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To protect the nutrient and flavor stability of milk under light, the effects of 0, 0.01, 0.03, and 0.05 M
1,4-diazabicyclo[2,2,2]octane (DABCO) and 2,5-dimethylfuran (DMF) on the riboflavin photosensitized
oxidation of milk were studied. The oxidation of milk was studied by measuring the headspace oxygen
in sample bottles after 3 h of light exposure at 3000 lux. As the concentration of DABCO and DMF,
which are water soluble compounds, increased in the sample from 0, 0.01, and 0.03 to 0.05 M, the
depleted headspace oxygen content significantly decreased (P < 0.05). Steady state kinetic studies
of singlet oxygen oxidation showed that the antioxidant activity of DABCO and DMF was due to
singlet oxygen quenching. The reaction rate constant of singlet oxygen with milk fat was 8.1 × 105

M-1 s-1. Total singlet oxygen quenching rates of DABCO and DMF were 1.5 × 107 and 2.6 × 107

M-1 s-1, respectively. DABCO and DMF could be used to slow the reaction between singlet oxygen
and milk components to protect nutrients, especially riboflavin, and to improve the oxidative stability
of milk fat during storage or processing under light.
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INTRODUCTION

Milk contains 1.75 mg riboflavin per liter and is the most
important source of riboflavin in the American diet (1). Milk
contributes 40-50% of the total dietary riboflavin in the United
States (2). Although riboflavin is heat stable, it is very sensitive
to light. Milk lost 30% riboflavin to sunlight for 30 min (3).
The 50% riboflavin of macaroni was lost after 1 day of storage
under light. The light intensity was the rate-determining factor
for the riboflavin loss in the macaroni (4). The wavelength of
450 nm was the most destructive to riboflavin. Riboflavin in
milk in a clear bottle or white sachet was lost faster than
riboflavin in milk packed in a brown bottle or carton (5).

Fluorescent light is commonly used in supermarkets to display
dairy products and provides good conditions for light absorption
by riboflavin (6-9). Riboflavin under light can generate reactive
oxygen species such as superoxide anions, hydroxyl radical, and
singlet oxygen (10-13). The distribution of the reactive oxygen
species formed in a particular riboflavin photosensitized system
depends on the availability of oxygen, the concentration of
riboflavin, and the presence of other oxidizable reactants or
quenchers (11-14). Reactive oxygen species can cause not only
nutrient destruction but also off-flavor formation in foods.

Bradley and Min (15) reported the formation of single oxygen
by riboflavin using electron spin spectrometry. King and Min
(16) and Huang and others (17) reported the singlet oxygen
formation rate by 15 ppm riboflavin in 12% water/88% acetone

solution and 40µM riboflavin in a milk fat aqueous emulsion
system. Singlet oxygen directly reacts with electron-rich com-
ponents such as double bonds of fatty acids to produce
undesirable flavor (15). Undesirable rancid flavor compounds
such as hexanal and 2-heptenal were formed from linoleic acid
in soymilk by singlet oxygen oxidation (17). The reaction rates
between triplet oxygen and singlet oxygen with linoleic acid
are 8.9× 101 and 1.3× 105 M-1 s-1, respectively (18). The
rate of singlet oxygen with linoleic acid is about 1500 greater
than that of ordinary atmospheric triplet oxygen. The rate that
soybean oil reacts with singlet oxygen is 1.4× 105 M-1 s-1

(19).
Milk exposed to natural or artificial light leads to the

development of an off-flavor called sunlight flavor (20, 21).
Jung and others (22) reported that the undesirable sunlight flavor
of milk was due to the reaction between the singlet oxygen and
the methionine for dimethyl disulfide. The singlet oxygen was
formed from the atmospheric triplet oxygen by riboflavin
photosensitization.

King and Min (23) reported that vitamin D2 was destroyed
by singlet oxygen formed by riboflavin under light and produced
a 5,6-epoxide of vitamin D2. The rapid destruction of riboflavin
in foods under light was partly due to the reaction between
singlet oxygen and riboflavin (24).

