
Riboflavin-sensitized photooxidation of ascorbic 
acid: kinetics and amino acid effects 

The study on the etTect< of ribotlavin contems and !ighl intensity ott the ribo- 
Bavin-sensitized decomposition of ~orhii acid indicated that light and rWIatin 
accelerated the decomposition of ascorbic acid. The relative phot~titking 
activity of riboflavin. methykne blue and protoprphyrin IX was 21: 15 : I at I.2 
ppm. The rdte constants for reaction of arcorbic acid with sin@ oxygen al pH 
756.0 and 4.5 were 6.63 x I@. 5.77 X lo” and 5.27 x Iti Mm’ s ‘, respectively. 
Cyst& showed strong antioxidant activity on both riboflavin. and tnethylenc 
blue-sensitized photwxidation of ascorbic acid and its antioxidant et&t was 
concentration-dependent. Alanine and phenylalanine at 0.1% wncctttmtion 
showed antioxidant et?& on the riboflavin-sensitized pltotooxidatiott of ascor- 
bic acid but prooxidant eRects on the methylene blue-sensikxd photaoxidatioa. 
Tyrosine (O~I’K) exhibited strong prooxidant activity on both the rib&via- and 
methyIeae blue-sensitized photooxidation of ascorbic acid. However, tryptophan 
(0.1%) showed antioxidant or prooxidant activity on the photooxidation of 
llscorbic acid depending on the storage time. 

INTRODUCTION 

Ascorbic acid is an imponant nutrient and very likely 
to decompose during storage. A number of researches 
have been reported that temperatures, pH, oxygen con- 
centration, metals and light are important parameters 
for the destruction of ascorbic acid (Khan & Martell, 
1969; Singh et ol., 1976; Sahbaz & Somer. 1993). 
Riboflavin was found to be very photolabile in solution 
(Sattar et a/., 19770; Allen & Parks, 1979: Kearsley 
& Rodriguez, 1981) and can also photosensitize the 
destruction of ascorbic acid (Sattat t-f u/., 19776; Sahbaz 
& Somer, 19931, Riboflavin induced bolh Type I and 
Typ II photosensitized oxidation (Buettner & Need, 
t985; Min, 1991). Type I photosensitized oxidation 
involves the formation of free radicals or radical ions 
due to the transfer of hydrogen atoms or electrons by 
interaction of the triplet sensitizer with other molecules. 
Type II process involves the generation of singlet 
oxygen (‘4) by the energy transfer from an excited 
triplet sensitizer to a triplet oxygen. Sahbaz and Somer 
(1993) reported that photodecomposition of ascorbic 
acid is very efficient in the presence of oxygen, ribo- 
flavin and light, resuiting in a high yield because of 
formation of singlet oxygen by an energy transfer from 
triplet riboflavin to oxygen molecule. The riboflavin- 
sensitized photooxidation of tryptophan has been 

studied by Kanner and Fennema (1987). Kanrter and 
Fenoema (1987) reported that photooxidatiott of 
tryptophan was accelerated in the presence of ribo- 
flavin and that the ribollavin-sensitized photooxidation 
of tryptophan was greatly reduced by ascorbic acid. 

