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Mechanism of Deactivation of Triplet-Excited Riboflavin by
Ascorbate, Carotenoids, and Tocopherols in Homogeneous and
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Tocopherols (a, B, v, and ¢) and Trolox were found to deactivate triplet-excited riboflavin in
homogeneous aqueous solution (7:3 v/v tert-butanol/water) with second-order reaction rates close
to diffusion control [k, between 4.8 x 108 (6-tocopherol) and 6.2 x 108 L mol~1 s~ (Trolox) at 24.0
+ 0.2 °C] as determined by laser flash photolysis transient absorption spectroscopy. In aqueous
buffer (pH 6.4) the rate constant for Trolox was 2.6 x 10° L mol~! s and comparable to the rate
constant found for ascorbate (2.0 x 10° L mol~1 s1). The deactivation rate constant was found to be
inferior in heterogeneous systems as shown for a-tocopherol and Trolox in aqueous Tween-20
emulsion (approximately by a factor of 4 compared to 7:3 v/v tert-butanol/water). Neither S-carotene
(7:3 viv tert-butanol/water and Tween-20 emulsion), lycopene (7:3 v/v tert-butanol/water), nor crocin
(aqueous buffer at pH 6.4, 7:3 v/v tert-butanol/water, and Tween-20 emulsion) showed any quenching
on the triplet excited state of riboflavin. Therefore, all carotenoids seem to reduce the formation of
triplet-excited riboflavin through an inner-filter effect. Activation parameters were based on the
temperature dependence of the triplet-excited deactivation between 15 and 35 °C, and the isokinetic
behavior, which was found to include purine derivatives previously studied, confirms a common
deactivation mechanism with a bimolecular diffusion-controlled encounter with electron (or hydrogen
atom) transfer as rate-determining step. AH* for deactivation by ascorbic acid, Trolox, and homologue
tocopherols (ranging from 18 kJ mol~ for Trolox in Tween-20 emulsion to 184 kJ mol~! for ascorbic
acid in aqueous buffer at pH 6.4) showed a linear dependence on AS* (ranging from —19 J mol~!
K~ for Trolox in aqueous buffer at pH 6.4 to +550 J mol~t K~ for ascorbic acid in aqueous buffer
pH 6.4). Among photooxidation products from the chemical quenching, lumicrome, a-tocopherol
quinones and epoxyquinones, and a-tocopherol dimers were identified by ESI-QqTOF-MS.
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INTRODUCTION riboflavin and other flavins (10-alkyl-7,8-dimethyl-isoallox-
Light exposure results in quality deterioration of most foods azines) has been extens_ively studied due to the invo_lvement in
and beverages. Milk and other dairy products are among the& !argé number of biological processés-(0). Riboflavin has
most sensitive due to the high content of riboflavin, vitamin P€en shown to act as a sensitizer in biological systems for both
B, which is an efficient photosensitizer for oxidative processes the so-called type | and type I photo-oxidation mechanisms.
(1—3). Oxidation in milk affects the nutritive value and produces N milk and dairy products, the type Il (singlet oxygen)
off-flavors, in effect reducing the shelf life of most dairy Mechanism is suggested to be responsible for light-induced
products. The flavor of beer is likewise affected by riboflavin- Oxidation sensitized by riboflavinll). However, as has been
sensitized formation of off-flavor upon light exposur.( recently reported by usilg, 13), a type | (free radical)
Riboflavin (7,8-dimethyl-10-ribityl-isoalloxazine) is a water- mechanism also should be taken into account and may be a
soluble vitamin widely present in meat products, eggs, dairy major pathway for milk photo-oxidation sensitized by riboflavin.
products, and some vegetable foods. The photoreactivity of Lipids, proteins, and vitamins are known to undergo riboflavin-
sensitized oxidation1( 11, 13). For dairy products, proteins
_ *Author to whom correspondence should be addressed (e-mail Is@ and amino acids are oxidized prior to the lipids, and the “burnt
life.ku.dk; telephoner-45 35 33 32 21; faxi-45 35 33 33 44). feather” off-flavor from methionine photo-oxidation precedes