The reaction rate between riboflavin and singlet oxygen is
1.01× 1010 M-1 s-1 (18). This reaction rate is one of the fastest
chemical reaction rates. This exceptionally high chemical
reaction rate clearly explains why the riboflavin is so easily
destroyed under light. The electrophilic singlet oxygen reacts
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with riboflavin to destroy the riboflavin, which has many double
bonds in the molecule. The riboflavin photosensitized oxidation
of milk destroys vitamin D and riboflavin; produces hexanal,
which is responsible for rancid off-flavor; and forms dimethyl
disulfide, which is responsible for sunlight off-flavor, within
hours under light (22,23).

The effects of lipid soluble quenchers such asR-, γ-, and
δ-tocopherols (25), â-carotene, canthaxantine,â-apo-8′carotenal
(26), lutein, zeaxantine, lycopene, isozeaxantinse, and astaxan-
tine (19) on minimizing the singlet oxygen oxidation of
vegetable oils have been extensively studied. The effects of
water soluble compounds to minimize the singlet oxygen
oxidation in foods have been studied in a very limited way.
The effects, quenching mechanisms, and kinetics of water
soluble quenchers in milk have not been reported. The objective
of this research was to determine the effects, quenching
mechanisms, and kinetics of the water soluble 1,4 diazabicyclo-
[2,2,2]octane (DABCO) and 2,5-dimethylfuran (DMF) on the
riboflavin photosensitized oxidation of milk to protect nutrients
and flavor quality of milk under light.

MATERIALS AND METHODS

Materials. Milk and cream from a local supermarket, DABCO from
Sigma Chemical Co. (St. Louis, MO), and DMF from Aldrich Chemical
(Milwaukee, WI) were used.

Sample Preparation for the Effects, Quenching Mechanisms, and
Kinetics of DABCO and DMF on Riboflavin Photosensitized
Oxidation on Milk. To study the effects of the water soluble
compounds DABCO and DMF on the riboflavin photosensitized
oxidation of milk, samples of 0, 0.01, 0.03, and 0.05 M DABCO and
DMF in milk containing 40µM riboflavin were prepared in duplicate
(27).

Thirty milliliters of milk containing DABCO or DMF was transferred
into a 35 mL serum bottle. The bottles were sealed airtight with Teflon-
coated rubber septa and aluminum seals and exposed to light and dark
storage conditions for 3 h. Samples were placed in a light chamber
consisting of a rectangular glass (60 cm× 30 cm× 50 cm) liner. Four
fluorescent F401F lamps (Sylvania Co., Danver, MA) were placed
below the glass chamber where the light intensity at the sample level
was 3000 lux (27). The temperature of the light chamber was 22°C.
Samples were rearranged in the light chamber every hour to provide
uniform light exposure.

The quenching mechanisms and kinetics of DABCO and DMF in
riboflavin-photosensitized oxidation of milk were studied by the steady
state kinetic equation (28). Samples containing 0.10, 0.14, 0.21, and
0.41 M milk fat with 40µM added riboflavin and 0, 0.01, 0.03, and
0.05 M DABCO and DMF were prepared in duplicate. One mole of
milk fat was calculated to be 803 g in 1 L (29). Cream containing
36% milk fat was diluted with deionized water to achieve 0.10, 0.14,
0.21, and 0.41 M milk fat. The 30 mL of sample was transferred into
a 35 mL serum bottle, sealed airtight, and placed in the light chamber
for 3 h. The quenching mechanisms and kinetics of DABCO and DMF
in milk were studied by measuring the depleted headspace oxygen of
the sample bottle by gas chromatography (30). The depleted headspace
oxygen content was then expressed asµmol of oxygen per mL of
headspace gas. A steady state kinetic equation was applied to determine
the quenching mechanisms and kinetics of DABCO and DMF (31).

