration with trace metals, and 
complexation of essential amino acids, proteins, and thi- 
amine may also occur (Sosulski and Fleming, 1977). 

There are few promising natural sources of lipophilic or 
low HLB antioxidants. Daniels and Martin (1967) have 
found high concentrations of long-chain alkyl esters of 
caffeic and ferulic acids in shelled oats. Sterol and tri- 
terpene alcohol esters of caffeic acid have recently been 
isolated from canary seed in rather high concentration 
(Takagi and Iida, 1980). These esters have the advantage 
that they are hydrolyzed to caffeic or ferulic acid and 
long-chain fatty acids or sterols, all familiar compounds 
in the gut of omnivores. Carnosol, isolated in pure form 
from rosemary leaves by Chang's group (Wu et al., 1982), 
is very effective in lard and since it is lipophilic, should 
be more effective in emulsions, providing the bulky poly- 
cyclic ring system is sterically compatible. Wenkert et al. 
(1965) show evidence, however, that carnosol is an artifact 
of extraction and that the naturally occurring parent 
substance is the more polar carnosic acid. 
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Table 111. Literature Sources Consulted for Values of 
Antioxidant Relative Effectiveness in Bulk Dry Oils" 
antioxidant substrate source 

BHT safflower oil Thompson and Sherwin, 1966 
BHT lard Moore and Bickford, 1952 

cottonseed oil 
hydrogenated 

cottonseed oil 
SAN safflower oil Thompson and Sherwin, 1966 
BHA safflower oil Thompson and Sherwin, 1966 
BHA lard Moore and Bickford, 1952 

cottonseed oil 
hvdroeenated 

cottonseed oil 
TOP sunflower seed oil Petrochemical Division ICI. 1974 
DG, OG, PG cottonseed oil Sherwin, 1976 
PG safflower oil Thompson and Sherwin, 1966 
PG lard Moore and Bickford, 1952 

cottonseed oil 
hydrogenated 

cottonseed oil 
PG oat oil Daniels and Martin, 1967 
Q 
TBHQ 
HQ 
HQ 

ethyl linoleate Geissman, 1962 
safflower oil 
safflower oil 
lard Moore and Bickford, 1952 
cottonseed oil 
hydrogenated 

Thompson and Sherwin, 1966 
Thompson and Sherwin, 1966 

cottonseed oil 
CA oat oil Daniels and Martin, 1967 
GA safflower oil Thompson and Sherwin, 1966 
POLY cottonseed/soybean Furia and Bellanca, 1977 

oil blend 

Abbreviations correspond to the text and Figure 11. 

phase malonaldehyde. I t  is of note that Kikugawa and Ido 
(1984) have found evidence from their system that the 
lipofuscin fluorophore does not seem to originate from a 
malonaldehyde-amine reaction. In their system (neutral 
pH), malonaldehyde produces fluorophores of longer ex- 
citation and emission wavelengths and different responses 
to chemical stress than those found for previous lipofuscin 
models (Chio and Tappel, 1969). We have similar data, 
not reported here, that tentatively support the production 
of polyamide fluorescence by volatile oxidation products 
other than malonaldehyde, possibly monofunctional enals 
or dienals. 

DISCUSSION 
The Polar Paradox Rationale. In early antioxidant 

testing as noted above, there was much more emphasis on 
the use of bulk oils and fats with a low surface to volume 
ratio (LSV) than on colloidal displays like emulsions, li- 
posomes, and membranes of high surface to volume ratio 
(HSV) . 

Porter (1980) summarized the results of dry oil (LSV) 
tests and emulsion and ultra-thin-layer tests (HSV) as the 
polar paradox; i.e., primary antioxidants that are nonpolar 
or are amphiphiles of low HLB tend to be relatively more 
effective in polar emulsions (HSV) and with polar lipids, 
whereas primary antioxidants that  are polar or are am- 
phiphiles of high HLB tend to be more effective in dry oils 
(LSV), a nonpolar medium. 