T Universidade de S&o Paulo. . .
8 Royal Veterinary and Agricultural University. the “cardboard” off-flavor from lipid oxidation (2).
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Chart 1. Chemical Structures for the Potential Quenchers for Triplet-Excited Riboflavin Studied
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It is well documented that the content in milk of low carotenoid crocin in order to include studies in homogeneous
molecular weight antioxidants such as tocopherols, carotenoids,aqueous solution.
and uric acid can be manipulated by changing the ruminant diet
(14). The antioxidant eff_ect of uric aC|d. in milk uqder Ilght. J\/IATERIALS AND METHODS
exposure has been assigned to its action as a triplet-excite
riboflavin quencher5). Although the ability of vitamin E and Chemicals. Chloroform,tert-butanol, formic acid, and tocopherol-
f-carotene to delay light-induced oxidation processes in milk Kit for biochemistry ¢, 5, y, andd) were from Merck (Darmstadt,
and dairy products has been widely studied, the mechanismsGermany) and used as received. Analytical grade ascorbic acid, Tween-
we suggested that singlet oxygen formation from triplet-excited MO). The carotenoig-carotene and lycopene were kindly provide by
riboflavin is unlikely to happen, because various substances Roche (Avedgre, Denmark) and used without further purification.

. . ’ . Crocin was obtained from Apin Chemicals Limited (Oxon, U.K.). Water

present in milk at the actual concentration have been shown to

. . . . ) . . was purified on a Millipore Q-plus purification train (Millipore, Bedford,
deactivate triplet-excited riboflavin at diffusion-controlled rates MA).p pore Q-plus p (Millp

and more rapl_dly than _oxygeliz, 15). C_ompounds such as Laser Flash Photolysis KineticsLaser flash photolysis experiments

free ar_mno acids, peptldeg, whey prOte'nS_' pl_mne bases, anqure carried out with an LKS.50 spectrometer from Applied Photo-
phenolics are present at higher concentration in most productsphysics (Leatherhead, U.K.). The third harmonic at 355 nm of a pulsed
than dissolved oxygen, and the type | mechanism becomes theQ-switched Nd:YAG laser was used to pump a dye laser (Spectron
major pathway for the formation of reactive intermediates during Laser System, Rugby, U.K.) using Coumarin 120, which has an
milk photo-oxidation. emission peak at 440 nm. The intensity of the laser pulse was

Herein, we report a mechanistic study of the antioxidant aPproximately 3 mJ cnf. An R928 photomultiplier tube from
action of a-, B-, y-, and d-tocopherol, Trolox, ascorbate Hamamatsu (Hamamatsu, Japan) was used to detect the transient

f-carotene, lycopene, and crocin on the early steps of the light- 2230rPtion (300800 nm). Appropriate UV cutoff filters were used to
induced O)l(idation S’ensitized by riboflavin. The chemical minimize the sample degradation by the monitoring light. The samples

) . were excited in 0.5x 1.0 cm fluorescence curvettes from Hellma
structures of the studied compounds are show®hiart 1. The Mulheim, Germany). All samples were prepared using fresh solutions

compounds were selected to include ascorbate, tocopherols, andnd purged with high-purity N before each experiment. Unless
a carotenoid naturally occurring in milk and also the water- otherwise stated, samples were thermostated at-24® °C. Under
soluble vitamin E analogue Trolox and the water-soluble all conditions the triplet-excited riboflavin decayed in the absence or
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Figure 3. Transient absorption spectra (excited state minus ground state),
recorded at different delay times following the laser pulse (8 ns) for an
anaerobic aqueous solution containing riboflavin (70 «M) and Trolox (967
uM) at 24.0 + 0.2 °C.

A/nm
Figure 1. Absorption spectra of riboflavin, 3-carotene, ascorbic acid, and
o-tocopherol in tert-butanol/water 7:3 v/v at room temperature. Arrow
indicates the laser excitation wavelength used in the present investigation.