Determination of Headspace Oxygen Depletion.The oxidative
stability of milk was determined by measuring the oxygen disappearance
in the headspace of the sample bottles (32). One milliliter of headspace
of the sample was injected into a Hewlett-Packard 5880A gas
chromatography equipped with a thermal conductivity detector using
a 1 mL gastight syringe (Hamilton Co., Reno, NV). A stainless steel
column (1.83 m× 0.32 cm i.d.) packed with 80/100 mesh molecular
sieve 13× (Alltech Associates, Inc., Deerfield, IL) was used with helium
gas at a flow rate of 30 mL/min. The temperatures of the oven, injector
port, and detector were 40, 120, and 180°C, respectively. The gas
chromatographic peak area of oxygen in 1 mL of headspace gas was

measured using a Hewlett-Packard 3390 electronic integrator and
expressed as electronic counts. One milliliter of air contained 0.20946
mL of oxygen (33), and 22400 mL of oxygen equaled 106 µmol
according to Avogadro’s Law. The 0.20946 mL amount of oxygen
equaled 9.35µmol. That is, 1 mL of air contained 9.35µmol of oxygen.
The gas chromatographic peak area of 9.35µmol of oxygen was
measured in electronic counts by injecting 1 mL of air into the gas
chromatograph, and electronic counts of 1µmol of oxygen were
calculated. The electronic counts of O2/mL of headspace gas were then
converted toµmol of oxygen.

Statistical Analyses.Depleted headspace oxygen values reported
are mean values of duplicate samples. Tukey’s range test (SAS,34)
was used to determine the effects of different levels of DABCO and
DMF on the depleted headspace oxygen of milk samples during storage.

RESULTS AND DISCUSSION

Effects of DABCO and DMF on Riboflavin Photosensi-
tized Oxidation of Milk. The effects of 0, 0.01, 0.03, and 0.05
M DABCO and DMF on the headspace oxygen depletion of
milk samples containing 40µM riboflavin after 3 h of light
storage are shown inTable 1. The coefficient of variance (n )
5) of headspace oxygen determined by gas chromatography was
1.5%. The depleted or reacted headspace oxygen of milk sample
with 0.41 M milk fat containing 40µM added riboflavin stored
after 3 h ofillumination without quencher was 4.10µmol. The
depleted 4.10µmol of oxygen is the same as 9.17% oxygen in
the air. The 20.946% oxygen in 1 mL of air is equal to 9.35
µmol. However, the oxygen in the headspace air of the same
milk stored in the dark for 3 h did not react with milk and was
still 20.9%. The 9.17 and 0.0% oxygen reacted with milk during
the storage for 3 h under light and in dark, respectively. The
oxygen reacted with milk during the storage under light must
not be the same oxygen, which did not work with the milk in
the dark for 3 h. The riboflavin free milk was prepared by
passing milk through the liquid chromatography using Fluorosil
as the stationary phase. The headspace oxygen of riboflavin free
milk did not react with milk under light or in dark for 3 h. The
fat content in the riboflavin free sample was the same as that in
the sample with riboflavin. The depleted headspace oxygen of
milk containing riboflavin under light was the singlet oxygen
formed by the interaction of riboflavin under light and atmo-
spheric triplet oxygen as shown inFigure 1 (35). The singlet
oxygen reacted with milk components and depleted during the
storage under light. As the concentration of DABCO and DMF
increased from 0.0, 0.01, and 0.03 to 0.05 M, the depleted

Table 1. Effects of 0.01, 0.03, and 0.05 M DABCO and DMF on the
Depleted Headspace Oxygena of Milk with 0.10, 0.14, 0.21, and 0.41
M Milk Fat Containing 40 µM Riboflavin after 3 h of Storage under
Light at Room Temperature

depleted headspace oxygen
(µmol of O2/mL of headspace)

milk fat concentration (M)

0.10 0.14 0.21 0.41

DABCO (M) 0.00 1.79 a 2.32 a 2.90 a 4.10 a
0.01 0.95 b 1.20 b 1.71 b 2.64 b
0.03 0.70 c 0.94 c 1.26 c 2.18 c
0.05 0.52 d 0.64 d 0.97 d 1.73 d

DMF (M) 0.00 1.79 a 2.32 a 2.90 a 4.10 a
0.01 0.77 b 1.02 b 1.33 b 2.33 b
0.03 0.47 c 0.62 c 0.91 c 1.58 c
0.05 0.34 d 0.44 d 0.67 d 1.18 d

a Headspace oxygen is the mean value of analyses of duplicate samples; means
in a column of the same quencher with different letters are significantly different
at P < 0.05.
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headspace oxygen content significantly decreased (P < 0.05)
as shown inTable 1. DABCO and DMF did not have any effect
on the depleted headspace oxygen in milk for the 3 h of storage
in dark. The concentrations of 0.01, 0.03, and 0.05 M DABCO
or DMF acted as antioxidants in milk containing riboflavin under
light. As the fat content increased from 0.10, 0.14, and 0.21 to
0.41 M in the sample, the depleted headspace oxygen increased
in all of the samples containing different levels of DABCO and
DMF (Table 1).

