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Effects of Quenching Mechanisms of Carotenoids
on the Photosensitized Oxidation of Soybean Oil

Mun Y. Jung and David B. Min*

Department of Food Science and Technology, The Ohio State University, Columbus, Ohio 43210

The effects of 0, 1.0 X 1075, 2.5 X 10-5, and 5.0 X 10~5
M p-apo-8'-carotenal, f-carotene, and canthaxanthin on the
photooxidation of soybean oil in methylene chloride con-
taining 3.3 X 10~° M chlorophyll b were studied by
measuring peroxide values and conjugated diene content.
B-Apo-8'-carotenal, f-carotene, and canthaxanthin contain
10, 11, and 13 conjugated double bonds, respectively. The
peroxide values and conjugated diene contents of oils con-
taining the carotenoids were significantly lower (P<0.05)
than those of control oil containing no carotenoid. As the
number of conjugated double bonds of the carotenoids
increased, the peroxide values of soybean oils decreased
significantly (P<0.05). The quenching mechanisms and
kinetics of the carotenoids in the photosensitized oxida-
tion of soybean oil were studied by measuring peroxide
values. The steady-state kinetics study showed that
carotenoids quenched singlet oxygen to reduce
chlorophyll-sensitized photooxidation of soybean oil. The
singlet-oxygen quenching rate constants of f-
apo-8'-carotenal, f-carotene, and canthaxanthin were 3.06
X 10°% 4.60 X 10% and 1.12 X 10! M~!sec™], respectively.

KEY WORDS: Carotenoids, chlorophyll, photosensitized oxidation,
quenching mechanisms and kinetics, singlet oxygen.

Soybean oil is susceptible to oxidation because it contains
a large amount of unsaturated fatty acids. Lipid oxida-
tion not only produces an undesirable off-flavor but also
decreases the nutritional quality of lipid foods due to the
loss of essential fatty acids. For the past 50 years, triplet-
oxygen free-radical lipid oxidation has been extensively
studied to improve the oxidative stability of fats and oils.
However, it does not satisfactorily explain the initiation
step of oil oxidation (1-8).

Rawls and Van Santen (4) reported that singlet oxygen
participated in the initiation step of oil oxidation, and the
reaction rate of singlet oxygen with linoleic acid is about
1,450 times greater than that of triplet oxygen. Singlet
oxygen can be formed by photochemical, chemical, and
enzymatic reactions (1). Chlorophylls have been reported
as efficient photochemical sensitizers for the formation
of singlet oxygen (4-7). Photochemical production of
singlet oxygen is of great importance in vegetable oils that
contain natural sensitizers such as chlorophylls. $
Carotene improved the flavor stability of soybean oil con-
taining chlorophyll during light storage (6,8,9).

The detailed effects, quenching mechanisms, and kinet-
ics of several synthetic and non-food-approved carotenoids
and nickel chelates on the singlet oxygen oxidation
of soybean oil have been reported by Lee and Min (10,
11). The effects, quenching mechanisms and kinetics of
a- y- and d-tocopherols on the singlet-oxygen oxidation
of soybean oil indicated that these tocopherols reduced
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the singlet-oxygen oxidation (12). Even though synthetic
and non-food-approved carotenoids, such as lutein, zeax-
anthin, lycopene, isozeaxanthin, and astaxanthin effective-
ly reduced the singlet-oxygen oxidation of oil (10), the ef-
fects of naturally occurring and food-approved carotenoids
on the singlet oxygen oxidation of vegetable oils have not
been reported. The only food-approved carotenoids are f3-
apo-8'-carotenal, fcarotene, and canthaxanthin (13).

The objectives of this research were: i) to determine the
effects of p-apo-8'-carotenal, fcarotene, and canthaxan-
thin, containing 10, 11, and 13 conjugated double bonds,
respectively, on the photosensitized oxidation of soybean
oil; and ii) to determine the quenching mechanisms and
kinetics of these carotenoids in photooxidation of soybean
oil containing chlorophyll.

EXPERIMENTAL PROCEDURES

Materials. Refined, bleached and deodorized soybean oil
was obtained from Capital City Products Co. (Columbus,
OH). Chlorophyll b was purchased from Sigma Chemical
Co. (St. Louis, MO). p-apo-8'-Carotenal, -carotene and can-
thaxanthin were obtained from Hoffman LaRoche Inc.
{Nutley, NJ). Methylene chloride was purchased from
Fisher Scientific (Pittsburgh, PA).