1.2x107 1 8oy .
123107 Delay Time
—n—0.2us
soa) 1 -0--2.0 us

E 8.0x10° - 2 50us
S sox1o® T 4000 o ; ~-v-—10 ps
N E e O 18 us
) § )
= & e
8 20x10° S
g 2 4.0x10'3-‘v§
3 $
=2 T T T T 1
<<(1 60x10°  12¢10*  18x10°  24x10°  30¢10° j

Trolox / mol L 0.0

0-0_ 5 ! 5 i ! 5 j ! 5 " ! 5 j ! &
0.0 1.0x10 2.0x10 3.0x10 4.0x10 5.0x10 6.0x10 4.0x10° 4
Time / seconds v T v T T T T T 1

Figure 2. Transient time profile for triplet-excited riboflavin observed at 300 400 500 600 700 800
720 nm (24.0 = 0.2 °C) in the absence and presence of different A/ nm
concentrations of Trolox in anaerobic aqueous buffer at pH 6.4. (Inset) Figure 4. Transient absorption spectra (excited state minus ground state),
Observed first-order rate constants for decay of triplet-excited riboflavin recorded at different delay times following laser pulse (8 ns) for an
as function of Trolox concentration (mol L™1). anaerobic aqueous Tween-20 emulsion containing riboflavin (70 M) and

a-tocopherol (1.1 mM) at 24.0 + 0.2 °C.

presence of quenchers by first-order kinetics, and the decay curve wasgyjo,ys: direct infusion flow rate, 0.5L min~%; accumulation time, 1
fitted using the Applied Photophysics Spectra Kinetic Workstation s: scan rangen/z50—1000: capillar‘y voltage, 3.6 kV: cone voltage,
v.4.63 and the following equation with a floating end poirfix) = 100 V; source temperaturee, 80; desolvation gas flow, 390 L#;
P(1) e"@* + P(3) to obtain the first-order rate constaats [P(2)]- desolvation temperature, 13C; cone gas flow, 32 L 1. For ESI-
Temperature dependence for all quenching reactions was investigated-+)Ms analysis, 0.5 of formic acid was added to the sample (500
at three to four temperatures in the temperature range of 15€35 ul) to yield 0.1% as final acid concentration.

The ground-state absorption spectra recorded for control of concentra-

tion and light absorption were made on a Cintra 40 GBC spectropho- ReSyULTS AND DISCUSSION

tomer (GBC Scientific Equipment Pty Ltd., Victoria, Australia) or on

a Hitachi U-4100 (Hitachi High-Technologies Corp., Tokyo, Japan). ~ 1he Yellow color of dairy products is attributable to the
presence ofi-carotene and riboflavin (sdggure 1). Exposure

to light of riboflavin solutions generates the lowest energy
riboflavin excited singlet state, which by efficient intersystem
crossing yields the very reactive triplet-excited state, a biradical

Electrospray lonization Mass Spectrometry.Mass spectra were
measured utilizing a hybrid quadrupole reflector orthogonal time-of-
flight high resolution, QQTOF, Ultima mass spectrometer (Waters

MicroMass, Manchester, U.K.) equipped with a Z-spray type nano- o .
electrospray ion source. All experiments were performed in the positive that has an oxidation potential of 1.7 V versus NHE) The

mode detection. Samples were irradiated under steady-state conditiongh':‘lf'IIfe of this highly reactive species dep_ends on the solvent
using a high-pressure Hg lamp with a water filter and an interference @nd was found to have the value of 24 us in aqueous buffer
filter, which was used to select light at 436 nm with an intensity of 9.6 &t PH 6.4 (sedigure 2), 27+ 3 us in tert-butanol/water 7:3

x 10% photons per second as determined by ferric oxalate actinometry. V/V, and 154 3 us in aqueous Tween-20 emulsion, respectively.
Irradiations were performed in air-saturatedt-butanol/water 7:3 viv  Notably, the same half-life was found for homogeneous aqueous

solution in 1 cmx 1 cm quarts cells (Hellma) for 30 min. The buffer at pH 6.4 and the aqueous Tween-20 emulsion, which is
photolysis solution contained riboflavin (11av) and a-tocopherol in agreement with the location of riboflavin in the aqueous
(4.13 mM). The general conditions for ESI-QqTOF-MS were as phase.