Figure 1 shows the formation of singlet oxygen by riboflavin
under light, the reaction of singlet oxygen with food components,
and quenching mechanisms of quenchers such as DABCO (35).
The ground singlet state riboflavin receives the energy from
light and becomes the excited singlet state riboflavin. The
excited singlet state riboflavin becomes the excited triplet state
riboflavin by an intersystem crossing mechanism. The excited
triplet state riboflavin reacts with atmosphere triplet oxygen to
produce a superoxide anion or singlet oxygen (13). Singlet
oxygen is electrophilic and reacts with the compounds contain-
ing double bonds such as riboflavin and linoleic acid.

Quenching Mechanisms and Kinetics of DABCO and
DMF in Riboflavin Photosensitized Oxidation of Milk. The
effects of 0, 0.01, 0.03, and 0.05 M DABCO and DMF on the
headspace oxygen depletion of 0.10, 0.14, 0.21, and 0.41 M
milk fat containing 40µM riboflavin after 3 h of light storage
are shown inFigures 2 and3, respectively. The effects of 0,
0.01, 0.03, and 0.05 M DABCO and DMF on the headspace
oxygen depletion of 0.10, 0.14, 0.21, and 0.41 M milk fat
containing 40µM riboflavin after 3 h of storage in dark were
not observed (data not shown). As the concentration of DABCO
and DMF increased, the depleted headspace oxygen content of
the sample bottles decreased during storage under light. If
DABCO and DMF reduced riboflavin-photosensitized oxidation
of milk by singlet oxygen quenching, the following steady state
kinetic equation is established (35)

whereK denotes the rate of singlet oxygen formation; AO2 is
oxidized milk fat; kr is the reaction rate constant of milk fat
with singlet oxygen; A is milk fat;kq is the reaction rate constant
of physical singlet oxygen quenching by DABCO;kox-Q is the
reaction rate constant of chemical singlet oxygen quenching by
DABCO; Q is the quencher such as DABCO; andkd is the decay
rate of singlet oxygen in water. The plot of{-d[O2]/dt}-1

against [A]-1 at various [Q] gives a constanty-intercept equal

to K-1. Constant intercepts of the plots{-d[O2]/dt}-1 against
[A] -1 at various [Q] are diagnostic of singlet oxygen quenching
(35). In the presence of quencher, the slope of this plotSQ is
K-1 × {(kq + kox-Q)[Q] + kd}/kr. Without quencher, the slope
(SO) is K-1 kd/kr. The intercepts of the plots are independent of
the concentration of quencher, and the slopes are dependent on
the concentration of quencher if quenchers quenched singlet
oxygen only (34). Thekd values are known for many solvents
(36). BecauseSQ/SO is {[(kq + kox-Q)[Q] + kd]/kr}, the plot of

Figure 1. Formation of singlet oxygen from atmospheric triplet oxygen
by riboflavin photosensitization. RF, riboflavin; 1RF*, excited singlet state
riboflavin; 3RF*, excited triplet state riboflavin; Kisc, intersystem crossing
rate from singlet state to triplet state; Q, quencher; KQ, quenching rate;
3O2, triplet oxygen; 1O2, singlet oxygen; ko, reaction rate between excited
triplet state riboflavin and triplet oxygen; kq, physical quenching rate; kox-Q,
chemical quenching rate; kd, decaying rate; and kr, reaction rate between
singlet oxygen and riboflavin.

{-
d[O2]

dt }-1

) {d[AO2]

dt }-1

)

K -1{1 +
(kq + kox-Q)[Q] + kd

kr
× [A]-1}

Figure 2. Effect of DABCO on the headspace oxygen depletion of milk
with milk fat containing 40 µM riboflavin after 3 h of storage under light
at room temperature.

Figure 3. Effect of DMF on the headspace oxygen depletion of milk with
milk fat containing 40 µM riboflavin after 3 h of storage under light at
room temperature.