Preparation of purified soybean oil. Soybean oil was
passed through a chromatographic column (60 cm X 4 cm)
packed with a series of 100 g activated silicic acid (100
mesh, Mallinkrodt Co., Paris, KY), 30 g of a 2:1 mixture
of activated charcoal (J.T. Baker Chemical Co.,
Phillipsburg, NJ) and celite (Sargent Welch Co., Cleveland,
OH) 120 g of a 2:1 mixture of powdered sugar and celite,
and 100 g activated silicic acid (6,10,12). The soybean oil
passed through the chromatographic column is referred
to as purified soybean oil.

Chemical analysis of purified soybean oil. Tocopherols
were determined by high-pressure liquid column
chromatography (14), and carotenoids were deter-
mined by a spectrometric method (15). Phospholipids,
peroxides, and free acids were determined by the Ca
12-55, Cd 8-53, and Ca 5a-40 of AOCS (16) methods,
respectively.

Effects of carotenoids on the photosensitized oxidation
of soybean oil. To study the effects of naturally-occurring
and food-approved carotenoids on the photosensitized ox-
idation of soybean oil, samples of 0, 1.0 X 1075, 2.5 X
1075 and 5.0 X 1075 M p-apo-8'-carotenal, B-carotene,
and canthaxanthin in 0.16 M purified soybean oil in
methylene chloride containing 3.3 X 1079 M chlorophyll
b were prepared according to the method of Lee and Min
(6,10). The fatty acid composition of purified soybean oil
determined by the gas chromatographic method of Lee
(17) was 3.8% stearic acid, 23.4% oleic acid, 53.7% linoleic
acid, 7.2% linolenic acid, and 11.8% palmitic acid. The
average molecular weight of the soybean oil was 870,
which was derived from (890X3.8% + 884X23.4% +
878X53.7% + 872X17.2% + 806X11.8%)/100. The 0.16
molar concentration of purified soybean oil in methylene
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chloride was obtained from the average molecular weight
of soybean oil triglycerides (10).

Ten mL of the oil sample was transferred into a 30-mL
serum bottle; sample bottles were prepared in duplicate.
The bottles were sealed air-tight with Teflon-coated rub-
ber septa and aluminum caps, and placed in a light storage
box described in detail by Lee and Min (6). The light
source was made up of four 15-watt cool white, fluores-
cent lamps. The light intensity at the sample level was
4,000-lux and the temperature was 25°C. The oxidation
of soybean oil was determined by measuring peroxide
values and conjugated dienes every 2 hr for 8 hr by AOCS
(16) methods.

Determination of the quenching mechanisms and rate
constants. The quenching mechanisms and kinetics of
carotenoids in chlorophyll-sensitized photooxidation of
purified oil were studied by the steady-state kinetic
methods of Foote and Denny (18) and Yamauchi and Mat-
sushita (19). To study quenching mechanisms and singlet-
oxygen quenching rates of the carotenoids, samples of
0.03, 0.06, 0.10, or 0.16 M purified soybean oil in
methylene chloride containing 3.3 X 10~ M chlorophyll
b and 0, 0.25 X 1073, 0.5 X 1075 or 1.0 X 1075 M p-
apo-8'-carotenal, f-carotene or canthaxanthin were
prepared according to the method of Lee and Min (6). Oil
(15 mL) was transferred into a 30-mL serum bottle. The
sample bottles were prepared in duplicate and sealed with
Teflon-coated rubber septa and aluminum caps. The bot-
tles were placed in the light storage box for 2 hr (6). Ox-
idation of the soybean oil was determined by measuring
peroxide formation, and quenching mechanisms and quen-
ching rate constants of the carotenoids were studied by
using steady-state kinetic equations (18-20).

Statistical analysis. The peroxide values and conjugated
diene contents reported in this paper are the mean values
of duplicate samples. Tukey’s range test (10,21) was used
to ascertain the quantitative and qualitative effects of
carotenoids on the peroxide values and conjugated diene
contents of soybean oils during storage.

