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Visible light-induced photooxidation of
glucose sensitized by riboflavin
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We conducted this study to evaluate the oxidation of glucose induced by visible light in the presence of sensitizers
such as methylene blue and flavins (i.e., flavin mononucleotide and riboflavin). The concentration of the
sensitizers was similar to that of flavin in parenteral nutrients. The photooxidation of glucose sensitized by flavin
mononucleotide or riboflavin was greater than that which was observed in the presence of methylene blue,
whereas the isotopic effect of deuterium oxide (D2O) was enhanced more substantially in the presence of
methylene blue than in the presence of flavins. These results show that methylene blue exerts its action through
singlet oxygen and that at a high substrate concentration (as was used in this work) flavin mononucleotide and
riboflavin act preferentially as type I sensitizers. In the flavin photosensitized processes, the presence of hydrogen
peroxide, superoxide anion, and hydroxyl radical was demonstrated. The photooxidation of glucose is favored by
an increase in pH, and it also depends on the energy absorbed by the system. By using a specific reagent for
glucose (i.e.,o-toluidine), it was possible to quantify the photoconversion of glucose. The results obtained in this
work should be considered in the management of glucose-containing parenteral nutrients that are exposed to
visible light in the presence of a multivitamin complex containing flavin mononucleotide.(J. Nutr. Biochem.
10:181–185, 1999)© Elsevier Science Inc. 1999. All rights reserved.
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Introduction

Most types of molecules of biological importance are
relatively insensitive to direct effects of visible light be-
cause they do not absorb radiation in this wavelength range.
However, a variety of biological systems are subjected to
damage and destruction by light in the presence of appro-
priate photosensitizers and molecular oxygen (O2). These
dye-sensitized photooxidation reactions are commonly
termedphotodynamic action.1–4

Vitamin B2 riboflavin and its derivative flavin mononu-
cleotide are customary components at the cellular level.
They are also present in foods and in parenteral nutrient
infusates that are exposed to the action of visible light. In
the presence of visible light, the flavins can sensitize
photooxygenation processes. The dye-sensitized photooxi-
dations are classified into two mechanisms: type I, which

involves electron transfer that leads to the generation of the
superoxide ion, and type II, which involves energy transfer
that leads to the formation of singlet O2.

5 Flavin-sensitized
reactions include both pathways. In the type I mechanism,
the substrate reacts first with the sensitizer in the triplet state
and then with molecular O2 (or one of its active species) via
a radical intermediate. In the type II mechanism, the
excitation energy is transferred from the sensitizer in the
triplet state to molecular O2, which then gives rise to singlet
oxygen (1O2). Previous studies have described the effect
of visible light sensitized by flavins on the lipidic6 and
aminoacidic7,8 components of the parenteral nutrients
infusates. In this article we examined the behavior of
glucose solutions at parenteral nutrition concentrations
exposed to visible light in the presence of riboflavin or
flavin mononucleotide.

Methods and materials
During photochemical treatment, the solutions were irradiated with
a 150-W slide projector lamp in the cylindrical cuvette of the O2

monitor that was set at 25°C. The fluence rate at the level of the
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irradiated solution (160 J/m2seg) was measured with a YSI-
Kettering 650 A radiometer (Yellow Springs Instrument Co., Inc.
Yellow Springs, Ohio USA). The solutions to be irradiated (3 mL)
were prepared mixing one volume of the sensitizer (1.053 1024

M) with two volumes of a 30% w/v glucose solution, both in 0.05
M phosphate buffer, pH 7.0, at 25°C. The study of the pH effect
was performed using 0.05 M phosphate buffer solutions at pHs of
4.0, 7.0, and 10.0.

O2 consumption during irradiation was monitored by a biolog-
ical O2 monitor (Yellow Springs Instruments model 5300, Yellow
Springs Instrument Co., Inc., Yellow Springs, Ohio USA).