6018 J. Agric. Food Chem., Vol. 54, No. 16, 2006 Bradley et al.



SQ/SO against [Q] gives a straight line whose slope is (kq +
kox-Q)/kd, from which the rate constant of total quenchingkq +
kox-Q can also be measured whenkd is known.

The results of quenching mechanism study of DABCO and
DMF during singlet oxygen oxidation of milk are shown in
Figures 2 and 3, respectively. They-intercepts of the plot
{-d[O2]/dt}-1 against [A]-1 at 0.01, 0.03, and 0.05 M of
DABCO and DMF were statistically the same (P > 0.05), but
the slopes were different. The steady state kinetic equation states
wheny-intercepts of plots{-d[O2]/dt}-1 against [milk fat]-1

at different concentrations of quencher are the same, the slopes
of the plots are different. The quencher minimizes singlet oxygen
oxidation by quenching singlet oxygen only. Therefore, DABCO
and DMF quenched singlet oxygen only and did not quench
the excited triplet state of riboflavin to minimize the riboflavin
photosensitized oxidation of milk.

The slopes and the ratios ofSQ/SO of the plots containing 0,
0.01, 0.03, and 0.05 M DABCO and DMF calculated from
Figures 2and3 are given inTable 2. They-intercept and slope
of the plot{-d[O2]/dt}-1 against [A]-1 without quencher were
0.144 mL of headspace gas/µmol of oxygen and 0.04 mL of
headspace gas/µmol of oxygen, respectively. The linear regres-
sion for the plot of [AO2]-1 against [A]-1 without DABCO is
y ) 0.04x+ 0.144, wherey ) [AO2]-1 and x ) [A] -1. The
slope/intercept ratio of the regression line for milk without
DABCO is equal tokd/kr wherekd is the decaying rate of singlet
oxygen in water andkr is the reaction rate constant of singlet
oxygen with milk fat (35). Thekd/kr value was 0.28 M. Thekd

singlet oxygen in water was 2.27× 105 s-1 (37). Therefore,
the reaction rate constant (kr) of singlet oxygen with milk fat
was 2.27× 105 s-1/0.28 M ) 8.1 × 105 M-1 s-1.

To determine the total singlet oxygen quenching ratekq +
kox-Q of DABCO, the regression line ofSQ/SO against [DABCO]
was plotted using the data inTable 2 and is shown inFigure
4. kq and kox-Q are physical and chemical singlet oxygen
quenching rate constants of the quencher, respectively (36).SQ

andSO are the slopes of the plot{-d[O2]/dt}-1 against [A]-1

in the presence and absence of quencher, respectively. The slope
of the regression line of the plotSQ/SO against [DABCO] is (kq

+ kox-Q)/kd (28, 35). The slope of the regression line of the
value ofSQ/SO against [DABCO] was 66.10 M-1. Because the
decaying rate constant of singlet oxygen in water was 2.27×
105 s-1, the total singlet oxygen quenching rate constantkq +
kox-Q of DABCO in milk was 1.5× 107 M-1 s-1.

To determine the total singlet oxygen quenching ratekq +
kox-Q of DMF, the regression line ofSQ/SO against [DMF] was

plotted using the data inTable 2 and is shown inFigure 5.
The slope of the regression line ofSQ/SO against [DMF] was
116.10 M-1. Because the decaying rate constant of singlet
oxygen in water was 2.27× 105 s-1, the total singlet oxygen
quenching rate constantkq + kox-Q of DMF in milk was 2.6×
107 M-1 s-1. The total quenching rate of DMF was 1.7 times
faster than DABCO in milk.

Because the reaction rates of DABCO and DMF with singlet
oxygen were extremely high, DABCO and DMF could be used
to protect nutrients such as riboflavin and vitamin D2 in milk

Table 2. Parameters in the Plots of {−d[O2]/dt}-1 against [Milk Fat]-1

of Figures 2 and 3 for Effects of DABCO and DMF on the Headspace
Oxygen Depletion of Milk with 0.21 M Milk Fat Containing 40 µM
Riboflavin after 3 h of Storage under Light at Room Temperature

intercept
(mL headspace/

µmol O2)

slope
(M mL headspace/

µmol O2)

SQ/SO
a

(M)

DABCO (M) 0.00 0.144 0.04 1.00
0.01 0.164 0.09 2.25
0.03 0.163 0.13 3.25
0.05 0.172 0.18 4.50

DMF (M) 0.00 0.144 0.04 1.00
0.01 0.178 0.11 2.75
0.03 0.151 0.19 4.75
0.05 0.173 0.28 7.00

a SQ/SO are the slopes of the plot {−d[O2]/dt}-1 against [Milk Fat]-1 in the
presence and absence of DABCO and DMF, respectively.