6288 J. Agric. Food Chem., Vol. 55, No. 15, 2007 Cardoso et al.

160
16.0 4 1 165.0992 m/z A
140
15.5 @ 1
120
:'K 15.0 4 . 100:
‘» =
Al ©
g 145 & > 80+
2 'z
[ 5 60
= ©) £ 7
é:l 1407 = 243.1033 m/z
£ 40 - ’
13.5
20 4
o) ™) 4
13.0
2) 0 "l'llu" ! ¥ T T T el |I" T| v |]I’J' LI
T T T T T T T T T T 160 180 200 220 240 260 280 300
3.3x10° 3.3x10° 3.4x10° 3.4x10° 3.5x10° miz
UT (KT 2700 =
Figure 5. Temperature dependence of triplet-excited riboflavin quenching 1 429.3753 miz B
by (1) (ascorbate in aqueous buffer at pH 6.4, (2) Trolox in aqueous 24°°t
Tween-20 emulsion, (3) Trolox in tert-butanol/water 7:3 viv, and (4) 21004
o-tocopherol in agueous Tween-20 emulsion). 1
5 1800
180 ] “ |
i 2z 19009 431.4057 m/z
160 2 1
S 12004
4 c 430.4068 m/z
140 = 4
] 9004 4453911 m/z
— 120 p
5 1 600
—E, 100 9 4324312 miz 447 4245 miz
< 1 = 300 463.4193 m/z
T 80+ g 44164073 miz
< p 2 1
60 4 3 Y — 0 T T T 4 T T T b 1
| 420 430 440 450 480 470
40+ m/z
27 1200 - c
0 T T T T T T T T T T 4 b
-100 o 106 200 300 400 500 600 1000 857 8017 miz
AS" (Jmol 'K
Figure 6. Isokinetic plot for chemical quenching of triplet-excited riboflavin 800
by ascorbate, purine bases, Trolox, and homologue tocopherols in different :
solvent systems: (1) Trolox in aqueous buffer at pH 6.4; (2) Trolox in g
tert-butanol/water 7:3 viv; (3) Trolox in aqueous Tween-20 emulsion; (4) s 8007
a-tocopherol in tert-butanoliwater 7:3 viv; (5) a-tocopherol in aqueous g 555.5052 /s
Tween-20 emulsion; (6) /-tocopherol in tert-butanol/water 7:3 viv; (7) 400 4 '
y-tocopherol in tert-butanol/water 7:3 viv; (8) d-tocopherol in tert-butanol/
water 7:3 viv; (9) ascorbqte in aqueous buffer at pH 6.4; (10) xanthine; 2004 95,8475 s
(11) hypoxanthine; (12) uric acid in aqueous buffer at pH 6.4 from ref 10. 5948597
The inset is an enlargement of part of the plot. . 808017 miz [ 8050481 miz
T T T T T T T 1
The transient difference absorption spectrum obtained after 850 860 870 680 890 900
445 nm light-pulse excitation with 8 ns of duration confirmed m/z
the formation of triplet-excited riboflavin in all three solvent Figure 7. Positive electrospray ionization mass spectra following steady-
systems as may be seen for an aqueous solutidfigare 3 state photolysis of a-tocopherol (4.1 mM) and riboflavin (112 uM) in

and an aqueous Tween-20 emulsiorFigure 4. The transient aerobic tert-butanoliwater 7:3 v/v at room temperature: (A) spectrum from
difference absorption spectra are similar to those previously m'z 150 to 300; (B) spectrum from m/z 420 to 470; (C) spectrum from
reported using the same experimental method {52, miz 850 to 900. For photoproduct identification, see text.