Chou and Khan (1983) reported that the rate con- 
stant for total quenching of singlet oxygen by a~otbic 
acid (k, + k.) was 8.3 X I8 hi ’ s.’ in HI0 at pH 6.8. 
and 2.50 Y IV M-’ s ’ in D*O at pH 7.2. Rooney 
( 1983) reported that the rate constant for total quench- 
ing of singlet oxygen by ascorbic acid (k4 + k,) was 
8.4 x to6 M I s-’ in pyridine, as determined photo- 
chemically, and 1~06 X IO’ M-’ s-’ in pyridine as deter- 
mined in a dark reaction. Even though the rate 
constant (k, + k,) for total quenching of singlet oxygen 
by ascorbic acid was reported, the reactivity of amrbii 
acid toward singkt oxygen (k,) has not been rcportcd. 
Bodannes and Chan (1979) estimated that the reactivity 
of ascorbate toward sin@ oxygen was approximately 
of the same order of magnitude as azide which was 
2.2 x IV M I s I in D+l at pH 73. Bodannes and 
Chan (1979) also reported that methionirte reduced 
riboflavin-sensitized photooxidation of ascorbic acid. 
However, information on the effects of various amino 
acids on the riboflavin sensitized photodecomposirion 
of ascorbic acid is not available. Even though the 
effects of riboflavin on the photooxidation of ascorbic 
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acid have been extcnsivcly studied, the photoscnsilining 
activity of riboffavin on the oxidation of ascorbic acid 
has not been compared with those of other well known 
scnsitizerv such as methylene blue and protoporphyrin 
IX. The objectives of this study wcrc (I) IO investigate 
the eRccts of riboflavin content and light intensity on 
the photodecomposition of ascorbic acid, (2) lo com- 
pare the photosensitizing activity of riboflavin with 
those of methylene blue and protoporphyrin IX, (3) to 
dcterminc the bimolecular rate constant for reaction of 
ascorbic acid wilh singlet oxygen at diRerent pHs. and 
(4) IO study the ctTcets of various amino acids on the 
riboRavin or methylene blue sensitized photodccom- 
position of ascorbic acid. 

MATERIALS AND METHODS 

Ascorbic acid, riboflavin, mcthylcnc blue, prolopor- 
pbyrin IX, alanine. cyst&e. histidine, phenytalaninc, 
tryptophan, tyrosine. sodium azide and EDTA were 
purchased from Sigma Chem. Co. (St Louis, MO). 
HPLC grade acetonitrilc and 85% phosphoric acid 
were obtained from Fisher Scientific Co. (Fair Lawn, 
NJ), Serum bottles, tctlon-lined rubber septa and 
aluminum caps were purchased from Supclco Inc. 
(Bellcfonte. PA). Dcmineralizcd purified water was 
produced by using a Milli-Q purit’icalion system (Milli- 
pore, Bedford. MA). The demineralized purified water 
was always used for the sample preparation. 

E&is of rhllavin contents on the pltotaoxidatiott of 
asca-bkacid 

To study the elTects of riboflavin contents on photo- 
oxidation of ascorbic acid, 0. 1.2, 2.4. 3.6 and 6.0 ppm 
of riboflavin were added to I.2 X 10 ' M ascorbic acid 
in 0.01 M potassium phosphate but% (pH 7,s) contain. 
ing 0.1 IIIM EDTA. The addition of EDTA was to 
ensure the prcvzntion of the possible metal catalyzed 
oxidation of ascorbic acid (Bodanncs & Chart, 1979). 
Twenty ml of the prepared sample was transferred into 
a 30 ml serum bottle. The bottles were scaled with 
t&on-lined rubber septa and aluminum caps, and then 
placed. in duplicate. in the light storage box which was 
described in detail by Fakourelis et al. (I 987) and Jung 
t-1 ul. (1991). The light storage box was a wooden box 
(70 X %I X 60 cm) and a transparent glass plate (thick- 
ness. 5 mm) was placed about 20 cm above five cool- 
white fluorescent lamps within the wooden box. Sample 
bottles were placed on the glass plate. The light in&n- 
shy at the sample level was 330 lux. The light intensitv 
w& controlled by adjusting the number 07 fluorcscc~t 
lamps on and the distance between the sample level 
and fluorescent lamps. The temperature within the light 
box during storage was 25% Ascorbic acid content was 
determined at 245 nm by using a spcctrophotometer 
(UV visible recording spdrophotometcr, UV-l6OA, 

Shimadzu Corporation. Kyoto, Japan) (Bodannas & 
Chan, 1979). The accuracy of the data obtained by the 
direct UV method at 265 nm was confirmed by using 
a HPLC method (Bradbury & Singh, 1986) on the 
deerease in ascorbic acid content in I.2 X 10 ‘M ascorbic 
acid in 0~01~ potassium phosphate buffer (pH 7.5) con- 
taining 2.4 ppm riboflavin and 0.t mM EDTA during 
I5 min storage. The data obtained by both methods were 
not significantly different at P c 04~5. The relative photo- 
sensitiiing activity of riboflavin, methylenc blue and proto- 
porphyrin IX was studied under the same condition. 