TABLE 1

RESULTS AND DISCUSSION

Purified soybean oil. The purified soybean oil obtained by
column chromatography was colorless, and did not con-
tain detectable concentrations of peroxides, free fatty
acids, phospholipids, conjugated dienes, tocopherols, or
carotenoids.

Effect of carotenoids on photosensitized oxidation of
soybean oil. The effect of 0, 1.0 X 1075, 2.5 X 1075, 5.0
X 10~%® M B-apo-8'-carotenal, fcarotene, or canthaxan-
thin on the peroxide values of purified soybean oil con-
taining 3.3 X 107° M chlorophyll b during 4,000-lux light
storage is shown in Table 1. The coefficient of variation
of peroxide value analysis of oil was 2% (10). Preliminary
studies (data not shown) showed that the peroxide values
of purified soybean oil in methylene chloride containing
no chlorophyll after 8 hr of storage under light was 0.5,
and the peroxide values of the oils with and without
chlorophyll after 8 hr of storage in the dark were 0. The
peroxide values of the same sample containing chlorophyil
after 8 hr under light storage was 75.9 (Table 1). Therefore,
more than 99% of the peroxide value of soybean oil con-
taining chlorophyll under light storage {Table 1) was due
to the chlorophyll-photosensitized singlet-oxygen oxida-
tion, and only less than 1% was due to triplet-oxygen
autoxidation. The carotenoids reduced the peroxide value
of photosensitized soybean oil, as expected (Table 1). As
the concentration of the carotenoids increased from 0 to
5 X 107® M, the peroxide value decreased. The peroxide
values of soybean oils containing the carotenoids were
significantly lower (P<0.05) than that of the control sam-
ple containing no carotenoid (Table 1). The carotenoids
acted as antioxidants in soybean oil containing
chlorophyll under light storage, but not in dark storage
(6). Tukey’s range test for the effect of the number of con-
jugated double bonds of the carotenoids on the peroxide
value of soybean oil is shown in Table 2. As the number
of conjugated double bonds increased from 10 to 13, the
peroxide value decreased significantly (P<0.05) at con-

Tukey’s Test for the Effect of Carotenoids on the Peroxide Value of Soybean Oil Containing 3.3 X 10~°M

Chlorophyll b During Light Storage at 25°C

Peroxide value* (meq/kg oil)

Carotenoid

(X 1075M) 0 hr 2 hr 4 hr 6 hr 8 hr Mean**
Control 0 43.1 57.5 60.2 75.9 47.39
a-Apo-8'-carotenal (1.0) 0 22.5 28.2 35.0 39.0 24.9b
p-Apo-8'-carotenal (2.5) 0 11.0 15.3 18.4 20.2 13.8¢
B-Apo-8'-carotenal (5.0) 0 5.8 7.3 8.1 10.3 6.39
p-Carotene (1.0) 0 15.0 25.2 29.6 32.3 20.4%
p-Carotene (2.5) 0 9.4 13.5 15.7 15.7 13.3¢
p-Carotene (5.0) 0 5.0 6.7 8.1 8.1 5.89
Canthaxanthin (1.0) 0 10.8 21.6 23.8 25.1 14.10
Canthaxanthin (2.5) 0 7.1 117 12.3 12.6 8.8¢
Canthaxanthin (5.0) 0 45 6.3 7.8 8.5 5.4¢

*Peroxide value is the mean of dulicate samplings.

**Mean of peroxide values of samples after 0-, 2-, 4-, 6-, and 8-hr storage and means in a column of same
carotenoid with different superscript letters are significantly different at P<0.05.
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TABLE 2

Tukey’s Test for the Effect of the Number of Conjugated Double Bonds of Carotenoids on the Peroxide
Value and Conjugated Diene of Soybean Oil Containing 3.3 X 1072 M Chlorophyll b During Light Storage

at 25°C

Number of Peroxide value Conjugated
Carotenoid in conjugated (meq/kg oil) diene (%)
soybean oil double bonds {mean*) {mean*)
(1.0 X 1075 M)
B-Apo-8'-carotene 10 24.9% ** 0.10% **
p-Carotene 11 20.4b o.ogfgb
Canthaxanthin 13 14.1¢ 0.07
(2.5 X 1073 M)
B-Apo-8'-carotene 10 13.8¢ 0.05¢
p-Carotene 11 13.3% 0.05%
Canthaxanthin 13 8.80 0.044
5.5 X 1075 M)
f-Apo-8'-carotene 10 6.3% 0.04%
f-Carotene 11 5.80 0.04¢
Canthaxanthin 13 5.4 0.03%

*Mean of peroxide values and conjugated dienes of soybean oils containing different levels of carotenoid after
0-, 2-, 4-, 6-, and 8-hr of storage (see peroxide values in Table 1 and conjugated dienes in Table 3).
**Means in a column with different superscripts are significantly different at P<0.05.