Addition of various concentrations (up to 1 mM) gfcar-
otene, lycopene, or crocin to oxygen-free solutions containing S-carotene and riboflavin for dert-butanol/water 7:3 viv
50 uM riboflavin in tert-butanol/water 7:3 v/v did not affect  solution of riboflavin, Troloxa-tocopherol, ascorbic acid, and
the decay rate of triplet-excited riboflavin as probed at 720 nm. S-carotene.
However, the initial population of the triplet-excited state of In contrast, ascorbate, Trolox, and the homologue tocopherols
riboflavin was seen to decrease significantly. The decrease indid not affect the initial population of triplet-excited riboflavin,
triplet-excited population of riboflavin may be explained by an in agreement with the lack of spectral overldpgure 1), but
inner-filter effect, as has been also observed for a dairy spreadstrongly decreased the half-life of triplet-excited riboflavin as
product (18).Figure 1 illustrates the spectral overlap of seen for Trolox in aqueous buffer at pH 6Figure 2). From
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Table 1. Second-Order Rate Constant, k,, for Triplet-Excited Riboflavin Deactivation by Ascorbate, Trolox, and Homologue Tocopherols at 24.0 +
0.2 °C in Different Anaerobic Solvents Together with Literature Values for Bond Dissociation Energy (BDE) for Phenolic Hydrogen and lonization
Potential (IP)

quencher k» (L mol~1s7Y) solvent BDE? (kJ mol—1) IPa (kJ mol—1)
ascorbate (2.0+0.3) x 10% aqueous buffer, pH 6.4 (0.2 M)
Trolox (2.6 £0.3) x 10° aqueous buffer, pH 6.4 (0.2 M)
Trolox (6.2 +0.1) x 108 tert-butanol/water 7:3 viv
Trolox (1.9+0.2) x 108 Tween-20 emulsion
a-tocopherol (5.4+0.1) x 108 tert-butanol/water 7:3 viv
a-tocopherol (1.1+0.1) x 108 Tween-20 emulsion 317.1 669.7
[-tocopherol (5.1+0.2) x 108 tert-butanol/water 7:3 viv 332.0 680.2
y-tocopherol (5.1+0.2) x 108 tert-butanol/water 7:3 viv 3329 683.1
o-tocopherol (4.8+0.1) x 108 tert-butanol/water 7:3 viv 340.7 693.1

2 Gas-phase values from ref 20. b Bimolecular rate constant agreeing with that reported in the literature (9).

the exponential decays, first-order rate constants were calculatedable 2. Activation Parameters for the Triplet-Excited Riboflavin
and further found to depend linearly on quencher concentration Deactivation by Ascorbate, Trolox, and Homologue Tocopherols in
as seen in the inset &igure 2 for Trolox in aqueous buffer at  Diferent Anaerobic Solvents at 25 °C

pH 6.4. The second-order quenching constants derived from AH ASE
linear regression of such a plot are collectedTable 1 for quencher  (kJmol"Y) (I mol-1K-Y solvent
ascorbate, Trolo>_<, anq homologue tocopherols for the three ascorbate 18444 551+ 10 aqueous buffer, pH 6.4 (0.2 M)
solvent systems investigated. Trolox 14+1 -19+1 aqueous buffer, pH 6.4 (0.2 M)

FromTable 1it may be seen that ascorbate, Trolox, and the ?O:OX ig “—”21 22 t g , %e”'bUtf;%OVWa:eF 7:3vlv

: : : : : H rolox + -6£0. ween-ZU emulsion

homologue tocopherols deactivate triplet exutgd I’I.boﬂa.VII’.l with a-tocopherol 20+4 55 £ 3 tert-butanoliwater 7:3 viv
second-order rate constants close to the diffusion limit and _icopnerol 13+7 5345 Tween-20 emulsion
accordingly competitive with the deactivation by molecular  g-tocopherol 344 362 tert-butanoliwater 7:3 viv
oxygen (k= 9.8 x 108 M~1 s71), bovine whey proteinsk(~ y-tocopherol 312 26+1 tert-butanol/water 7:3 viv
108 Mt s7%), uric acid (k= 2 x 10° M~1 s71), and phenolic o-tocopherol 361 42=+1 tert-butanol/water 7:3 viv

antioxidants from plant materiak (~ 10° M~1 s71) (12, 15,
19). A slight difference in reactivity is observed among the of a single-electron transfer followed by rapid deprotonization
homologue tocopherols, which can be assigned to an electronor an H-atom transfer from the phenoxyl group to the triplet-

donation effect from methyl groups m (R; = R, = CHz in excited state of riboflavin.