Effects of llghi intensity on the photooxidtttiott of 
aW&ic acid 

To study the effects of light intensity on the photo- 
oxidation of ascorbic acid. I.2 ppm of riboflavin was 
added to I.2 x IO4 M ascorbic acid in 0.01 M potassium 
phosphate buAer (pH 7.5) containing 0.1 mM EDTA. 
Twenty ml of the prepared sample was transferred into 
a 30 ml serum bottle and scaled with a telion-lined 
rubber septum and an aluminum cap. The bottles were 
plaad, in duplicate, in the light storage box. The light 
intensities at the sample level were 0, I 100, 2200. 3300 
or 5500 lux. Ascorbic acid content was determined 
by using the spectrophotometric analysis (Bodanncs & 
Ghan. 1979). 

uetecticnofsittgletoxygettbyrchemiealmppitlgmethad 

Sodium azide. which is a well known singlet oxygen 
quencher, was added to detect the singlet oxygen 
involvement in the riboflavin-sensitized photwxidation 
of ascorbic acid (Lion cr a/., 1976; Parkin & Lowum, 
1990). In this study, 0.2 mM sodium azide and 2.4 ppm 
of riboflavin were added to I.2 x 104~ ascorbic acid 
in 0.01~ potassium phosphate bulTer (pH 7.5) contain- 
ing 0~1 mu EDTA. Twenty ml of the prepared sample 
was transferred into a 30 ml serum bottle and sealed 
with a t&ton-lined rubber septum and an aluminum 
cap. and then was placed. in duplicate, in the light stor- 
age box. The light intensity at the sample level was 
3300 lux. Ascorbic acid content was determined by 
using the HPLC method (Bradbury & Singh. 1986). 

Bimolecular rate constants for reaction of worbic acid 
with shtgJet oxygen at varirs plis 

To study the reaction rate constants of singlet oxygen 
oxidation of ascorbic acid at pH 7.5, 6.0 and 4.5, a 
steady state kinetic equation was used (Foote. 1979; 
Jung & Min. 1991: Jung er al.. 1991; Lee & Min, 1991). 
In this study. 6 ppm of methyhene blue, which is a well 
known sensitizer for producing singlet nxygen only, 
was added to 0.4 x IO 4. 0.5 X 104, 0.6 X IO”, 0.8 X 
IO’ or I.0 X lOA M ascorbic acid in 0.01 M potassium 
phosphate buffer (pH 7.5, 6.0 or 4.5) containing 
0.1 rnht EDTA. Twenty ml of the prepared sample was 
transferred into a 30 ml serum bottle and sealed with a 
teflon-lined rubber septum and an aluminum cap. The 



bottles were placed, in triplicate, in the light storage 
box for 3 min at 20°C. The light intensity at the sample 
level was 5500 iux. Ascorbic acid was dctermined by 
measuring the absorbances of the solutions at 265 or 
248 nm using a spectrophotometer. 

Effects of amino acids on the phutouxidatioa ol axcorbk 
acid 

To study the et%& of amino acids on the singlet 
oxygen oxidation of ascorbic acid. 0~1% of alanine. 
cysteine, histidine. phenyiaianine, tryptophan or tyrosine 
and 2.4 ppm of riboflavin or methyiene blue were 
added lo I.2 X IO’ M ascorbic acid in 0.01 M potas- 
sium phosphate b&r (pH 7.5) containing 0.1 mM 

EDTA. Twenty ml of the prepared sample was trans- 
ferred into a 30 ml serum bottle and sealed wirh a 
teflon-lined rubber septum and an aluminum cap. The 
bottles were placed, in duplicate. in the light storage 
box. The light intensity at the sample level was 3300 
iux. The oxidation of ascorbic acid was monitored by 
the HPLC method (Bradbury & Singh. 1986) because 
some amino acids interfere at the absorbance at 265 
nm for the determination of ascorbic acid using direct 
UV method. 