TABLE 3

Tukey’s Test for the Effect of Carotenoids on the Conjugated Diene Content of Soybean Oil Containing
3.3 X 1079M Chlorophyll b During Light Storage at 25°C

Conjugated diene* (%)

Carotenoid

(X 1075M) 0 hr 2 hr 4 hr 6 hr 8 hr Mean**
Control 0 0.17 0.23 0.26 0.34 0.202
p-Apo-8'-carotenal (1.0) 0 0.08 0.12 0.13 0.15 0.10%
B-Apo-8'-carotenal (2.5) 0 0.03 0.05 0.07 0.08 0.05¢
p-Apo-8'-carotenal (5.0) 0 0.02 0.05 0.05 0.06 0.04¢
p-Carotene (1.0) 0 0.07 0.10 0.13 0.15 0.09%
p-Carotene (2.5) ] 0.04 0.05 0.06 0.08 0.05¢
p-Carotene (5.0) 0 0.03 0.04 0.04 0.05 0.04¢
Canthaxanthin (1.0) 0 0.06 0.09 0.10 0.12 0.07%
Canthaxanthin (2.5) 0 0.03 0.04 0.06 0.06 0.04¢
Canthaxanthin (5.0) 0 0.02 0.03 0.04 0.04 0.03¢

*Conjugated diene is the mean of duplicate samplings.
**Mean of conjugate dienes of samples after 0-, 2-, 4-, 6-, and 8-hr storage and means of a column of same
carotenoid with different letters are significantly different at P<0.05.

centrations of 1.0 X 1075 M, 2.5 X 10-5M, or 5.0 X 10~®
M carotenoid.

The effect of 0, 1.0 X 1075, 2.5 X 1075, and 5.0 X 10~®
M B-apo-8'-carotenal, fcarotene, or canthaxanthin on the
conjugated diene content of soybean oil during light
storage is shown in Table 3. Preliminary analysis showed
that the coefficient of variation for conjugated diene
analyses of five replicate oil samples was 2.9%. The con-
jugated diene content of the control sample containing
3.3 X 107%* M chlorophyll b increased from 0 to 0.34%
after 8 hr under light storage. However, the conjugated
dienes of the control in the dark and the purified soybean
oil containing no chlorophyll under light after 8 hr were
0 (data not shown). Table 3 showed that as the concentra-
tion of the carotenoid increased from 0 to 5 X 107° M,
the conjugated diene content decreased. The conjugated
diene contents of soybean oils containing the carotenoids

were significantly lower (P<0.05) than that of control oil
containing no carotenoid. Tukey’s range test for the effect
of the number of conjugated double bonds of the
carotenoids on the conjugated diene contents of soybean
oil is shown in Table 2. As the number of conjugated dou-
ble bonds of carotenoids increased from 10 to 11, and from
11 to 13, the conjugated diene content of oil decreased,
even though they were not statistically different between
10 and 11 and between 11 and 13 at P > 0.,05. Table 2 also
showed that as the double bonds of the carotenoids in-
creased from 10 to 13, the conjugated diene content of soy-
bean oil did not decrease significantly (P>0.05), but the
peroxide values (Table 2) did (P<0.05).

The conjugated diene determination method at 233 nm
may not be as sensitive as the peroxide value determina-
tion in the evaluation of singlet oxygen oxidation.
Literature review generally showed that peroxide value
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determination (10,22-26) is more commonly used to
evaluate singlet-oxygen oxidation of oil than the con-
jugated diene determination (7,27), which may also in-
directly suggest that the peroxide value method may be
more sensitive than the conjugated diene method in the
evaluation of singlet-oxygen oxidation of lipid. Lee and
Min (10) reported that as the number of conjugated dou-
ble bonds of carotenoids, such as lutein, zeaxanthin,
lycopene, isozeaxanthin, and astaxanthin increased form
10 to 13, the protective effect of the carotenoids on the
singlet-oxygen oxidation of oil increased.