Chart 1), 8 (R1 = CHs, R = H),  (R1 = H, R = CHj), and Recent studies on controlled photo-oxidatic@®)( of milk

0 (Rt = Ry = H) positions increasing the reactivity in the samples have shown that samples containing high amounts of
following order: Trolox> a-tocopherol> 8 ~ y > §. This a-tocopherol are more stable in relation to protein oxidation

order of reactivity corroborates reported values of bond dis- and also that high amounts of carotenoids and tocopherols do
sociation energy for phenolic hydrogen (BDE) and ionization not prevent lipid oxidation, but can delay protein oxidation.
potential (IP) Table 1), which are the molecular properties of Because many studied,(2) have indicated that milk whey
particular importance for H-atom abstraction deactivation and protein photo-oxidation sensitized by riboflavin is responsible
the single-electron-transfer mechanism, respectivady.(No- for the early developed off-flavor in product exposed to light,
tably, the same order of reactivity was observed for the reaction our present findings corroborate the photo-oxidation studies in
of tocopherols with peroxyl radical2(). Trolox shows to be  real milk samples, in view of the fact that tocopherols may
slightly more effective than-tocopherol in the deactivation of  compete with bovine whey proteins to quench triplet-excited
the triplet-excited riboflavin despite the difference in structure riboflavin and thus delay the protein oxidation.

related only to a substitution of the “phytyl tail” of-tocopherol Solvent has an effect on the reaction rate of quenching triplet-
by a carboxylic group in Trolox Ghart 1). Likewise, the excited riboflavin as may be seen frohable 1. For Trolox,
presence or absence of the phytyl tailartocopherol results homogeneous solutions of water aed-butanol/water 7:3 v/v
only in a very small difference in the calculated BDE and IP may be compared, and the ratio between rate constants is
values when replaced by a methyl group in the same position approximately 4 and probably reflects the difference in viscosity
(20). Thus, the difference in reactivity of Trolox [(62 0.1) for which the inverse ratio is approximately &3). For emulsion

x 108 M~ s71, tert-butanol/water 7:3 v/v] and-tocopherol systems, the deactivation rate is also observed to decrease in
[(5.4+0.1) x 1® M1 s, tert-butanol/water 7:3 v/v] toward  agreement with a bimolecular quenching reaction. To obtain
triplet-excited riboflavin may be related to an increase of more mechanistic information, the laser flash experiments were
molecular mobility of the smaller Trolox with a carboxylic group repeated at three or four temperatures for each quencher and
compared to the long phytyl tail. To follow the formation and various concentrations. From the temperature dependerge of
disappearance of transient species (triplet-excited riboflavin, and using transition-state theory, the activation parameters were
riboflavin radical, and phenoxyl radicals), the time-resolved calculated (seéigure 5 for examples) and may be found in
difference absorption spectra were recorded in the spectral regioriTable 2. The variation in enthalpy of activation is high. For
from 300 to 800 nm (Figures &nd4). In spite of the spectral  Trolox the lowest energy barrier for quenching is in water and
overlap due to the strong bleaching of riboflavin ground state, the highest in théert-butanol/water mixture. Ascorbate has a