Figure 4. Regression line of SQ/SO against concentrations of DABCO in
milk.

Figure 5. Regression line of SQ/SO against concentrations of DMF in
milk.
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and to improve the oxidative stability of milk fats during storage
in dairy products at relatively low concentrations.

LITERATURE CITED

(1) McBean, L. D.; Speckman, E. W. Nutritive value of dairy foods.
In Fundamentals of Dairy Chemistry; Wong, N. P., Ed.; Van
Nostrand Reinhold Company: New York, 1988; pp 343-407.

(2) Allen, C.; Parks, O. W. Photodegradation of riboflavin in milks
exposed to fluorescent light.J. Dairy Sci. 1979, 62, 1377-1379.

(3) Wishner, L. A. Light induced oxidation in milk.J. Dairy Sci.
1964,47, 216-221.

(4) Woodcock, E. A.; Wathersen, J. J.; Labuza, T. P. Riboflavin
photochemical degradation in pasta measured by high-pressure
liquid chromatography.J. Food Sci.1982,47, 545-455.

(5) Bekbolet, M. Light effects on food.J. Food Prot. 1990, 53, 430-
440.

(6) Li, T. L.; Min, D. B. Stability and photochemistry of vitamin
D2 in model system.J. Food Sci.1998,63, 413-417.

(7) Edwards, A. M.; Bueno, C.; Saldono, A.; Silva, E.; Kassab, K.;
Polo, L.; Joari, G. Photochemical and pharmacokinetic properties
of selected flavins.J. Photochem. Photobiol. B: Biol.1999,48,
36-41.

(8) Viteri, G.; Edwards, A. M.; de la Fuente, J.; Silva, E. Study of
the interaction between triplet riboflavin and theR-, âH- and
â-L crystalline of the eye lens.Photochem. Photobiol.2003, 77,
535-540.

(9) Criado, S.; Castilllo, C.; Yppolito, R.; Garcia, N. A. The role of
4- and 5-aminosalicylic acids in a riboflavin-photosensitized
process.J. Photochem. Photobiol. A: Chem. 2003,155, 115-
118.

(10) Grzelak, A.; Rychlik, B.; Bartosz, G. Light-dependent generation
of reactive oxygen species in cell culture and media.Free Radical
Biol. Med.2001,30, 1418-1425.

(11) Min, D. B.; Boff, J. M. Chemistry and reaction of singlet oxygen
in foods.Compr. ReV. Food Sci. Saf.2002, 58-72.

(12) Mahn, A.; Melcheier, I.; Suschek, C. V.; Sies, H.; Klotz, L. O.
Irradiation of cells with ultraviolet-A in the presence of cell
culture medium elicits biological effects due to extracellular
generation of hydrogen peroxide.Free Radical Res. 2003,37,
391-397.

(13) Choe, E.; Huang, R.; Min, D. B. Chemical reactions and stability
of riboflavin in foodssReviews.J. Food Sci. 2005,70, R28-
R36.

(14) Kumari, M. V. R.; Yoneda, T.; Hiramatsu, M. Scavenging
activity of â-carotene on reactive oxygen species generated by
photosensitization of riboflavin.Biochem. Mol. Biol. Int.1996,
38, 1163-1170.

(15) Bradley, D.; Min, D. B. Singlet oxygen detection in skim milk
by electron spin resonance spectroscopy.J. Food Sci. 2003, 491-
494.

(16) King, J.; Min, D. B. Riboflavin photosensitized singlet oxygen
oxidation product of vitamin D2. J. Am. Oil Chem. Soc.2002,
983-987.

(17) Huang, R.; Choe, E.; Min, D. B. Effects of riboflavin photo-
sensitized oxidation on volatile compounds of soymilk.J. Food
Sci.2004,69, C733-C738.