The glucose concentration after irradiation was determined by
measuring the absorbance increase at 630 nm of a solution
consisting of 3.0 mL of ano-toluidine solution and 100 mL of the
glucose irradiated solution. Theo-toluidine solution was prepared
by mixing 0.45 g thiourea, 282 mL acetic acid (glacial), and 18 mL
9.15 M o-toluidine.

Glucose, catalase, D2O, flavin mononucleotide, methylene
blue, o-toluidine, and riboflavin were purchased from Sigma
(St. Louis, MO USA). All other reagents were of analytical
grade.

Results

Figure 1 shows the molecular O2 consumption that was
observed for solutions of different glucose concentrations
when irradiated with polychromatic visible light in the
presence of riboflavin (3.53 1025 M) in 0.05 M phosphate
buffer, pH 7.0, at 25°C. An increase in the molecular O2
consumption with increasing glucose concentrations was
observed.

Molecular O2 consumption can be increased by modify-

ing the fraction of the light absorbed (1-T) by the sensitizer.
This was achieved by varying the concentration of the
sensitizer. The transmittance (T) was measured at 450 nm
(Figure 2). The pH of the reaction medium also played an
important role in the molecular O2 consumption rate:
3.79 3 1023, 8.30 3 1023, and 5.503 1022 mM O2 3
min21 at pHs of 4.0, 7.0, and 10.0, respectively. When
methylene blue was used as sensitizer, a substantially lower
molecular O2 consumption occurred than was observed in
the presence of flavins. This consumption increased approx-
imately 4.7 times when water of the buffer was changed to
D2O. D2O did not produce any effect in the case of
riboflavin.

The addition of catalase to the system (20% w/v glucose
and 3.53 1025 M riboflavin) produced a decrease in the
molecular O2 consumption when exposed to light. When the
same system was irradiated in the absence of catalase—and
this enzyme was added only after ending the irradiation—a
recovery of the consumed molecular O2 level is observed
(Figure 3). The molecular O2 consumption was reduced
slightly when the irradiations were performed in the pres-
ence of Cu21 and practically were annulled when the
experiments were performed in the presence of
K3[Fe(CN)6].

Applying Dubosky’s method,9 it was possible to deter-
mine the photoconversion that a solution of 1.13 1023 M
glucose underwent when it was irradiated with polychro-
matic visible light in the presence of 1.13 1024 M
riboflavin (Figure 4).

Figure 1 Oxygen consumption during the visible light irradiation of solutions composed of 3.5 3 1025 M riboflavin and glucose at different
concentrations (0, 5, 10, and 20% w/v) in 0.05 M phosphate buffer, pH 7.0, at 25°C.
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Discussion

Glucose is photooxidized by the action of visible light in the
presence of flavinic sensitizers such as riboflavin and flavin
mononucleotide. The extent of the photoconversion is
directly proportional to the sensitizer concentration in the
excited state, which is estimated indirectly by the fraction of
energy absorbed by the system studied. The rate of flavin-
sensitized glucose photooxidation is substantially greater
than that observed in the presence of methylene blue at the
same concentration, even though methylene blue absorbs an
energy percentage that is greater than that of the flavins.
Methylene blue is a sensitizer that, in the excited state,
generates essentially singlet O2. The presence of singlet
oxygen species was demonstrated in this work by the
increased effect that was observed when the aqueous buffer
was changed by a buffer in D2O. The half-life of1O2 is 53
to 68 ms in D2O,10,11 compared with the half-life of
approximately 4ms in H2O.12 Thus, neglecting solvent
isotope effects for photooxidation, the reaction rate should
increase in transition from H2O to D2O.

The flavins have the ability to sensitize through a
mixed type I–type II mechanism.13 In our system of 20%
w/v glucose, 3.53 1025 M riboflavin, and visible light,
the lack of effect in the presence of D2O indicates that
1O2 does not play an important role in this case. This

result is in agreement with the diminished photoconver-
sion of glucose that is observed when the experiment is
performed in the presence of the electron acceptor
K3[Fe(CN)6].