The results of peroxide and conjugated diene formation
suggest that canthaxanthin with 13 conjugated double
bonds has the greatest antioxidant activity, followed by
B-carotene with 11 conjugated double bonds, and then -
apo-8'-carotenal with 10 conjugated double bonds.
However, it should be noted that as the conjugated dou-
ble bonds of the carotenoids increased from 10 to 11, and
from 11 to 13, the conjugated diene of the soybean oil
decreased, but not significantly between 10 and 11 or bet-
ween 11 and 13 at P > 0.05.

Quenching mechanism and rate constants of
carotenoids. The schematic diagram for the formation of
oxidized product (AO,) via singlet-oxygen oxidation is as
follows (20):

hv ISC 302 A
Sen 1Sen* » 3Sen* 1Qz » AOD
ko kr
Qfka
Sen Q Q Rox-Q kd
30, 305

When a sensitizer (Sen), such as chlorophyll, in soybean
oil absorbs light energy it becomes an excited singlet sen-
sitizer (*Sen*) and then becomes an excited triplet sen-
sitizer (3Sen*) by an intersystem crossing (ISC)
mechanism. The energy of ®Sen* is transferred to or-
dinary triplet-state oxygen (30,) to produce singlet ox-
ygen (10,) by triplet-triplet annihilation. Singlet-oxygen
reacts with substrate (A) to produce oxidized substrate
(AQ,). The formation of oxidized products (AO,) could be
reduced by quenching of singlet-oxygen and/or excited
triplet sensitizers. The  antioxidant effects of the
carotenoids in soybean oil containing chlorophyll under
light storage must be due to the quenching of singlet-
oxygen andfor chlorophyll by the carotenoids. If
carotenoids reduced the chlorophyll-sensitized photoox-
idation of soybean by singlet-oxygen quenching, the
following steady-state kinetic equation is established (20):

{d[AOQ.]idt} " = K {1+{ks[Q]+ku[Q] +kq) / K [A]

where K denotes the rate of singlet-oxygen formation;
AO,, oxidized soybean oil; K,, reaction rate constant of
soybean oil with singlet oxygen; A, soybean oil; k,, reac-
tion rate constant of physical singlet-oxygen quenching
by carotenoid; k,,_q, reaction rate constant of chemical
singlet-oxygen quenching by carotenoid; Q, carotenoid,
and k,, decaying rate of singlet-oxygen. The intercepts
and slopes of the plots of [AO,]™ vs. [A]™! at various
concentrations of quencher (Q) are K—! and K1{(ky +
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FIG. 1. Effect of f-apo-8'-carotenal on the peroxide values of purified
soybean oil containing 3.3 X 10~? M chlorophyll b during 2-hr light
storage at 25°C.

k!11 [Q] + K,,—¢IQ)V/k,}, respectively. The intercepts of the
plots are independent of the concentration of quencher
and the slopes are dependent on the concentration of quen-
cher (20).

The ratio of slope to intercept of the plot is {k4 + (k,
+ k,,_)[Q]}/k,. The plot of slope/intercept from the plots
of [AQ,] vs. [AT™) vus. [Q] allows the determination of
kyk, from the intercept and (k; + k., q)k, from the
slope. 1f the decay rate of singlet-oxygen (kg) is known,
the reaction rate of soybean oil with singlet-oxygen (k,)
and the total singlet-oxygen quenching rate of carotenoid
(k; + ko_q) can be determined (20). The ky values are
known for many solvents {28). The plots of [AO,]™ vs.
[A]? for different levels of f-apo-8'-carotenal are shown
in Figure 1. The intercepts were the same for different
levels of the carotenoid, but the slopes of the plots increas-
ed as the concentration of f-apo-8’-carotenal increased
from 0 to 1.0 X 107% M. Therefore, $apo-8'-carotenal
quenched singlet-oxygen to reduce the photosensitized ox-
idation of soybean oil. Thi§ result confirms that
carotenoids quenched singlet-oxygen to reduce the singlet-
oxygen oxidation of oils containing sensitizers (6,10,20).