Since we found. in the present study. that among the 
tested amino acids cysteine showed the strongest 
inhibitory effect on the riboflavin-sensitind photo- 
oxidation of ascorbic acid, we studied the quantitative 
eK=ts of cysteime on the photoscnsidzed oxidation 
of ascorbic acid. To study the quantitative effects of 
cystcine on the riboflavin-sensitized photooxidation 
of ascorbic acid, 0, 0,010. 0,025, 0.050 or Ohio@% of 
cysteine and 2.4 ppm of riboflavin were added to I.2 X 
IO-’ M ascorbic acid solution in 0.01 M potassium phos- 
phate butTer (pH 7.5) containing 0.1 mM EDTA. 
Twenty ml of the prepared sample was transferred into 
a serum bottle and seated with a teflon-lined rubber 
septum and an aluminum cap, The bottles were placed 
in the light storage box. The light intensity at the 
sample level was 3300 iux. Oxidation of ascorbic acid 
was monitored by using the HPLC method (Bradbury 
& Singh, 1986). 

HPLC method for awurbic acid detenainatii 

High performance liquid chromatograph (Model 45, 
Water Associates, Milford, MA) eauipad with a UV . . . 
detector (Waters Associates, Milford. MA) was used 
(Bradbury & Singh, 1986). The column used was 
pBondapk C-i 8 (30 cm X 3.9 mm, Waters Associates, 
Miiford, MA). Tbe mobile phase (flow rate I.3 ml/min) 
was aqueous 0,005 M KH,PO, adjusted to pH 46 with 
dilute HCI and acetonitrile (30:70, v/v). Ten pi of 
sample was injected. The ascorbic acid peak was elutad 
after 1.75 min. These peaks were monitored at 254 nm 
by a UV detector. The ascorbic acid contents in 
samples were calcu~dted by comparing the peak areas 
of the samples with those of standard ascorbic acid 
solutions using a standard calibration curve. 

Statistkal analyst5 

All the experiments were done in duplicate or in tripii- 
cate. Statistical analysis was done by using the Statisti- 
cal Analysis System (SAS, i9SS). Duncan’s multiple 
range test was used to alcertain treatment elects on the 
photooxidation of ascorbic acid. 

RESULTS AND DISCUS!?JON 

Elftcts of ribdtavin co&c& a# tile phdaoxi&tim of 
ascorbic acid 

The etkcrs of 0, 1.2, 2.4, 3.6 or 6.0 ppm of riboflavin 
on the photooxidation of I*2 X IO’ M ascorbic acid in 
0.01 M potassium phosphate buffer (pH7.5) containing 
0, I mM EDTA during light storage are shown in Fig. I. 
To ensure the accuracy of tbe data obtained by the 
direct UV method at 265 nm, the ascorbic acid con- 
tents in the system of 1.2 X IO’ M ascorbx acid in 
0.01 M potassium phosphate buffer (pH 7.5) containing 
244 ppm riboflavin was measured by both direct UV 
method and HPLC method during I5 min light stor- 
age. The data obtained from both direct UV method 
and HPLC method were not significantly different at 
P < 0.05. That is, the data obtained by ~hc direct UV 
method could be used for the determination of ascorbic 
acid in this system. Riboflavin acfeierated tbe degrada- 
tion of ascorbic acid during light storage as was 
expected. As the concentrations ol’ ribotlavin increased, 
the decomposition of ascorbic acid increazed consider- 
ably. When 6 ppm ribuflavin was added, io(p/, of 
ascorbic acid was destroyed after I2 min of light star. 
age. Without addition of riboflavin, after I2 min light 
storage, 98% of ascorbic acid remained unoxidized. 
These results clearly showed that riboflavin acted as a 
photosensitizer to accelerate the destruction of ascorbic 
acid. The oxidation of aseorbii acid might be due to 

Storoga Time (min) 

Ftg. I. The effects of 0. 1.2.2,4,36 or 6-O ppm of riboflavin 
on the ahotooxidation of I.2 x IO4 M ascorbic acid in 0.01 M 
pola&m phosphak buf& (pH 7.5) corkining 0.1 IIIM EDNA 

during light storage. 
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Fii 2. The eKkas al lighl inlsnsily on the photooxidation of 
I.2 x IO’ M ascorbic acid on 0.01 M polassium phosphate 
buAer (pH 7.5) conlaining i.2 ppm riboilavin and @I IllM 