(18) Choe, E.; Min, D. B. Chemistry and reactions of reactive oxygen
species in foods.J. Food Sci.2005,70, R142-R159.

(19) Lee, S. H.; Min, D. B. Effects, quenching mechanisms and
kinetics of carotenoids in chlorophyll sensitized photooxidation
of soybean oil.J. Agric. Food Chem.1990,38, 1630-1634.

(20) Hoskin, J. C.; Dimick, P. S. Evaluation of fluorescent light on
flavor and riboflavin content of milk held in gallon returnable
containers.J. Food Prot.1979,42, 105-109.

(21) Bradley, R. L., Jr. Effect of light on alternation of nutritional
value and flavor of milk: A review.J. Food Prot.1980, 43,
314-321.

(22) Jung, M. Y.; Yoon, S. H.; Lee, H. O.; Min, D. B. Singlet oxygen
and ascorbic acid effects on dimethyl disulfide and off-flavor in
skim milk exposed to light.J. Food Sci.1998,63, 408-412.

(23) King, J.; Min, D. B. Riboflavin photosensitized singlet oxygen
oxidation products of vitamin D.J. Am. Oil Chem. Soc.2002,
983-987.

(24) Huang, R.; Kim, H. J.; Min, D. B. Photosensitizing effect of
riboflavin, lumiflavin and lumichrome on soymilk flavor stability.
J. Agric. Food Chem.2006,54, 2359-2364.

(25) Jung, M. Y.; Lee, E. C.; Min, D. B. Effects of tocopherols on
the chlorophyll photosensitized oxidation of soybean oil.J. Food
Sci.1991,56, 807-815.

(26) Jung, M. Y.; Min, D. B. Effects of quenching mechanisms of
carotenoids on photosensitized oxidation of soybean oil.J. Am.
Oil Chem. Soc.1991,68, 653-658.

(27) Lee, E. C.; Min, D. B. Quenching mechanism of carotene on
the chlorophyll sensitized photooxidation of soybean oil.J. Food
Sci.1988,53, 1894-1895.

(28) Yamauchi, R.; Matsushita, S. Quenching effect of tocophoerols
on methyl linoleate photooxidation and their oxidation products.
Agric. Biol. Chem.1977,41, 1425-1430.

(29) Henderson, J. L.The Fluid Milk Industry; The Avi Publishing
Co.: Westport, CT, 1971; p 586.

(30) Fakourelis, N.; Lee, E. C.; Min, D. B. Effects of chlorophylls
and â-carotene on the oxidative stability of olive oil.J. Food
Sci.1987,52, 234-235.

(31) Li, T. L.; King, J. M.; Min, D. B. Quenching mechanisms and
kinetics of carotenoids in riboflavin photosensitized singlet
oxygen oxidation of vitamin D.J. Food Biochem. 2000, 477-
492.

(32) Mistry, B. S.; Min, D. B. Effect of fatty acids on the oxidative
stability of soybean oil.J. Food Sci.1987,52, 831-832.

(33) Parker, S. P.McGraw-Hill Encyclopedia of Science and Technol-
ogy; McGraw-Hill: New York, 1982.

(34) SAS.Statistical Analysis System Procedure Guide; SAS: Cary,
NC, 2004.

(35) Foote, C. S. Quenching of singlet oxygen. InSinglet Oxygen;
Wasserman, H., Murray, R. W., Eds.; Academic Press: New
York, 1979; pp 139-171.

(36) Hurst, J. R.; McDonald, J. D.; Schuster, G. B. Lifetime of singlet
oxygen in solution directly determined by laser spectroscopy.J.
Am. Chem. Soc.1982,104, 2065-2067.

(37) Rodgers, M. A. J.; Snowden, P. T. Lifetime of singlet oxygen
in liquid water as determined by time-resolved infrared lumi-
nescence measurements.J. Am. Oil Chem. Soc.1982, 104,
5541-5543.

Received for review December 29, 2005. Revised manuscript received
May 8, 2006. Accepted May 31, 2006.

JF053264J

6020 J. Agric. Food Chem., Vol. 54, No. 16, 2006 Bradley et al.