The linear regression line for the plot of [AQ,]™! vs.
[A]™! containing no p-apo-8-carotenal (Fig. 1) is y =
21.75 X + 203.6, where y = [AO,]! and X = [A]7.. The
slopef/intercept of the regression line is 0.106. Foote (20)
showed that the slope/intercept of the regression line for
the soybean oil containing no carotenoid is ky/k,. The k,
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0.5

Y =0.115 + 0.296x10-5 X

Slope/intercept

0‘1 ' 1 1 - I} A 1
0.00 0.25 0.50 0.75 1.00

B-apo-8'-carotenal (x10-5M)

FIG. 2. The plot of slope/intercept of the plots (of l/peroxide vs.
l/soybean oil shown in Fig. 1) vs. the concentration of
f-apo-8'-carotenal.

value in methylene chloride is 1.1 X 10* sec™? (29). The
singlet-oxygen oxidation rate (k;) of soybean oil is
kgy/slope. Therefore, k, = 1.1 X 1040.106 = 1.04 X 105
M~ sec™? in methylene chloride. Doleiden et al (30)
reported that the singlet-oxygen oxidation rates of methyl
oleate, methyl linoleate, and methyl linolenate were 0.67
X 105, 1.3 X 105 and 1.9 X 10° M sec™! in pyridine,
respectively.

The ratios of slope/intercept of the plots containing 0,
0.25 X 1075, 0.5 X 1075 and 1.0 X 105 M g-
apo-8'-carotenal were calculated from Figure 1 and were
0.106, 0.197, 0.265, and 0.401, respectively. To determine
the singlet-oxygen quenching rate (k, + k,_q) of p-
apo-8'-carotenal, the slopefintercept vs. [Fapo-8'-carotenal]
was plotted and the plot is shown in Figure 2. The linear
regression equation of the plot/intercept vs. [f
apo-8’-carotenal] of Figure 2is Y = 0.115 + 0.296 X 105
X, where Y is slope/intercept and X is [-apo-8'-carotenal]
in moles. Foote (20) reported that the slope of the plot of
slopefintercept vs. [f-apo-8'-carotenal] is (k, + k., o)k,
The value of (k, + k,,_q) of f-apo-8’-carotenal is slope X
k,. Since the slope of the plot for f-apo-8'-carotenal (Fig.
2) is 0.296 X 10° M~ and k, is 1.04 X 105 M~ sec™!, the
(k“s+ k,_q) of p-apo-carotenal is 0.296 X 10° X 1.04 X
105 M~ sec™? = 3.07 X 10° M~ sec™l.

[AO, ] vs. [A]? for different levels of p-carotene and
canthaxanthine were plotted to determine the quenching
mechanisms of the carotenoids (plots not shown). The in-

tercepts of the plots were the same, and the slopes were
different for different levels of p-carotene and canthaxan-
thin. Therefore, these carotenoids reduced the photosen-
sitized oxidation of soybean oil by quenching singlet ox-
vgen. The slopefintercept vs. [f-carotene] and [canthaxan-
thin] were also plotted to determine the singlet-oxygen
quenching rates of the carotenoids (plots not shown). The
singlet-oxygen quenching rates of -carotene and canthax-
anthin were calculated from the slopes of the plots, and
were 4.60 X 10° and 1.12 X 10'® M~ sec™!, respectively.
The singlet-oxygen quenching rate of f-carotene in
benzene-methanol (4:1) was 5 X 10° M~ sec™ according
to Foote and Denny (18), 6.5 X 10° M~ sec™! in pyridine
according to Fahrenholtz et al. (31), and 1.3 X 10! M~
sec! in benzene according to Farmilo and Wilkinson
(32). The singlet-oxygen quenching rate of B-carotene
varies in different solvents (28). The quenching rates of
p-apo-8'-carotenal and canthaxanthin have not been
reported. Since the singlet-oxygen quenching rates of -
apo-8'-carotenal, carotene, and canthaxanthin are 3.06
X 109, 4.60 X 10°% and 1.12 X 10'® M~ sec™?, respective-
ly, the singlet-oxygen quenching rates of the food-
approved carotenoids increased as the number of con-
jugated double bonds of the carotenoids increased. The
singlet-oxygen quenching rates of synthetic and non-food-
approved lutein, zeaxanthin, lycopene, isozeaxanthin, and
astaxanthin increased as the number of conjugated dou-
ble bonds of the carotenoids increased (10).
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