EDTA during light sloragc. 

the generation ol’ single1 oxygen, superoxide anion, or 
excited triplet riboflavin. It has been reported that 
riboflavin induced both Type I and Type II photosensi- 
tized oxidations (Buetlncr & Need. 1985). The photo- 
sensitiring ckct of riboflavin on the ascorbic acid 
oxidation was compared with those of methylene blue 
and protopopyrine IX (data not shown). The initial 
destruchon rake of ascorbic acid was I.48 x IO 7 mall 
min for I.2 ppm riboflavin. I.08 X IO’ mollmin for 
I.2 ppm melhylene blue, and 0.07 X IO ’ mol/min for 
I.2 ppm proloporphyrin IX. The relative photosensi. 
tizing activirjr of riboflavin, methylcnc blue and proto- 
porphyrin IX was 21:15: I. 

Ellects oI light intensity on the photooxidation of 
Worbicaeid 

The effects or light iotcnsity on the photooxidation of 
I.2 X IOJ M ascorbic acid in 0.01 M potassium phos- 
phate buRer (pH 7.5) containing I.2 ppm riboflavin 
during light storage are shown in Fig. 2. The light 
intensities at the sample level were 0. 1100, 2200, 3300 
and 5500 lux. In the dark, most of ascorbic acid 
remained unoxidized after I8 min storage. The results 
indicated that both riboflavin and light are required to 
accelerate the oxidation of ascorbic acid. As the light 
intensity increased from 0 IO 5500 lux. the destruction 
of ascorbic acid increased significantly (P c 0.05). The 
ascorbic acid contents in samples containing I.2 ppm 
riboflavin atier I8 min of light storage under 0, I 100, 
2200. 3300 and 5500 lux decreased from I.2 X IO4 M 
to 1~12 X 10’. 0.83 X 10J. 0.67 X 19” and 0.56 X IO’ 
and Cl,39 X IO 4 M. respectively. 

Detcctiw of singlet oxygen in the system 

To detect the singlet oxygen involvement in the ribo- 
flavin sensitized photooxidation of ascorbic acid, sodium 
azide, which is a known singlet oxygen quencher, was 

.!5 - 0 _ 0.0 mM NaN, 

.z 0.6 
4 
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Storage Time (min) 

Fig. 3. The elkcu of 0.2 mM sodium azide on the photu- 
oxidation of I,? X IO4 M ascorbic acid in 0.01 M potassium 
phosphate buffer (pH 7.5) containing 2.4 pmm riboflavin and 

0, I rn~ EDTA during light storage. 

added to the system. If the addition of sodium azide 
reduozd riboflavin-sensitized photooxidation of ascorbic 
acid. singlet oxygen was produced in the system. The 
effect of 0.2 IIIM sodium azide on the photooxidation of 
I.2 x IOJ M ascorbic acid in 0.01 M potassium phos- 
phalc butier (pH 7.5) containing 2.4 ppm riboflavin 
during light storage is shown in Fig. 3. Ascorbic acid 
oxidation accelerated by riboflavin photosensitization 
was greatly reduced by the addition of 0,2 rn~ sodium 
azide. The results in Fig. 3 show that 0.2 mht sodium 
szide resulted in a 81% inhibition of ascorbic acid 
photooxidation after I2 min light storage. This result 
suggested that singlet oxygen was involved in the 
riboflavin-sensitized photooxidation of ascorbic acid and 
the oxidation of ascorbic acid was, to at least some 
extent, due to the reaction between the singlet oxygen 
and ascorbic acid. The present results are consistent 
with previous reports (Buetlner & Need, 1985; Frenkel, 
1983; Chacon cf ul., 1988) in that riboflavin under light 
can produce a sufficient level of singlet oxygen to 
enhance the rate of wrne photoOxidaliOn under some 
conditions. Min (1991) reported that the singlet oxygen 
formation in whole and skim milk by riboflavin under 
light was detected by using an electron spin resonance 
spectroscopic technique. Kanner and Fennema (1987) 
also reported that riboflavin-sensitized photooxidation 
of tryplophan was retarded by sodium azide, and that 
it seemed likely that the reaction proceeded to some 
extent, but not entirely, by a typ II (‘4) mechanism. 
Our results are further experimental evidence indicating 
that riboRavin produces singlet oxygen in aqueous 
system under light. 