Our present results for the most part confirm this. The 
lipophilic antioxidants tend to be more effective in the 
emulsion or liposome system and less effective in bulk dry 
oils (Figure 11; Table 111). The reverse is generally true 
for the more polar antioxidants (or amphiphiles with 
higher HLB). Thus, in the members of a homologous 
series like the gallates we show largely a reciprocal rela- 
tionship: the lower (less alkylated) members tend to be 
more active in dry oils and the higher members more active 
in emulsions. When compounds not in a homologous series 
are compared, innate potency may differ but the more 
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Rumen Microbial Degradation of Beet Root Pulps. Application of 
Infrared Spectroscopy to the Study of Protein and Pectin 

Paul Robert,* Chantal Bertin, and Dominique Bertrand 

Beet root pulps were degraded in the rumens of fistulated goats, by the nylon bag technique. A total 
of 36 residues were obtained, and their spectra were collected between 1400 and 2000 cm-'. Proteins 
and pectins in this area present characteristic absorption bands. Principal-component analysis wm applied 
to the spectral data in order to obtain a similarity map and spectral patterns. The absorption band 
of the normalized spectra a t  1740 cm-' decreased when the pulps were degraded. This result showed 
that pectins were highly digestible. The evolution of the amide I1 band expressed that the protein content 
of the residues increased when the pulps were degraded. A discrimination of the residues according 
to the degradation was observed on the similarity map obtained by principal-component analysis. The 
samples could also be classified according to the protein and the galacturonic acid contents on this map. 
The spectral patterns of proteins and pectins showed that the broad band at 1645 cm-l could be split 
up into amide I bands and a peak corresponding to galacturonic acids. 

Beet pulps are the main solid byproducts of the sugar 
industry and are commonly used as feed for ruminants. 
They are highly digestible and are an interesting source 
of metabolizable energy: The digestibility of the organic 
matter is about 80% for the ruminant (Jarrige, 1978). The 
pulps are composite materials consisting of cellulose (20% 
DM), hemicellulose (25% DM), pectic substances (25% 
DM), and protein (10% DM). The pectins are made of 
a main chain of polygalacturonic acid and of ramifications 
of L-arabinose and D-galactose. Several authors have 
studied the ruminal degradation of pectins of various 
feedstuffs. Gaillard (1962) originally showed the high 
fermentability of pectins. Chesson and Monro (1982) have 
investigated the relationship between the degree of ace- 
tylation and esterification of galacturonans of legumes and 
their degradation rates in the rumen. Sauvant et al. (1985) 
have applied the Van Soest analytical procedure to the 
study of various concentrates and byproducts, including 
beet pulps. The intent of the Van Soest method is to 

Laboratory of Applied Technology and Nutrition, Na- 
tional Institute of Agronomic Research, Rue de la 
GBraudiBre, BP 527, 44026 Nantes Cedex 03, France. 

separate the highly available fractions from those that are 
less digestible. The pectins are not isolated and cannot 
be studied using this method. Theander and Aman (1980) 
have shown that pectins can be extracted either from the 
neutral detergent fiber (NDF) or from the acid detergent 
fiber (ADF) residues. Ben-Ghedalia and Rubinstein (1984) 
and Ben-Ghedalia and Miron (1984) have applied a col- 
orimetric technique for quantifying galacturonic acid in 
oat, vetch hays, and alfalfa. 

The aim of the present work is to investigate infrared 
spectroscopy in the study of the degradation of beet pulps 
in the rumens of fistulated goats. The spectra were col- 
lected in the middle infrared area, between 1400 and 2000 
cm-l, where both proteins and pectins have significant 
absorption bands. In this spectral range, the peptide bonds 
have distinct vibrational modes, expressed as amide I and 
amide I1 bands. The main contribution to the amide I 
band is the in-plane peptide carbonyl stretching vibration. 
The amide I1 band corresponds to a mixture of C-N 
stretch and N-H in-plane bend (Zundel et al., 1984). The 
polygalacturonic acids are partly methylated or ionized and 
present absorption bands at  1745 cm-' (C=O ester) and 
1608 cm-' (COO-) (Filippov and Kohn, 1975; Filippov et 
al., 1978). Given that certain significant bands of proteins 
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