13 This suggests that electron transfer pro-
cesses play an important role, because it is typical of a
type I mechanism. The fact that a type I mechanism
prevails in this experiment correlates well with the high
glucose concentration employed, favoring the direct in-
teraction between the excited flavin and the sugar. The
efficient type I process also can be explained on energetic
grounds. The reduction potential of riboflavin is20.3
V14 (vs. the Standard Hydrogen Electrode) at pH 7.0. The
redox potential of a triplet flavin is estimated to be
shifted to 1.7 V,5 which is high enough to oxidize the
glucose.

Because catalase produces a decrease in the molecular
O2 consumption during the irradiation of a glucose solution
in the presence of riboflavin, we can postulate the presence
of hydrogen peroxide (H2O2) in our system. The generation
of H2O2 as a consequence of the exposure to light also was
demonstrated when catalase was added to the system after
irradiation, and an increase of the molecular O2 was
observed. This enzyme transforms the H2O2 produced into
H2O and O2, compensating for the consumption of molec-
ular O2. A decrease in the consumption of O2 also was

Figure 2 Oxygen consumption during the irradiation with visible light of solutions composed of 20% w/v glucose and flavin mononucleotide at
different concentrations (3.5 3 1025, 7.0 3 1025, and 1.4 3 1024 M) in 0.05 M phosphate buffer, pH 7.0, at 25°C. Inset: Oxygen consumption rate
expressed as the fraction of the energy absorbed (1-T) by the sensitizer. The transmittance (T) was measured at 450 nm.

Riboflavin-sensitized photooxidation of glucose: Silva et al.

J. Nutr. Biochem., 1999, vol. 10, March 183



Figure 3 Oxygen consumption during the irradiation with visible light of solutions composed of 3.5 3 1025 M riboflavin and 20% w/v glucose
(RF/Gluc); 3.5 3 1025 M riboflavin, 20% w/v glucose, and catalase (300 units; RF/Gluc/Cat); and 3.5 3 1025 M riboflavin and 20% w/v glucose. In this
last case, catalase (300 units) was added in the absence of light and after an irradiation time of 20 minutes (RF/Gluc/Cat20). The irradiation was
performed in 0.05 M phosphate buffer, pH 7.0, at 25°C.

Figure 4 Glucose photoconversion when a solution of 1.1 3 1023 M glucose is irradiated with polychromatic visible light in the presence of 1.1 3
1024 M riboflavin in 0.05 M phosphate buffer, pH 7.0, at 25°C.
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observed when Cu12 was added to the system. Cu12 could
be reduced in the presence of O2.- to produce Cu11 and
molecular O2. The O2.- arises from the reaction between O2
and the flavin radical, which is produced as a consequence
of a charge transfer from glucose to the flavin in the excited
state. The following reaction sequence describes the differ-
ent processes mentioned above:

RF 1 hn 3 1RF3 3RF
3RF 1 Gluc3 RF.2 1 Gluc.1

RF.2 1 O23 RF 1 O2.
2

2RF.2 1 2H1 3 RF 1 RFH2
RFH2 1 O23 RF 1 H2O2
Cu21 1 O2.

2 3 Cu11 1 O2

Cu11 1 H2O23 Cu21 1 OH2 1 .OH
Gluc.1 .OH3 Gluc.1 1 OH2

Gluc.1 1 O23 GlucO2 1 H1

When a high glucose concentration (20% w/v) related to
riboflavin (1.5 3 1025 M) was employed, it was not
possible to determine any glucose photoconversion. This
measurement was only possible when the [Gluc]:[RF] ratio
was equal to 10:1. This indicates that the direct interaction
between the sugar and the excited flavin plays an important
role. The measured glucose photoconversion was less effi-
cient compared with the results reported for aminoacids7

and lipids.6 The determination of glucose in the reaction
medium was carried out employingo-toluidine, because the
H2O2 generated during the irradiation does not permit the
use of the glucose oxidase test.

Conclusion

The photochemical reactions of glucose sensitized by ribo-
flavin or flavin mononucleotide should be considered in
systems that contain concentrated solutions of glucose in the
presence of a flavin and are exposed to visible light, such as
the parenteral nutrition infusates.
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