Bimoleeulrr rate coiMants for reaction of ascorbic acid 
with s&let oxygen at varies pHs 

Since ribofkavin generated singlet oxygen in the presence 
of light, the rate constants for reaction of ascorbii acid 
with singlet oxygen at various pHs were determined. 



me schematic diagram for the formation of oxidized 
ascorbic acid (AOI) via singlet oxygen oxidation is as 
follows (Foote, 1979). 

hu ISC ‘02 k, 
Sen - $en* b “Sen* + ‘Oz - AOI 

When a sensitizer (Sen) absorbs light energy it 
becomes an exited singlet sensitizer (%n*) and then 
becomes an excited triplet sensitizer (‘Sen*) by an inter- 
system crossing (1%) mechanism. The energy of %en* 
is transferred to ordinary triplet state oxygen (‘0:) to 
produce singlet oxygen (‘O!) by triplet-triplet annihi- 
lation. Singlet oxygen reacts with ascorbic acid (A) to 
produce oxidized ascorbic acid (A4). Using the 
schematic diagram. following steady-state kinetic equa- 
tion is established (Foote. 1979): 

MW,lW ’ = K ’ ( t + (k,[Ql + k, o[Ql + W$ [Al I 

where K denotes the rate of single! oxygen formation: 
AO?, oxidized ascorbic acid; k,. bimolecular rate con- 
stant for reaction of ascorbic acid with singlet oxygen; 
k,. rate of decay of singlet oxygen: A, ascorbic acid; Q. 
quencher; kO, 9’ rate constant for singlet oxygen chemi- 
cal quenching by quencher; k,. rate constant for singlet 
oxygen physical quenching. In our experimental design. 
quencher was not added to the system. Thus the qua- 
tion can bc simplified as follows: 

(dIAO,]/dr) ’ = K ’ (!&[A]} 

If we plot [AOd I vs [A] II the ratio of slop to intercept 
of the plot ol[A02] ’ vs [A] ’ is kdk,, Thus, the ratio of 
slope to intercept of the plot of [AOd I vs [A] I allows 
the determination of kdk,. If the decay rate of singlet 
oxygen (k,,) is known, the bimolecular rate constant for 
reaction of ascorbic acid with singlet oxygen (k,) can be 
determined (Foote, 1979). 

The efkcts of diierent pHs (73.60 and 4.5) on singlet 
oxygen oxidation of 0,040 X IO 4, 0~50 X IO I, 060 X 
lw4, 0.80 X IO’ and 100 X IO’ M ascorbic acid in 
0.N M potassium phosphate buffer containing 6 ppm 
methylene blue and @I mM EDTA during 3 min light 
storage at ZOOC is shown in Fig. 4. The linear regres- 
sion equations of the lines for pH 7.0, 6.0 and 4.5 in 
4~ 4 were Y = 2.78 X t 7.2 x 10”. Y = 7.31X + I.6 x 
IO’, Y = 1640 X t 3,4 X lo4 respectively. The slope/ 
intercept of the regression lines for the ascorbic acid 
oxidation at the pH 7.5, 6.0 and 4.5 are 3.86 X IO”. 
444 X IO“ and 4.86 X IO’, respectively. The slope/ 
intercept of the regression tines for the ascorbic acid 
equals /Ivalues (,9 value = kdk,, where the k,, is the rate 
of decay of singlet oxygen and k, is the bimolecular 
rate constant for reaction of ascorbic acid with singlet 
oxygen). We calculated the relative reactivity of ascorbic 
acid to singlet oxygen at different pH using the /3 