it is possible to observe the formation of the tocopheroxyl radical very high enthalpy of activation, which, however, is compen-
with a maximum absorption centered at 430 nm in all of the sated by large positive entropy of activation. This compensation
solvent systems investigated. The action of tocopherols aseffect is seen to be more general and to apply for all of the
quenchers of triplet-excited riboflavin is accordingly the result quenching reactions of triplet-excited riboflavin studied as may
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Scheme 1. Proposed Reaction Mechanism for Triplet-Excited Riboflavin Deactivation in a Heterogeneous Aqueous Tween-20 Emulsion in the
Presence of o-Tocopherol and in a Homogeneous Aqueous Solution in the Presence of Ascorbate
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HO. HO.
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be seen fronfigure 6, which confirms an isokinetic behavior  process as a chemical quenching rather than physical. We then
for all six quenchers and in the three different media. The linear arrive at the following mechanism for quenching of triplet-
dependence oAH* and AS provides strong evidence for a  excited riboflavin. The quencher is approachifiRib* in a
common reaction mechanism for the nine reactions studied. process close to diffusion, the barrier depends on the viscosity
Remarkably, the purine derivatives previously studied, that is, and, for the homogeneous system, on the spatial arrangement
uric acid, xanthine, and hypoxanthine, also follow the isokinetic of the reactants. However, the mechanism is the same and
behavior as seen froffigure 6, providing further evidence for  involves electron transfer or hydrogen atom abstraction in the
a common reaction mechanism (15). transition state for which the high-energy barrier is compensated
Photoproducts of the quenching were studied for riboflavin by positive entropy reflecting the loss of organization in the
and a-tocopherol intert-butanol/water 7:3 v/v by steady-state transition state. This compensation is especially seen for
photolysis. The photoproducts were identified by direct infusion ascorbate, and for this hydrophilic quencher we suggest that
mass spectrometry as may be séeégure 7. From the mass  the transition state involves loss of hydration, increasing the
spectrum ofigure 7 lumicrome was identifiedn/z243.1033, entropy. The mechanism is illustrated 8gheme 1, although,
—64.4 ppm of the calculated value foff£110:N,) as the main on the basis of the available thermodynamic datable 2),
degradation product of riboflavin, whereastocopherol was we cannot differentiate between single-electron transfer and
oxidized to orthoquinone methiden(z429.3753, 6 ppm of the  hydrogen atom abstraction. However, the purine derivatives were
calculated value for gH4d0,), quinone (nfz 447.4245, 92 ppm previously shown experimentally and by ab initio calculations
of the calculated value for &Hs;03), epoxyquinone (m/z  to quench triplet-excited riboflavin by single-electron transfer
463.4193, 88.7 ppm of the calculated value fegHz;0,), and in agueous solution. The isokinetic behavior observed to include
the tocopherol spirodimer (m/857.8017, 74 ppm of the  purine derivatives Kigure 6) supports the assignment of an
calculated value for §gHg704) (24,25). Also, an unknown dimer  electron-transfer mechanism to all of the quenching reactions
with a possible molecular formula ofsgH1010s is Observed at  studied.
m/z 893.8475 (—98.7 ppm of the calculated value), which  Carotenoids were not found to be quenchers. A comparison
product ion spectrum yielded one major fragment natz between the structures of the tocopherols and the carotenoids
429.4176 and another at/z 447.4504. These photoproducts shows that both have conjugated systems, but that tocopherols
all involve initial single-electron or hydrogen-atom transfer in contrast to the carotenoids have an electron-rich functional
followed by further redox reactions and identify the quenching group, which facilitates electron donation to the strong oxidant
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triplet-excited riboflavin. Carotenoids are as the tocopherols
efficient quenchers of singlet oxygen but mainly support a
physical process with energy transfer in the excited stk (

In conclusion, ascorbate, Trolox, and tocopherol were found
to quench triplet-excited riboflavin, which may be formed by
light exposure of milk. The tocopherols located in the disperse
lipid phase in milk will protect the lipid against oxidation but

the reduced riboflavin generates a radical in the aqueous phase.
For ascorbate, Trolox, and uric acid two radicals may be formed
in the agueous phase, leading to depletion of water-phase

antioxidants rather than depletion of lipid-phase antioxidants
as was observed for buttermilk (26).
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