- 0 - pH 4.5 

[A]-‘(x ldtr’) 
Fii I The effects of different pHs (7.5.6.0 arid 4.5) on singlet 
oxygen oxidation al 0, O-40 X IU4, 030 X to’, O@l X IO ‘. 
040 X IO ’ and IWI X IO M ascorti acid in @Ot M pow 
sium phosphate SutTer Fontaining 6 ppm methyrm blue and 

0.1 mM EDTA during 3 min light storage at ZV’C. 

values. The calculated relative reactivity of axorbic 
acid to singlet oxygen at pH 7.0, 6.0 and, 4.5 were 
1:@86:o~78. Since the kd for the water is 2.56 X Iw s ’ 
(Rodgers & Snowden, 19&2). the bimolecular rate 
constant (k,) for reaction of aseorbii acid with singlet 
oxygen at the pH 7% 6-O and 4.5 equals 2% X 
lOV3.86 x IO’ = 6.63 X I@, 2.8 X l(Y/4.44 X IV ??

5.77 X IQ and 2.56 X IoJ/4% X IO ‘ = 5.27 X IQ M-’ 
5 ‘, respectively. The rate constant for ascorbii acid 
with singlet oxygen was very high. That is, ascorbic 
acid is easily oxidized in the presence of singIet oxygen 
and aseorbii acid could be also used for the e&&e 

singlet oxygen quencher in the singkt oxygen oxidation 
of other compounds in the aqueous system. The values 
for ascorbic acid were higher than a-tocopherol (Jung 
d al. 1991) but lower than the value for &carotene 
(Jung % Min. 1991). The present values for ascorbic 
acid (k,) are in good agreement with the estimated 
value of Bodnnnes and Chaa’s (1979). Bodannes and 
Chan (1979) reported that the estimated reactivity of 
ascorbate toward singlet oxygen (k,) was approximately 
of the same order of magnitude as azide which is 2.2 X 
I@ M I 8 I in 40 at pH 7.5. All the present values of 
6.63 x IQ (pH 7.5) 5.77 x Iff (pH 6.0) and 527 X lff 
M I s I (pH 4.5) were within an order of magnitude of 
the estimated value of 2.28 X 108 M-’ s ‘. This result 
clearly showed that the bimokcular rate constant for 
reaction of nscorbii acid with singkt oxygen was 
dependent on the pH of the system. As the pH 
decreased from 7.5 to 4.5, the reaction rate constants of 
singlet oxygen oxidation of ascorbic acid decreased. 
That is. the singkt oxygen oxidation of ascorbic acid 
occurred more slowly at lower pH. 

Effects of amino wkls on the pitdoox~ of ti 
acid 

The effects of 0.1% andno acids on the phomoxidation 
of I.2 X 10’ M ascorbic acid in 0.01 M potassium 
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Fit 5. The etkcts of 0.1% amino acids on the photooxidation 
of I.2 X IO’ u ascorbic acid in 0.01 M potassium phosphate 
buffer (pH 7.5) containing 2,4 ppm ribotlavin and 0.1 I-IIM 

EDTA during light skmgc. 

phosphate Mcr (pH 7,s) containing 2.4 ppm ribo. 
Ravin during light storage arc shown in Fig. 5. Cyslcinr 
showed strong antioxidant effects on the photooxidation 
ol ascorbic acid, and alaaine and phenylalaninc also 
showed a proteetivc action in riboflavin sensitized 
oxidation of ascorbic acid. The ascorbic acid content in 
the systems treated with alanine. cysteine or phcnyl- 
alanine was significantly higher than that in control 
during 12 min storage 81 P c 045. Cysteine has been 
known as an effective singlet oxygen quenche?. The 
inhibitory clTcct or alaninc and phenylalanine JIY the 
oxidation of ascorbic aciti by riboflavin was somewhat 
unexpceted bccausc aianine and phenylalaninc have not 
been known as cgcetivc singlet oxygen quenchers. The 
ascorbic acid contenls in the systems treated with histi- 
dine and tyrosine were significantly lower than that in 
control during 9 min storage (P < 0.05). Histidine and 
tyrosine gready accelerated the riboflavin sensitized 
photooxidation of ascorbic acid. The acceleration or 
ascorbic acid photooxidation by histidine and tyrosine 
was also unexpected beeaue both histidine and tyro- 
sine were eliective singlet oxygen quenchers (Matheson 
& Lee. 1979). The only possible explanation that can 
be offered is that histidine and tyrosinc were easily oxi. 
did by reacting with singlel oxygen and produced 
intermediates which could accelerate the ascorbic acid 
oxidation. The formation of endoperoxides has been 
reported ior the reaction of singlet oxygen with tyro- 
sine (Seely & Hart, 1976) and with histidine (Tornita er 
al.. 1969) via U-cycloaddition of singlet oxygen. The 
unstable endopcroxides could produce radical inter- 
mediates which are strong reactants. Tryptophan 
decreased or increased the riboflavin sensitized photo- 
oxidation depending on the storage time as shown in 
Fig. 5. Tryptophan decrcwd considwably the ribofiavin- 
sensitized photooridation of ascorbic acid during the 
initial 3 min but greatly increased the oxidation at 
6 min storage. II has been reported that photosensitized 
oxidation of tryptophan produced N-formylkynureninc 

0 3 6 9 12 15 18 

Storage Time (min) 

Fig. 6. The cfTects of 0. I% amino acids on the photooxidation 
of I.2 x IO’ M ascorbic acid in 0.01 M potassium phosphate 
butTer (pH 7.5) containing 2.4 ppm methykne blue and 0.1 mhi 

EDTA during light storage. 

which can act as a photosensitizer (Walrant CI nl., 
1976: Kannor & Fennema, 1987). Ascorbic acid con- 
tents in samples eomaining cysteine, alanine, phenyl- 
alanine. tryptophan, histidine, tyrosine and no amino 
acid arter 9 min illumination were 0.97 x IO’, 0.37 x 
IO”, 0.32 X lop, 0.23 x 10d. 0@4 X 10”. 0.11 X IO4 
and 0, I9 X IO-’ M, respectively. 

To study the possible reasons for the etkcts of amino 
acids on the riboflavin-sensitized photooxidation of 
ascorbic acid, the effects of amino acids on the methyl. 
ene blue-sensitized photooxidation of ascorbic acid 
were studied. Figure 6 shows the effects of 0.1% amino 
acids on the photooxidation of 1.2 X 10d M ascorbic 
acid in 0.01 M potassium phosphate buffer (pH 7.5) 
containing 2.4 ppm methykne blue. In the methylene 
blue-sensitized photooxidation of ascorbic acid, all the 
amino acids except cysteine increased the oxidation of 
ascorbic acid. The combined results indicated that the 
inhibitory effects of alanine and phenylalanine on the 
riboflavin sensitized photooxidation of ascorbic acid 
might bc due to quenching the excited triplet state 
riboflavin. The inhibitory effect of cysteine seems to bc 
mainly due IO singlet oxygen quenching, 

Since cysteine had the most strong antioxidant et&s 
on either ribotlavin-sensitized or methylcne blue- 
sensitized photooxidation of ascorbic acid, we studied 
the quantitative eflcets of cystcine on the riboflavin- 
sensitized and methylene blue-sensitized photooxidation 
of ascorbic acid (data not shown). As the concentration 
of cysteine increased from 0 to OHIO%, it’s protective 
etTect on the photooxidation of ascorbic acid increased 
significantly (P < 0.05). Axorbic acid contents in 
samples containing 0, OglO, 0.025, 0.050 and 0~100% 
cysfeine and 2.4 ppm riboflavin after IS min light 
storage dcereased from I.2 X IO” M to 0, 0.19 X IO”‘, 
O-40 X IO’. 0.61 X IO-’ and 0.85 X 104, respectively 
(data not shown), Ascorbic acid contents in samples 
containing 0, 0.010, 0,025. 0,050 and O+IOG% cysteine 
and 2.4 ppm methylene blue after I5 min light storage 
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decreased from I.2 x IO ’ M lo 0.53 X IO a, 0.72 X 

IO ‘, 049 x IO (, 0.98 X IO ’ and I.03 x IO I, respec- 
tively (data no1 shown). 
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